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Abstract 
During last decade silicon nanowire (NW) field effect transistors (FETs) attracted 

considerable attention of researchers as perfect candidates for development of highly sensitive and 

reliable biosensors, which are compatible with cost-efficient CMOS technology. Recently the 

liquid-gated FETs were used to demonstrate proof of principle extracellular measurements of 

neuronal cells action potential, which is of great interest regarding the large variety of applications 

like monitoring of electrical communication within neuronal networks, transmission paths of ionic 

channels etc. The NWs are expected to provide an improved contact between neuronal cells and 

NW surface, which is of crucial importance for signal transduction from the cell to the channel of 

the NW. However, it is still challenging to establish robust tool for the extracellular monitoring of 

electrogenic cell activity. One of the important milestones of the research in this area is the signal-

to-noise ratio (SNR), which determines the detection limit of such type of sensors. Therefore, 

current work is devoted to design, technology development and fabrication of Si NW FET 

structures for neuronal cell interfacing and characterizing of their transport properties and 

reliability utilizing technique of noise spectroscopy. During the work we study the transport 

properties of single Si NW FET transistors, in order to improve understanding of the factors 

influencing SNR of the NW biosensors. The results demonstrate modulation effect of the channel 

current by single trap located in the gate dielectric, which reflects extreme charge sensitivity of the 

NW FET devices. Arising from these investigations we developed and fabricated the Si NW FET 

structures based on arrays of 50 NWs connected in parallel. Fabricated liquid-gated NW FET 

structures are characterized in order to find optimal regimes of operation. The revealed front-back 

gate coupling effect was used to improve the SNR of the fabricated devices by 50%. According to 

our measurements, the developed Si NW FET structures meet the requirements needed for 

extracellular detection of the neuronal cell activity. The interface between neuronal cells and 

fabricated structures was studied using FIB technique. The results demonstrate that the cells contact 

NWs without a cleft. 

  



 

 

  



 

9 
 

Zusammenfassung 
In den letzten Jahren haben Silizium-Nanodraht (NW) Feldeffekttransistoren (FETs) bei 

Forschern großes Interesse geweckt als perfekte Kandidaten für die Entwicklung von 

hochempfindlichen und robusten Biosensoren, die mit kostengünstiger CMOS-Technologie 

kompatibel sind. Seit kurzem werden NW-FETs mit einem Elektrolyt-gesteurten Gate verwendet, 

um grundsätzliche Machbarkeit extrazellulärer Messungen vom Aktionspotential der neuronalen 

Zellen aufzuzeigen, da diese von großem Interesse sind im Hinblick auf verschiedene 

Anwendungen wie die Überwachung von elektrischer Kommunikation innerhalb der neuronalen 

Netzwerke, Übertragungswege der Ionenkanäle usw. Silizium-Nanodrähte sollen einen 

verbesserten Kontakt zwischen neuronalen Zellen und NW-Oberfläche vermitteln, der für die 

Signalübertragung von der Zelle auf den jeweiligen Kanal der NW von herausragender Bedeutung 

ist. Allerdings gibt es noch einige Herausforderungen in der Etablierung eines robusten Werkzeugs 

zur extrazellulären Überwachung der Aktivität von elektrisch aktiven Zellen. Einer der wichtigen 

Meilensteine der Forschung in diesem Bereich ist das Signal-Rausch-Verhältnis (SNR), das die 

Empfindlichkeit von dieser Art von Sensoren bestimmt. Die vorliegende Arbeit widmet sich daher 

dem Design, der Entwicklung der Technologie und der Herstellung von Si NW FET-Strukturen für 

die extrazelluläre Ankopplung von neuronalen Zellen und der Charakterisierung ihrer 

Transporteigenschaften und Zuverlässigkeit unter Verwendung leistungsfähiger Methode der 

Rausch-Spektroskopie. Im Verlauf dieser Arbeit wurden die Transporteigenschaften von Si NW 

FET Transistoren untersucht, die auf einzelnen Nanodrähten basieren, um das Verständnis der 

Einflussfaktoren auf das SNR der NW Biosensoren zu verbessern. Die Ergebnisse zeigen 

insbesondere einen Modulationseffekt des Kanalstroms durch singuläre Falle im Gate-

Dielektrikum, der die extreme Empfindlichkeit zu der Ladung von NW FET Bauelementen 

wiederspiegelt. Auf Grund von diesen Untersuchungen wurden von uns die Si NW FET-Strukturen 

basierend auf Anordnungen von 50 parallelgeschalteten Nanodrähten entwickelt und hergestellt. 

Die hergestellten NW FET-Strukturen wurden elektrisch charakterisiert, um ein optimales 

Betriebsregime zu finden. Die untersuchte Front-Back-Gate-Kopplungswirkung in den NW FETs 

wurde zur Verbesserung des Signal-Rausch Verhältnisses um 50% genutzt. Nach unseren 

Messungen, erfüllen die entwickelten Si NW FET-Strukturen die Anforderungen für extrazelluläre 

Detektion, neuronaler Zellaktivität. Die Schnittstelle zwischen neuronalen Zellen und hergestellten 

NW Strukturen wurde darüber hinaus mit fokussierter Ionenstrahl (FIB) untersucht. Die Ergebnisse 

zeigen, dass die Zellen in direkten Kontakt mit der Oberfläche der NW Strukturen treten. 
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1. Introduction 
The tremendous progress in physical and biological in recent years has facilitated deeper 

understanding of different biological objects even down to a molecular level and thus formed a 

strong demand on development of highly-sensitive, selective, stable and reliable biosensors[1]–[4] 

for real-time analysis and monitoring of biochemical reactions in vivo and in vitro. There are 

numerous biosensing techniques based on different physical principles such as optical, mechanical 

and electrical methods for monitoring state of the biosystems[5]. Among other techniques using 

field-effect transistors (FETs) as biosensors stand out as a promising approach due to their ability 

to directly translate changes of the gate surface potential into modulation of a drain current[6] and 

therefore the possibility of real-time monitoring of different processes resulting in surface potential 

changes. In response to the need for increased sensitivity and higher spatial resolution[7], [8], a 

new generation of nanoscale FET sensors, based on nanowires, nanotubes[2], nanoribbons[9] and 

graphene sheets[10] has emerged. In particular, silicon nanowire (Si NW) FETs showed 

themselves as promising biosensors[11]. Their CMOS-compatibility and flexibility in terms of 

shapes and sizes, as well as the reproducibility offered by silicon processing technology[12], [13] 

define the Si NW FETs as excellent candidates for such important applications as label-free 

detection of biological species [14]–[17] and extracellular investigation of electrogenic cell 

activity[18]–[20].  

Investigation of neuronal cells activity is of great interest from point of view fundamental 

biophysics as well as for large variety such applications as monitoring of electrical communication 

within neuronal networks, transmission paths of ionic channels, the use of neuronal networks as 

biosensor to monitor pharmaceutical agents, pollutants etc. Studying the behavior of grown in vitro 

neuronal networks gives an overview about functioning of much more complex systems like brain 

and improves understanding of cell communication at a single synaptic level[21], [22]. These kinds 

of studies can be strongly facilitated by novel methods of effective bi-directional communication 

with living cells grown in vitro. Therefore, during last decades several techniques for recording 

cell activity were developed: glass micropipette[23] and patch clamp electrodes[24], voltage-

sensitive dyes[25], microelectrode arrays (MEAs)[26], [27], FETs [28], [29]. Among these 

approaches MEA and FET techniques have advantages due to improved spatial resolution and 

direct multiplexed detection of the signal[30]. Another important feature of these approaches is 

realization of the non-invasive communication with cells. MEAs are considered as prototypes of 
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brain-machine interface[31]. Further improvement of MEA technique required not only 

development of stable electrode tolerant to chemical reactions on the electrodes, but also different 

methods of excitation and recording using FET technology. At the same time, FETs approach 

enables direct monitoring of the brain activity and hence, this technique for neuronal interfacing 

attracts most attention in the last decade. However, implementation of the FET based readout from 

neuronal cells is a challenging task especially if we are speaking about small cell densities on the 

chip or even single cells.  

The state of a single cell or cell system can be monitored by either their metabolic products 

(in the case of the chemical synapse - neurotransmitter) or extracellular potential monitoring. Such 

a biochemical sensing of compounds released from the cell during action potential requires much 

effort on functionalization of the FET surface for selective detection of the substances produced by 

the cells. Instead, for investigation of the electrogenic cells activity (e.g. neuronal cells) one can 

utilize their specific features like generating of spontaneous or triggered action potentials and 

measure shifts of the cell membrane potential. The activity of a neuron leads to ionic- and 

displacement currents flowing through the cell membrane, resulting in an extracellular voltage drop 

along the cleft between the cell membrane and the gate insulator of the ion sensitive FET[32]. This 

voltage drop can be recorded as it modulates the drain current of a FET [33]. However, planar FET 

technique cannot entirely monitor the different complex processes taking place in the system 

FET - neuronal cell. The main reasons for this are low spatial resolution and the high cleft between 

silicon oxide surface and the neuronal cell, which can be up to 100 nm over the sensor surface [34]. 

Such a large distance makes the seal resistance of the cell over the sensor very small and leads to 

drastic reduction of useful signal[35]. Therefore, the signal can be also determined not by direct 

transfer of the membrane potential but due to fluxes of ions, which accompany repolarization of 

the cell and influence the surface potential of the gate dielectric. In order to get reasonable signal, 

there is a need to culture cells in a stable way onto the FETs and the interface between them and 

the gate dielectric should provide reasonable seal resistance. The cleft between neuronal cell and 

the sensor surface can be shrunk down to 4nm using silicon nanowires (NWs) as transducer. This 

was confirmed in first studies related to the topic on nanowires produced by bottom-up process 

[30], [36]. The bottom-up processed nanowires, usually fabricated by chemical vapor deposition, 

are cheap and easy to produce, but these wires have irreproducible sizes and exhibit problems with 
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alignment of the nanowires and contacting them. In contrast, another method of NW fabrication is 

the top-down approach, which is based on lithographical patterning of the Si wafer and allows 

fabricating highly reproducible, stable and nanowire devices using complementary metal-oxide-

semiconductor (CMOS)-compatible fabrication processes.  

Si NW FETs designed for monitoring neuronal cell electrogenic activity should be able to 

register discrete events of neuronal cell action potential by extracellular changes of the gate 

potential in frame of real-time recording. Therefore, measurement techniques based on averaging 

of the signal over time are not applicable and the signal-to-noise ratio (SNR) of the raw output 

from the sensor should be higher than one. Implementing such strong requirements is a rather 

challenging task while working with extremely small signals, such as extracellular recordings from 

a single cell. Thus, the important milestone of the research in the area of NW-based biosensors for 

monitoring living cells activity is the signal-to-noise ratio (SNR)[9], [37]. Understanding of the 

factors influencing the SNR in Si NW FET sensors is of crucial importance for development of 

reliable NW biosensors with sufficient sensitivity. The SNR of a FET sensor is determined by the 

transconductance, gm, of the Si NW transistor and by the intrinsic noise of the device. Therefore, 

the SNR can be improved both by optimization of the fabrication technology [38], [39] and by 

finding the optimal transport regimes to maximize the sensitivity[40]–[42]. The Si NW transistors 

are fabricated using wet chemical etching to improve quality of the sidewalls of the FET devices 

and reduce surface noise[43]. 

According to the above-discussed challenges, this work is devoted to the development of 

Si NW structures sensitive and reliable enough for effective extracellular monitoring of the 

neuronal cells activity in vitro. We consider both methods of improving device sensitivity: 

optimizing fabrication technology and operation mode of the NW FET. As a feedback for 

improving device characteristics we utilize noise spectroscopy – a powerful approach for 

investigating device performance and structure. The structures in the presented work were designed 

in different geometries in order to investigate influence of the channel parameters on SNR. After 

the fabrication of Si NW FETs, the SNR of produced devices was enhanced by finding optimal 

regime of the operation. We have shown significant improvement of the SNR by utilization of the 

front-back-gate coupling effect. Analysis of experimentally obtained data using existing models of 

noise behavior has shown switching of scattering mechanism under influence of back gate biasing.  
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The above discussed is implemented in the objective of the presented work: fabrication of 

stable, reliable and sensitive Si NW FET transistors optimized for biosensor measurements of 

electrogenic cell activity. The objective is achieved by fulfilling following scientific tasks: 

 Fabrication and design of high-quality Si NW FET structures for providing 

improved interface between cells and the NW surface. 

 Characterization of fabricated structures using electron microscopy and electrical 

characterization using noise spectroscopy in order to improve understanding of the 

factors influencing the sensor performance. 

 Investigating influence of the electrolyte gate on performance and SNR of Si NW 

FET devices for excluding role of the surface effects on the transport in Si NW FETs 

 Identifying influence of different NW parameters, such as contact resistance, charge 

carrier distribution on transport properties of a NW FET by means of theoretical 

modelling and noise spectroscopy. 

 Analysis of Si NW / neuronal cell interface using focused ion beam (FIB). 

 Simulation of the fabricated devices in Sentaurus technology and computer aided 

design (TCAD) program for establishing directions for improving the device 

fabrication technology and performance. 

 Investigation of the SNR of fabricated Si NW array biosensor devices by studying 

regimes of the operation and influence of the geometry of the NW FETs. 

 Test measurements of the fabricated nanowire structures using pulse signals with 

characteristics similar to neuronal cell action potential.  
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2. Theoretical, experimental background and state of the art 
2.1 Silicon nanowire based biosensors 

2.1.1 Introduction 

Complementary metal oxide semiconductor (CMOS) field-effect transistor (FET) 

technology has been extensively developed since date of its invention in 1963. Success of the 

CMOS technology is based on constant improving of the device characteristics, fabrication 

technology and cost-efficiency driven by society and market demand. The dimensions of the FETs, 

as elementary units of the CMOS technology, are decreasing following the Moor’s law[44], [45]. 

When the characteristic dimensions of the MOSFET have dropped down to the size of 1 micron, 

further miniaturization became challenging due to appearing of the short-channel effects [46], [47]. 

The solution for these challenges is using novel device geometries like devices with buried oxide 

[48], FinFETs [49], gate-all-around FETs [50] as well as NW FETs. The NW FET is the next step 

for miniaturization of CMOS devices.  

Convenience and availability of nowadays CMOS technology makes production of CMOS-

compatible electronic devices extremely favorable from the point of view of cost efficiency, device 

reproducibility and reliability. Therefore the idea of using FET for sensing of the gate potential has 

evolved into idea of sensing surface potential in electrolyte using CMOS-compatible liquid-gated 

FET[51]. The device developed for this purpose is an ion-sensitive field effect transistor (ISFET) 

and is used to sense pH of different solutions[52], [53]  

2.1.2 Ion-sensitive field effect transistors as biosensors 

Since its invention ISFETs have been utilized not only as pH sensor but also in a variety of 

applications including biosensing [54]. The basic principle of ISFET lies in replacing of a metal 

gate of the MOSFET by electrolyte gate. Figure 2.1 shows schematic comparison of a MOSFET 

and an ISFET [53]. In the case of the ISFET the drain current of the FET is defined by a potential 

of the electrolyte, which is in its turn defined by the reference electrode.  
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Figure 2.1 Schematic representation of (a): MOSFET, (b): ISFET and (c): electronic 

diagram for measurement with grounded source scheme. The figure is adapted from [53]. 

The drain current, ID, in the schematic (c) of Figure 2.1 is defined in the same way for both 

MOSFET and ISFET in the non-saturated mode[55]: 

 𝐼𝐷 = 𝐶𝑜𝑥𝜇
𝑊

𝐿
[(𝑉𝐹𝐺 − 𝑉𝑇ℎ)𝑉𝐷𝑆 −

1

2
𝑉𝐷𝑆

2 ], (2.1) 

where Cox is the gate oxide capacitance per unit area, 𝜇 is the mobility of the charge carriers in the 

channel of the FET, W is the width of the channel, L is the length of the channel, VFG is the front 

gate voltage, VDS is the drain-source bias, VTh is the threshold voltage. According to Eq. (2.1) the 

drain current of the FET can be changed via changing drain-source bias or the gate voltage. The 

gate voltage influences charge carrier distribution and concentration in the channel. If VFG is higher 

than VTh, then transistor is considered to be in an open state. At gate voltages below the threshold 

a diffusion current is dominating the drift component. The threshold voltage is the term, which 
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contains the initial surface potential (including interface potential of Si/SiO2) needed to overcome 

by gate voltage to open the transistor channel. In the case of a MOSFET, VTh contains difference 

between workfunctions of metal gate and silicon, 𝜙𝑀 and 𝜙𝑆𝑖, potential of the charges accumulated 

in the gate oxide, 𝑄𝑜𝑥, charges captured to the surface states, 𝑄𝑠𝑠, and charges of the space charge 

region, 𝑄𝑠𝑐𝑟, and difference between Fermi level and middle of the bandgap , 2𝜙𝑓 [53], [55]:  

 𝑉𝑇ℎ =
𝜙𝑀 − 𝜙𝑆𝑖

𝑞
+

𝑄𝑜𝑥 + 𝑄𝑠𝑠 + 𝑄𝑠𝑐𝑟

𝐶𝑜𝑥
+ 2𝜙𝑓 . (2.2) 

In the case of ISFET the threshold voltage also incorporates surface potential of the interface 

electrolyte/gate oxide and the metal workfunction is replaced by the potential of a reference 

electrode, Eref , in the electrolyte: 

 𝑉𝑇ℎ = 𝐸𝑟𝑒𝑓 − ψ0 + χsol −
𝜙𝑆𝑖

𝑞
+

𝑄𝑜𝑥 + 𝑄𝑠𝑠 + 𝑄𝑠𝑐𝑟

𝐶𝑜𝑥
+ 2𝜙𝑓 , (2.3) 

where ψ0 is the potential generated by adsorbed ions on the surface and χsol is the surface dipole 

potential of a solvent. Changes of the threshold voltage leads to a shift the whole transfer curve of 

the transistor along the gate voltage axis. At a constant VFG changing of the VTh results in changes 

of the drain current, according to Eq. (2.1). 

Surface potential of the ISFET in the electrolyte depends on quantity of adsorbed on the 

gate dielectric H+ ions. Channel of an ISFET sensor is usually covered by oxides such as SiO2, 

Al2O3 and Та2О5 [52]. The surface has ion binding sites, which adsorb hydrogen ions [56].  

 

Figure 2.2 Schematic diagram of the Silicon oxide/electrolyte interface adapted from [57] 

The following reactions take place at the surface of gate dielectric [58]: 
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 𝐴𝑂𝐻 ⇄ 𝐴𝑂− + 𝐻𝑠
+, 𝐴𝑂𝐻2 ⇄ 𝐴𝑂𝐻 + 𝐻𝑠

+, (2.4) 

where A – atom of silicon (aluminum or other oxide forming element), HS – hydrogen atoms in 

close vicinity to the interface. After establishing equilibrium at the interface, the reactions (2.4) run 

at constant reaction rate in both directions. So the equilibrium dissociation constants can be defined 

as: 

 𝐾𝑎 =
[𝐴𝑂−][𝐻𝑠

+]

[𝐴𝑂𝐻]
 𝑎𝑛𝑑 𝐾𝑏 =

[𝐴𝑂𝐻2]

[𝐴𝑂𝐻][𝐻𝑠
+]

, (2.5) 

where square brackets are used to define concentrations of ions or compounds. After reaching the 

equilibrium state also an equilibrium surface potential will be established. It is determined by 

surface concentration of the hydrogen atoms, [𝐻𝑠
+], which in its turn is defined by the concentration 

of the hydrogen ions in the bulk of the electrolyte[59]: 

 [𝐻𝑠
+] = [𝐻+]𝑒−

𝑞𝜓0
𝑘𝑇 , (2.6) 

where q – is the elementary charge, 𝜓0 – is the potential of the interface dielectric/electrolyte, k – 

is the Boltzmann constant, T – is the temperature in Kelvin. As it can be seen from Eq. (2.6), 

concentration of the of the hydrogen ions on the surface is related to the bulk concentration of 

hydrogen ions through the surface potential. Thus, taking into account the conservation of quantity 

of binding sites NS: 

 𝑁𝑆 = [𝐴𝑂𝐻] + [𝐴𝑂−] + [𝐴𝑂𝐻2
+] (2.7) 

and the charge per unit area 𝜎0: 

 𝜎0 = 𝑞([𝐴𝑂𝐻2
+] − [𝐴𝑂−]), (2.8) 

one can obtain a relation between interface potential and pH of the solution[51]: 

 𝜓0 = (2.303
𝑘𝑇

𝑞
) (

𝛽

𝛽 + 1
) (𝑝𝐻𝑝𝑧𝑐 − 𝑝𝐻), (2.9) 

where pHpzc is the pH value at which the point of zero charge is reached and 𝛽 is a dimensionless 

sensitivity coefficient: 
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 𝛽 =
𝑞2𝑁𝑠𝛿

𝐶𝑒𝑞𝑘𝑇
, (2.10) 

where 𝛿 = 2 (𝐾𝑎𝐾𝑏)
1

2, 𝐶𝑒𝑞 is the equivalent capacitance of the interface adopted from Gouy-

Chapman-Stern theory for double layer. The equation (2.9) reflects the sensitivity of the surface 

potential to the pH of the electrolyte solution. As we can see from Eq. (2.3) 𝜓0 is included to the 

threshold voltage of an ISFET and therefore changes of 𝜓0 lead to changes of the VTh, which can 

be detected by shift of the ISFET transfer curves. Using Eq. (2.9) a maximum sensitivity of the 

surface potential to the pH can be estimated. It equals 59 mV/pH and is called a Nernstian limit 

[51]. This limitation has fundamental origin. Nevertheless, there are publications revealing 

supernernstian behavior of some surfaces and devices[60], [61]. However, such a behavior can be 

explained in a way, which does not violate the Nernstian rule. 

Equations (2.6) and (2.9) demonstrate that concentration of adsorbed hydrogen ions on the 

surface of the gate dielectric is defined by the bulk concentration of ions and determines a surface 

potential of the gate dielectric. The theory of the pH sensitive ISFET considers only binding of the 

simplest ions to the surface of the transistor, because binding of other heavier ions is less probable 

then adsorption of H+. At the same time, modification of the transistor surface with specific 

chemistry can make the adsorption ion-specific [62], [63] and thus enable detection of various 

species like DNA, proteins, antibodies[54], [57]. Such a modification combined with field effect 

sensing makes a background for fabrication of field-effect based biosensor. However, demand of 

modern biology and biomedicine in sensitivity and spatial resolution requires downscaling of the 

transducer down to submicron sizes and even to nanometer scale[8], [64]. Increasing sensitivity of 

the sensors is usually achieved by increasing resolution of measuring changes of the 𝜓0[41], [42], 

[65], because sensitivity of 𝜓0 to the ion concentration is limited by the nernstian rule. One of the 

possible ways to increase the charge sensitivity of the devices is using novel confined geometries 

like Si NW FETs[66]. 

2.1.3 Silicon nanowire FET biosensors. 

Silicon nanowire FET biosensors have emerged as a next step of miniaturization of an 

ISFET[11], [67] due to enhanced sensitivity[68] and spatial resolution[69] provided by small size 

and high surface-to-volume ratio. The first nanowire structures were used for detection of ionic 

composition of the electrolyte [70], biomolecules[71] and biomarkers[15]. They show higher 
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charge sensitivity than bulk ISFETs. Figure 2.1 demonstrates a schematic representation of NW 

FET biosensor. The surface of the NW is often covered with (3-Aminopropyl)triethoxysilane 

(APTES) in order to provide protection of Si NW surface and possibility for further selective 

modification of the NW gate[70]. 

  

Figure 2.3 Schematic image of Si NW FET with the sketch of the NW pH sensing after 

silanization procedure. The figure is adapted from [70].  

The first attempts of fabrication of Si NW FET biosensors have demonstrated proof of 

principle of biomolecule detection[72]. However, the nanowire biosensors were first fabricated 

using a “bottom-up” approach. In this case he Si NWs are usually fabricated by means of chemical 

vapor deposition or using wet chemistry and then they are contacted[73]. This approach has 

advantage of cost-efficiency and high crystalline quality of the produced NWs provided by self-

organized silicon nanowire growth. On the other hand fabrication of bottom-up nanowires requires 

additional attention to be drawn to achieve uniformity of the size distribution[74] as well as steps 

for integration of the NWs with CMOS circuitry and assembling them in desired direction[75], 

[76]. Alternative way of fabrication is entirely based on the CMOS technology and is called “top-

down” approach [73], when the NW structures are patterned on the silicon substrate using 
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lithographic procedures like e-beam lithography or deep UV lithography. This method is more 

expensive than the bottom-up production, but it provides highly reliable and reproducible devices, 

which are easy to integrate and scale down[77]. Effective detection of biomolecules has also been 

demonstrated using Si NW FETs produced by top-down approach[14], [78]. Moreover the power 

of CMOS downscaling and integration has been used for development of ultimate commercial 

device for full sequencing of 20-basepair DNA based on Si NW FETs[79].  

In presented work we have chosen the top-down approach in order to have full control of 

the nanowire dimensions and achieve highly reproducible devices. 

The schematic illustration of the Si NW FET fabricated using top-down approach is shown 

on Figure 2.4. The NW is passivated with thin oxide layer (typically from 5 to tens of nanometers) 

and then exposed to an electrolyte solution. Contact regions are protected from liquid using organic 

materials like polydimethylsiloxane (PDMS) and/or photoresists like SU8 or PI2545. In order to 

achieve ohmic contact between NW and metal contact pads, outer regions of the NW are heavily 

implanted[55].  

For the electric measurements NW FETs are usually connected in the grounded source 

configuration as it is shown in Figure 2.4. The drain voltage, VDS, as well as front-gate voltage, 

VFG, and back-gate voltage, VBG, are set against the source, which is connected to the ground. Front 

gate voltage is applied using Ag/AgCl reference electrode. Reference electrode can be integrated 

directly on the chip[80] or it can be realized in form of reference FET sensor, which serves as a 

reference for determining all potentials in the system [81]. The back gate voltage can be used to 

tune the NW’s threshold voltage and the operation mode[82] as well as for increasing sensitivity 

of the device [40]. Electrical transport characteristics of Si NW FETs can be qualitatively described 

in the frame of classical model of a MOSFET[55] (see Eq. (2.1)) with small amendments. If we 

consider a linear mode, when the transistor is operated at a relatively small VDS, the Eq. (2.1)will 

be simplified to: 

 𝐼𝐷 = 𝐶𝑜𝑥𝜇
𝑊

𝐿
(𝑉𝐹𝐺 − 𝑉𝑇ℎ)𝑉𝐷𝑆. (2.11) 

Eq. (2.11) is similar to the basic definition of the drift current: 

 𝐼𝐷 = 𝑛𝑒𝑣𝑆 =
𝑁

𝑊𝐿𝐻
𝑒𝜇𝐸𝐷𝑆𝑊𝐻 = 𝑒𝑁𝜇

𝑉𝐷𝑆

𝐿2
=

𝑒𝑁

𝐿
𝜇

𝑉𝐷𝑆

𝐿
, (2.12) 
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where n – is the carrier concentration, H – is the channel height, EDS – is the drift electric field, N 

is the quantity of charge carriers, e – is the elementary charge. Now if we compare Eq. (2.12) and 

(2.11) we can see that 𝐶𝑜𝑥𝑊(𝑉𝐹𝐺 − 𝑉𝑇ℎ) represents quantity of carriers in the channel per unit 

length attracted by the gate voltage, 𝑉𝐷𝑆/𝐿 represents the electric field between source and drain 

electrodes. 

 

Figure 2.4 Sketch of the liquid-gated Si NW FET (the side view). The image represents Si 

NW with contact regions implanted with As atoms. The schema illustrates electric connection of 

the Si NW FET in the grounded source configuration. 

Linear mode of operation can be used to characterize the device transport properties such 

as channel mobility and concentration of the carriers in the channel. Figure 2.5 shows typical output 

and transfer characteristics of Si NW array FET, measured in a configuration from Figure 2.4.  The 

devices characterized in Figure 2.5 were fabricated in the frame of present work and represent Si 

NW FETs based on array of 50 NWs connected in parallel in order to improve signal-to-noise ratio 

and preserve nanostructured surface. Linear mode of the transistor can be observed in Figure 2.5(A) 

from VDS=0 V, to 0.5 V for most of the front gate voltages. Transistor channel can be treated as a 
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resistor in the linear mode, whereas at higher drain voltages it reaches the saturated mode, when 

drain current is almost independent of the drain voltage due to channel pinch-off[55]. Figure 2.5(B) 

demonstrates transfer characteristics of the Si NW FET. The changes of gate voltage are translated 

into changes of drain current. The threshold voltage of this device is calculated using Eq. (2.11) 

and is equal 0.88 V.  

 

Figure 2.5 I-V characteristics of liquid-gated Si NW array FET (channel length of 6µm, 

width of 250 nm, device consists of 50 NWs connected in parallel) with As doped contact regions. 

(A): Output characteristics, (B) Transfer characteristics. 

One of the main characteristics of a transistor is the transconductance, gm, which is the 

measure of the gate control over the drain current.  

 𝑔𝑚 ≡
𝜕𝐼𝐷

𝜕𝑉𝐹𝐺
|

𝑉𝐷𝑆=𝑐𝑜𝑛𝑠𝑡

=
𝑊

𝐿
𝜇𝐶𝑜𝑥𝑉𝐷𝑆. (2.13) 

As we can see from Eq. (2.13) and Figure 2.5(B), the gm is proportional to the drain voltage of the 

transistor. Therefore, the real sensor measurements are usually carried out in the saturation mode 

of the transistor at possibly higher drain biases, to get maximal level of the transconductance. 

However, the channel noise should be also taken into account when choosing a working point for 

measurements. As it has been discussed above, characterization of the transistor is usually done at 

low drain biases in order to simplify the data extraction and provide quasistatic conditions for 

carriers in the channel. For example, it is possible to estimate mobility and concentration of the 

carriers in the channel using Eq. (2.13) and the Eq.(2.12): 
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 µ =
𝑔𝑚𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
 (2.14) 

 𝑛 =
𝐼𝐷𝐶𝑜𝑥

𝑞𝑔𝑚𝐻
 (2.15) 

where H – is the height of the NW channel channel. It should be noted, that this FET model does 

not consider carrier distribution in the channel, but it is still suitable for estimations. Role of carrier 

distribution in the channel is considered in [83]. The classical prediction describes macroscopic 

characteristics of Si NW FETs until very small sizes (down to characteristic size of 20 nm in all 

directions). Beyond this limit a quantum behavior of the NW structures can be observed[84]–[86] 

even at room temperature.  

One of the potential problems for estimation of the values from Eq. (2.14) and (2.15) is 

evaluation of the gate capacitance per unit area, Cox, which in case of complicated geometries like 

gate-all-around transistors and low dimensional structures deviates from the well-known plain 

capacitor equation. The violations of the parallel-plate capacitor model can already occur at 

submicron scale of the transistors. The most efficient way to consider this problem is performing 

an experimental measurement of the gate capacitance. The measurement of gate capacitance of 

germanium NW FETs has been reported in [87]. However, such an approach requires sophisticated 

measurement technique in order to recover capacitance values far below parasitic capacitance of 

the cabling. Alternative to this approach may be using coupling of back and front gate of the Si 

NW FET in order to evaluate the front gate capacitance[88]. 

 As we have discussed above, selectivity of the NW FETs is achieved by chemical 

functionalization of the NW surface[89]. The wires are covered with a layer of molecules, which 

will selectively adsorb analyte molecules from the solution[90]. An examples of such specific 

surface chemistry are single-stranded DNA[79], antibodies[12], [14] and emerging aptamers[91]. 

Working principle of functionalized NW FET sensors is similar to what we have shown for the 

case of an ISFET and different pH of the electrolyte gate solution. Adsorption of the analyte 

molecule onto the linker molecule results in changes of the surface potential, which can be 

registered in the channel by changes of the drain current or other parameters[92]. Linker molecules 

are usually connected to the gate dielectric of the sensor through an intermediate layer of organic 
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molecules, which have on one side chemical affinity to the material of the gate (silicon oxide or 

other oxides, silicon) and on the other side organic or inorganic radical, which simplifies binding 

to the linker molecules. There are several approaches of Si NW FETs functionalization: direct 

functionalization of silicon surface with polymer brush of alkyl-ended molecules[93]–[97]; 

functionalization of the gate oxide with silane containing organic compounds[98], [99]; covering 

the surface of the sensor with a selective membrane, which translates selective chemical adsorption 

into changes of the pH at the surface of the NW[100]. In the case of chemical modification of the 

NW, it is important that organic molecules of the functionalization layer form a dense layer on the 

surface of the sensor, because uncovered places of the sensor can give false contribution to the 

signal due to unspecific adsorption. Besides, imperfections of the polymer brush in case of 

alkylation of silicon surface directly lead to the gate leakage and thus sensor failure. All of the 

discussed approaches of Si NW functionalization have their advantages and disadvantages, which 

may be favorable for different applications.  

Silicon nanowire field effect transistors are promising structures for monitoring the activity 

of living cells, particularly electrogenic cells like neurons[101], [102] and heart cells[103]. The 

state of a single cell or cell system can be monitored by either their metabolic products (in the case 

of the chemical synapse - neurotransmitter) or extracellular potential measurements. Bio chemical 

sensing requires much effort on functionalization of the sensor surface for selective detection of 

the substances produced by the cells. For investigation of the electrogenic cells activity (e.g. 

neuronal cells) one can utilize their specific features like generating of spontaneous or triggered 

action potentials and measure shifts of the cell membrane extracellular potential. The activity of a 

neuron leads to ionic- and displacement currents flowing through the cell membrane, resulting in 

an extracellular voltage drop along the cleft between the cell membrane and the gate insulator of 

the ion sensitive FET that modulates its drain current[33].  

The detection of electrical signal from neuronal cells has been demonstrated using 

traditional FET technique [28]. However, planar FET technique cannot entirely monitor the 

different complex processes taking place in the system FET/ neuronal cell in the transistor signal. 

The main reason for this is low spatial resolution. In addition, the cleft between silicon oxide 

passivated surface and the neuronal cell is about 40 nm [34] which is 4 times larger than Debye 

screening length in physiological solution (about 10 nm). Distance between cell and surface of the 

detection spot determines the value of so called seal resistance Rseal (will be discussed in more later 
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on), which is a measure for leakage of the useful signal to the bulk electrolyte. That’s why in the 

case of a planar FET the signal outcome from the cell may be determined not by direct transfer of 

the membrane potential but by the fluxes of ions, which accompany repolarization of the cell and 

influence the surface potential of the gate dielectric. The cells have to be cultured in a stable way 

onto the FETs and the interface between them and the gate dielectric should be improved. The cleft 

between neuronal cell and the sensor surface can be shrunk down to 4nm using Si NW FETs. This 

was confirmed in first studies related to the topic [30], [36] on nanowires produced using bottom-

up process. However, as it was discussed above, the bottom-up processed nanowires grown by 

chemical vapor deposition are cheap and easy to produce, but these wires have irreproducible sizes 

and may experience complications with integration. The top-down produced Si NWs for neuronal 

cell interfacing are still under development[101]. The main challenges are signal-to-noise ratio of 

Si NW FETs and stability in liquid environment during at least 10 days in vitro. 

2.1.4 Signal-to-noise ratio in silicon NW FETs 

Silicon NW FET based biosensors represent a big step forward in development of modern 

biomedicine and biology. However, there are still the challenges remaining to achieve highly 

sensitive, reliable and reproducible operation. The important milestone of the research in the area 

of FET sensors is the signal-to-noise ratio (SNR), which determines the detection limit of a sensor 

[9], [37], [104]. SNR is defined as a relation between useful signal and fluctuations of the device 

parameters. When we are registering changes of the Si NW FET current, than the registered change 

will contain component corresponding to the useful signal, δIS, and as well component 

corresponding to the channel current fluctuations δIfl: 

 𝛿𝐼 = 𝛿𝐼𝑆 + 𝛿𝐼𝑓𝑙. (2.16) 

Then, by definition, the SNR will be: 

 𝑆𝑁𝑅 ≡
𝛿𝐼𝑆

𝛿𝐼𝑓𝑙
. (2.17) 

It is always advantageous if biosensors detect in real time discrete events, such as binding of the 

biological objects to the surface or action potentials of an electrogenic cell. Therefore, in a wide 

range of applications, Si NW FET biosensors have to provide real-time detection of the analyzed 
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events. In this case, averaging techniques, which usually operate with mean values and are used to 

suppress noise, are not applicable and the SNR of the raw output from the sensor should be higher 

than one. Implementing such strong requirements might be a rather challenging task because 

biosensors are often dealing with extremely small signals, such as monitoring tiny changes of 

concentration of the analyte or extracellular recordings from a single cell. Therefore, understanding 

the factors having an impact on the SNR is of crucial importance for developing reliable biosensors 

with sufficient sensitivity.  

Real signals in biological environments are usually extremely small (in the range of tens of 

microvolts), and hence after a measurement the value of δIS, generated by the analyte may be below 

the level of channel noise. Therefore instead of Eq. (2.17), where we compare the response of the 

NW channel current to the intrinsic noise of the device, it is more suitable to use a relation between 

input signal δVFG and the level of equivalent input noise δVfl (the effective fluctuation of gate 

voltage potential, which causes corresponding fluctuation of the channel current δIfl). The 

aforementioned can be realized by multiplying the numerator and denominator of Eq. (2.17) by gm: 

 𝑆𝑁𝑅 =
𝛿𝐼𝑆

𝛿𝐼𝑓𝑙
=

𝛿𝐼𝑆 𝑔𝑚

𝛿𝐼𝑓𝑙 𝑔𝑚
=

𝛿𝑉𝐹𝐺

𝛿𝑉𝑓𝑙
. (2.18) 

The biosensor signals are usually detected in the low frequency range of spectra. For 

example, extracellular measurements of action potentials from neuronal cells[28]  require detection 

of signals with average duration about 3 ms, whose principle components are, on average, not faster 

than 10 kHz. Therefore the signal from sensor 𝛿𝐼 is often filtered to the frequency range of the 

input signal in order to remove unnecessary high-frequency fluctuations. In this respect it is more 

convenient to switch to the spectral representation of the equivalent input noise in Eq.(2.18): 

 𝑆𝑁𝑅 =
δVFG

√∫ 𝑆𝑢𝑑𝑓
𝑓2

𝑓1

= δVFG

 𝑔𝑚

√∫ 𝑆𝐼𝑑𝑓
𝑓2

𝑓1

, (2.19) 

where SI is the drain current spectral density and Su is the equivalent input voltage spectral density. 

The lower is the value of Su , the higher is the SNR.  

According to Eq. (2.19) the improvement of the SNR can be realized by finding conditions 

with the lowest equivalent input noise. Therefore the SNR can be improved by optimization of the 

fabrication technology [38], [39], to obtain low-noise devices due to high quality of the device 
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interfaces, and by finding the appropriate transport regimes to maximize the sensitivity. However, 

to date there remain important challenges in establishing the optimal transistor operation modes for 

biosensing. Currently, two main concepts are considered for optimization of sensitivity: using the 

subthreshold mode[105] or above-threshold mode[41]. In the present work we will answer these 

questions and demonstrate that using each of the modes is advantageous in different 

applications[40]. Optimization of the sensor structures using chemical wet etching during NW 

fabrication as well as finding of the optimal regime for low-noise of the NW operation is 

considered. 

Described challenges of the NW biosensing require comprehensive investigation of Si NW 

FET transport properties as well as the factors having impact on it. Analysis of the current 

fluctuations in liquid-gated NW FETs combined with data of their I-V characterization derives 

information about noise sources in the device as well as ways to optimize performance of the 

sensor. Such an analysis of transport is based on noise spectroscopy, a technique for characterizing 

the dynamic properties of the investigated structure. In the next section we are going to discuss 

background of noise spectroscopy in FET devices. 

2.2 Noise Spectroscopy 

2.2.1 Introduction 

Noise spectroscopy provides analysis of the device performance and structure by studying 

the fluctuation phenomena. The method itself is very convenient for the extraction of information 

about the origin of noise in the sample. Noise spectroscopy can be used for the analysis of the 

device quality, transport properties and improvement of the technology, which is one of the main 

directions for the development of advanced NW FETs and miniaturization of the CMOS 

elementary base. A lot of publications are devoted to analysis of fluctuation phenomena in Si NW 

FETs [41], [66], [106], [107], because the major point of the biosensor performance optimization 

is improving signal-to-noise ratio. Historically Si NW FET biosensors evolved from regular 

MOSFET structures. Most of knowledge in the sphere of noise spectroscopy for submicron 

MOSFET structures is eligible for NW biosensors as well. For example, it has been shown that 

presence of the electrolyte as a front-gate of a FET biosensor (BioFET) does not influence noise 

properties of the structure [41]. Therefore we are going to use experience and understanding of 
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noise in MOSFETs, as it was accumulated over the years of existence of the CMOS technology 

[108]–[110]. In this section we will consider main noise sources of Si NW transistor. 

2.2.2 Spectral density 

Drain current of a FET under stationary conditions contains a fluctuation component, 𝑖𝑛, 

which is changing in time: 

 𝐼(𝑡) = 𝐼 ̅ + 𝑖𝑛(𝑡). (2.20) 

Function 𝑖𝑛(𝑡) is a random value and therefore a mean value of current cannot be used for analysis 

of the fluctuation, because 𝑖𝑛(𝑡) gives zero after averaging. The value of mean-square deviation 

(MSD) is usually used for analysis of the fluctuations: 

 < 𝑖𝑛
2(𝑡) > = lim

𝑇→∞

1

𝑇
∫ 𝑖𝑛

2(𝑡)𝑑𝑡
𝑇

0

. (2.21) 

This value gives an idea about the measurement precision and the level of the fluctuations in a 

biosensor measurement. Practically MSD is the value, which can be used in the denominator of the 

signal-to-noise ratio of a FET, if we take a root square of it (root mean-square deviation (RMSD)). 

However, the MSD value is not enough for quantitative analysis of the fluctuation processes. For 

these purposes a frequency representation of MSD is used – spectral density of fluctuations. 

 ∫ |𝑥(𝑡)|2
+∝

−∝

𝑑𝑡 =
1

2𝜋
∫ |�̂�(𝜔)|2𝑑𝜔

+∝

−∝

, (2.22) 

where x(t) – is some fluctuating value. Any physical quantity can accounted as x(t), it can be 

current, voltage, power or even a resistance of the sample. Spectral density of x(t) is denoted by Sx 

is calculated from time trace of x as follows: 

 𝑆𝑥(𝜔) = |�̂�(𝜔)|2 = |∫ 𝑥(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∝

−∝

|

2

. (2.23) 

Spectral density is an additive value. If fluctuations of the sample current have different origin and 

do not correlate between each other, then the resulting spectral density will be a superposition of 

spectral densities of each type of noise. Spectral density of voltage fluctuations can be recalculated 

into spectral density of current fluctuations using Ohm’s law: 
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 𝑆𝐼 =
𝑆𝑉

𝑅2
, (2.24) 

where R – is the differential resistance of the sample and circuitry. Eq. (2.24) is very important in 

measurements of noise, because it allows recalculating desired values by only one measured 

value: 𝑆𝐼 in case of current amplifier and 𝑆𝑉 in case of voltage amplifier.  

As we have already discussed, sensitivity of Si NW FET biosensors is a hot topic and there 

is a number of publications in this direction [38], [106], [111]. However, there are still challenges 

of finding optimal device geometry and operation mode. In the next subsection we will consider 

typical sources of noise in Si NW FETs. Many of these noise sources are discussed in literature for 

the case of planar MOSFET and submicron MOSFET [107], [110], [112]–[115]. 

2.2.3 Main sources of noise in Si NW FET 

One of the most important and well-known types of noise is the thermal noise or so called 

Johnson-Nyquist noise. Thermal noise is present in all objects, which can be characterized with 

some electrical resistance, which is in thermodynamic equilibrium with its environment. 

Depending on the schematic of the device connection (open circuit or a shortcut) the thermal noise 

appears as fluctuations of voltage on the ends of circuit or as fluctuations of current through the 

sample. Thermal noise has first been observed independently by Johnson[116] and Nyquist[117] 

in 1928. Using measurements of thermal noise Johnson managed to estimate Boltzmann constant 

with significant accuracy. 

Electrons and holes in a semiconductor have thermal energy and are constantly expressing 

random thermal motion. The events of scattering on lattice, when carriers can either loose or gain 

energy due to interaction with lattice atoms, occur randomly and on average compensate each other 

in the state of thermodynamic equilibrium. Such random motions cause fluctuations of carrier 

concentration on the terminals of the sample, which result in thermal fluctuations of current or 

voltage in the circuit. Spectral density of thermal noise is not frequency dependent in a broad 

frequency range and can be calculated as follows: 

 𝑆𝑣 = 4𝑘𝑇𝑅, (2.25) 
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where k – is the Boltzmann constant, R – sample resistance, T – temperature of the sample. 

Resistance of the sample, as well as temperature can be precisely measured using measurement of 

level of the thermal noise. It should be noted, that spectral density of the current will be inverse 

proportional to the resistance according to Eq. (2.24). 

 𝑆𝐼 =
4𝑘𝑇

𝑅
. (2.26) 

According to Eq. (2.25) and (2.26) we can conclude that high-ohmic samples should be 

measured using current amplifier, whereas measurements of noise in the low-resistance samples is 

more efficient with voltage amplifier. 

As it has been mentioned in subsection 2.1.4, in the case of signal from a biosensor, we are 

mostly interested in the low-frequency range of spectra (up to 10 kHz). In this frequency region 

thermal noise is more often dominated by other types of noise like generation-recombination or 

flicker noise. However if the FET is in the subthreshold mode, which might be considered as 

optimal in some kinds of experiments [105], the thermal noise can be the major factor, defining 

voltage spectral density of the investigated sample. 

Another type of frequency independent noise is the shot noise [118]. First this noise was 

described by Schottky in 1918 [119], when he registered this type of noise in the valve diodes. The 

shot noise appears in the samples, in which the charge carriers should overcome some potential 

barrier in order to contribute to electric current. The classical examples of such devices are a p-n 

junction and a Schottky barrier (contact metal-semiconductor). These fluctuations originate from 

the discreteness of the charge carriers in the current. Discrete charge carriers are randomly passing 

the potential barrier. As the result current in the sample can be written as a sum of short pulses, 

where each pulse represents single carrier passing a potential barrier: 

 𝑖(𝑡) = −𝑞 ∑ 𝛿(𝑡 − 𝑡𝑘)

𝐾

𝑘=1

, (2.27) 

where q – is the elementary charge, tk – moment of crossing a barrier by a k-th carrier, and К – 

number of all pulses. Spectral density of this noise is proportional to the current value: 

 𝑆𝐼 = |2𝑞𝐼|. (2.28) 
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As we can see, this type of noise is “white” as the thermal noise. The situation when shot noise is 

observed in a MOSFET happens not quite often at room temperatures. Usually it is dominated by 

thermal noise as well as by other components. Shot noise may appear in a FET structure as a sign 

of non-ohmic contacts of the device or gate leakage current. Also FETs demonstrate shot noise in 

a subthreshold mode[120]. In the above threshold mode of the FET sensor, where most of the 

biosensing experiments take place, white noise is usually dominated by low-frequency excess noise 

components such as generation-recombination or flicker noise (1/f) components.  

Generation-recombination (GR) noise is introduced and named after corresponding 

dynamic processes in a semiconductor. The main origins of this type of noise are generation and 

recombination of charge carriers. The GR noise can be caused by following processes in the 

channel of the NW FET: 

 Band-to-band generation and recombination 

 Exchange of the carriers with shallow levels in the bandgap 

 Generation-recombination of the carriers through deep levels 

 Exchange processes with traps in the gate dielectric 

Characteristics of GR noise contain information about the process, which caused this noise: 

characteristic time, depth of the level, capture cross-section [121]. Therefore, investigation of the 

GR component plays an important role in localizing and charactering the defects in semiconductor 

structures. Spectral density of the GR noise has a lorentzian shape with time constant, which 

corresponds to the relaxation time of the GR process: 

 𝑆𝐼(𝜔) =
𝑆𝐼(0)

1 + 𝜔2𝜏2
, (2.29) 

where 𝑆𝐼(0) – is the value of a plateau of the Lorentzian. 𝑆𝐼(0) is usually related to concentration 

of the carriers and recombination centers, which take part in the GR process [121], [122], 𝜏 – is the 

time constant of a process. GR noise in MOSFETs as well as in NW FETs is investigated in a 

number of publications and books, because it can have different nature and contains information 

about intrinsic device structure [121], [123]–[125].  
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Another type of the low-frequency noise is the well-known flicker noise or 1/f noise. The 

most general definition of this type of noise introduces the flicker noise as a fluctuation of the 

material conductance with spectral density close to the inverse proportion to the frequency[126]: 

 𝑆𝐼~
𝐼𝛽

𝑓𝛾
, (2.30) 

where f – is the frequency, 𝛾 – index close to 1, and 𝛽 – is the index close to 2. The reason for such 

a general definition comes from a complex nature of the flicker noise. Flicker noise exists in many 

different systems and its origin still causes debates in scientific society. A lot of work has been 

devoted to the nature of flicker noise in MOSFETs [38], [108], [125], [127], [128]. Nowadays the 

three main models for flicker noise in semiconductors are considered: mobility fluctuations 

model[129], number fluctuation model[127] and the number and correlated mobility fluctuation 

model[130], which includes both approaches. We will not speak here about more fundamental 

mechanisms of flicker noise like dielectric polarization noise [131] or quantum 1/f noise [132], 

because in FET structures these components are usually hidden by more powerful mechanisms like 

mentioned above. However, it should be noted that it is possible to register dielectric polarization 

noise of the gate dielectric in 0D ISFET structures [133]. 

One of the first explanations of the flicker noise is the mobility fluctuations model. In 1969 

Hooge proposed an empirical equation for description of the 1/f noise in homogenous 

samples[134]: 

 
𝑆𝐼

𝐼2
=

1

𝑁

𝛼𝐻

𝑓
, (2.31) 

where I – is the current through the sample, N – is the quantity of charge carriers in the sample, f – 

frequency, 𝛼𝐻– empirical constant, which is nowadays named after Hooge and is usually about 

2х10-3. However it has been shown later, that the value of 𝛼𝐻 can vary[108] from 10-4-10-6 for 

high-quality samples without defects to much higher than 2х10-3  for the samples with higher 

concentration of the defects. Hooge’s model explains empirical equation (2.31) as a result of the 

mobility fluctuations of charge carriers. Hooge’s constant is dimensionless value, which allows 

comparing levels of noise in different devices and materials, regardless from nature of the objects.  

An alternative model is interpreting of flicker noise as a superposition of number 

generation-recombination processes with time constant distributed by some rule. In 1955 
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McWhorter[135] considered a model, which describes many traps with spatial and energy 

distribution inside the semiconductor contributing to overall noise by their GR processes. Further, 

the McWhorter model was adopted for the case of MOSFETs [108], [136], [137] including the fact 

that most of the exchange processes take place between charge carriers of the channel and traps in 

the gate dielectric. The model assumes that the traps are spatially and energetically equally 

distributed in the gate dielectric. The spatial and energy distribution of the traps results in 

distribution of the probabilities for the carriers being captured onto the traps. Overall sum of the 

contributions from all of the traps gives the 1/f behavior of the spectral density. The concentration 

of the traps defines the level of the flicker noise [138]: 

 𝑆𝑉𝐹𝐵
=

𝑞2𝑘𝑇𝜆𝑁𝑡

𝑊𝐿𝐶𝑜𝑥
2 𝑓

, (2.32) 

where 𝑁𝑡 – is the concentration of the traps distributed by the energy in [cm-3eV-1],  𝜆 – is the 

inverse tunneling depth (about 0.1 nm) of the carrier into the gate dielectric: 

 𝜆 =
ħ

√2𝑚∗𝜙𝑏

, (2.33) 

where ħ – is the Planck’s constant, m* – is the effective mass of the carrier, 𝜙𝑏 – is the height of 

the potential barrier between semiconductor and the gate dielectric. In the case of McWhorter 

model the spectral density of fluctuation of the flat band voltage is equal to the equivalent input 

noise [114]: 

 𝑆𝑉𝐹𝐵
≈ 𝑆𝑈 =

𝑆𝐼

𝑔𝑚
2

 (2.34) 

where 𝑔𝑚 – is the transconductance of the transistor (Eq. (2.13)), 𝑆𝑈 – is the equivalent input noise 

of the transistor, VFB. 

Both McWhorter and Hooge models are combined in the model of number and correlated 

mobility fluctuations (ΔN – Δμ) [130], where both fluctuations of the mobility and the quantity of 

channel carriers are considered. Fluctuations of the drain current can be written in a form of exact 

differential[114]:  
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 𝛿𝐼𝑑 =
𝜕𝐼𝑑

𝜕𝑉𝐹𝐵
|
𝜇=𝑐𝑜𝑛𝑠𝑡

𝛿𝑉𝐹𝐵   +    
𝜕𝐼𝑑

𝜕𝜇
|

𝑉𝐹𝐵=𝑐𝑜𝑛𝑠𝑡

𝛿𝜇, (2.35) 

 𝛿𝐼𝑑 = 𝑔𝑚𝛿𝑉𝐹𝐵 ∓ 𝛼𝐼𝑑𝜇𝛿𝑄𝑠𝑠, (2.36) 

where 𝛿𝑄𝑠𝑠 – is the fluctuation of the surface state charges, α – is the parameter, which reflects 

sensitivity of the mobility to the surface state charges[139]. Eq. (2.36) contains relation between 

fluctuations of the flat band voltage fluctuations and current fluctuations. If we switch to the 

frequency representation: 

 𝑆𝐼

𝐼2
= (1 ± 𝛼𝜇𝐶𝑜𝑥

𝐼𝑑

𝑔𝑚
)

2 𝑔𝑚
2

𝐼2
𝑆𝑉𝐹𝐵

. (2.37) 

Dividing of the Eq. (2.37) by square transconductance allows switching to the value of equivalent 

input noise, which can be measured experimentally: 

 𝑆𝑈 = (1 ± 𝛼𝜇𝐶𝑜𝑥

𝐼𝑑

𝑔𝑚
)

2

𝑆𝑣𝐹𝐵
. (2.38) 

Depending on the quality of the structures and the conductance type the parameter 𝛼 can be close 

to 0 as well as significantly large (up to 104 V s/C [139]). Its value determines role of the mobility 

fluctuations in the overall 1/f noise. 

Usually under the conditions of real experiment, the flicker noise component of the spectra 

is measured as a function of different parameters like VFG, VBG, VDS. Often there is a question in 

interpretation of the flicker noise origin, finding a proper model for its description in case of 

particular experiment. The information about the most appropriate description of 1/f noise may be 

extracted from dependence of the flicker noise on the carrier concentration in the channel, front 

and back gate voltages[127]. In case of the volume noise (Hooge model) equivalent input noise is 

changing in the proportionally to the gate voltage, whereas in the case of McWhorter model Su is 

independent of the gate voltage. Applicability of the correlated model is usually verified by plotting 

dependence of the normalized current spectral density,𝑆𝐼

𝐼2, as a function of 𝑔𝑚
2

𝐼2
. If the dependence 

reflects proportionality, then according to (2.37) the model is applicable. However, with 

downscaling of the NW devices the flicker noise characteristics may deviate from the predicted 

nature due to discrete nature of the traps in the gate dielectric. 
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Miniaturization of the silicon devices, particularly NWs, leads to decreasing the effective 

gate surface area. For the case of the flicker noise generated by processes of carrier exchange with 

the gate dielectric, the decreasing the gate area leads to decreasing the amount of traps, which take 

part in the exchange processes. As it is shown in [140], miniaturization of the FET devices results 

in the breakdown of the 1/f dependence into superposition of lorentzian-shaped components. 

Further device miniaturization (down to the channel of submicron dimensions) may lead to a 

critical area of the gate, when only a single trap in the gate dielectric or channel influences the 

channel current. In such a case, we may observe switching of the current between two discrete 

levels, corresponding to the state with the occupied and unoccupied trap. Such type of noise is 

called random telegraph signal (RTS) noise, because it has two-level fluctuation of the device 

current (for example see Figure 2.6). Probability of the carriers being captured and released from 

a single trap is characterized by average capture and emission times, <τс> and <τе> (Figure 2.6). 

The probability of a carrier capture is 1/τс and the probability of carrier emission is 1/τе. A behavior 

of the capture and emission times in the case of a single trap is generally described by Shockley-

Read-Hall (SRH) dynamics[140]. In this respect capture and emission times can be represented as:  

 𝜏𝑐 =
1

𝜎𝑛𝑣𝑡ℎ
 𝑎𝑛𝑑 𝜏𝑒 =

1

𝜎𝑛1𝑣𝑡ℎ
, (2.39) 

where 𝜎 – is the capture cross section of the trap, n – is the carrier concentration, 𝑣𝑡ℎ - is the thermal 

velocity of the carriers, 𝑛1 – is the Shockley-Read-Hall factor of the trap occupancy, which equals 

concentration of the free carriers in the channel, when Fermi level coincides with the level of the 

trap. In fact the trap can be situated anywhere in the channel or in the gate dielectric. In the case of 

the gate dielectric the concentration of the carriers, n, should be considered taking into account 

tunneling of the carriers to the trap[141]. The tunneling drastically decreases the concentration of 

the carriers in close vicinity of the trap. According to (2.39) increasing of the capture time and thus 

decreasing of the capture probability. In addition, there are effects related to the fact that a trap may 

change its energy and capture cross-section after capturing a charge carrier. These effects are 

described in frame of the Coulomb blockade energy concept[142]–[144]. If the trap is located near 

the drain of the NW it may considerably modulate the channel conductivity [145]. 
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Figure 2.6 Example of a drain current time trace containing RTS fluctuations. Red arrows 

indicate capture and emission time of the process. 

The RTS noise is generally an unwanted effect because it introduces a two- or more levels 

of the current, between which the drain current is randomly switching. Such a noise may hinder 

the useful signal in case of real-time biomolecules detection or in the case of extracellular 

investigation of neuronal cells. However, the useful signal can be distinguished from the RTS noise 

by the histogram of the time trace. RTS noise is a non-Gaussian process because of switching 

between two or more levels of current, but the value of current at each of the levels is distributed 

normally. Therefore, RTS histogram usually represents two or more Gaussian peaks corresponding 

to each of the current levels (see Figure 2.7). In real measurements, the useful signal is usually not 

a random process and thus its histogram should not have distinct separation of two Gaussian peaks 

like in Figure 2.7(B). Such a difference can be used as a verification procedure to distinguish if the 

measured signal is valid or not. 
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Figure 2.7 Time trace (A) of the drain current and its corresponding histogram (B) for the 

liquid-gated Si NW sample with length of 500 nm and the width of 100nm at VDS = - 0.1 V, VG = -

0.9V and pH of the gating solution pH = 7.5. The image is adapted from [92]. 

The capture time is dependent on the concentration of the carriers (Eq. (2.39)) and thus on 

the gate voltage. In the case of strongly confined geometries like silicon-on-insulator (SOI) based 

devices, Si NWs and gate-all-around FETs the dependence of the capture time on the concentration 

of the carriers may deviate from the SRH behavior and can be much stronger function of n than 

Eq. (2.39) [146], [147]. We have used the capture time as a sensitive value for detection of surface 

potential of liquid-gated Si NW FET. Monitoring of the 𝜏𝑐 instead of the drain current resulted in 

the increase sensitivity of Si NW FET device to the surface potential by a factor of 400% , because 

of a strong dependence of behavior of 𝜏𝑐 on carrier concentration [92].  

The spectral density of the RTS noise is represented by a Lorentzian-shaped component 

[148]. The time constant of a process is defined by capture and emission times: 

 𝜏 =
𝜏𝑐𝜏𝑒

𝜏𝑐 + 𝜏𝑒
. (2.40) 

The the plateau of the Lorentzian is defined by the RTS amplitude and the capture and emission 

times: 

 𝑆𝐼(0) = 4
(Δ𝐼)2𝜏2

𝜏𝑐 + 𝜏𝑒
, (2.41) 

where Δ𝐼 – is the RTS amplitude, which can be determined from Figure 2.7(B). 
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As it was mentioned in subsection 2.2.2, the spectral density of the signal fluctuations is an 

additive value, if the noise sources are not correlated between each other. Therefore an observed 

spectra are represented by a combination of all mentioned types of noise. In the Figure 2.8 an 

example of superposition of three types of noise is presented.  

 

Figure 2.8 Spectral density of the drain-source voltage fluctuations (solid line) and its 

components (dashed lines). 

Different noise mechanisms in the sample are often investigated separately. Therefore, 

corresponding noise spectra component should be discriminated from the overall spectra by means 

of fitting or by finding of the FET mode where other noise mechanisms are suppressed and the  

component under is most pronounced. For simplified fitting of the noise spectra, we have 

developed a special software, which will be described later.  

The overall noise is important when the real measurements are performed, because in this 

case the useful signal is compared to the whole noise of the measurement system. The knowledge 

about the noise components and their behavior allows improving fabrication technology and 

finding operation modes in such a way that the overall noise of the device is reduced and signal-

to-noise ratio is optimal. It should be noted that for obtaining optimized signal-to-noise ratio of the 

FET biosensor we should be aware of the signal level, which we are going to detect. Therefore, in 

the next subsection we will discuss the main principles of electrogenic cell functioning and the 

main properties of the cell/FET interface. 
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2.3  Electrogenic cells on FETs 

2.3.1 Introduction 

The building block of the biological systems are cells. They are diverse in their functionality 

and are often organized into functional modules which are repeated within the organism[149]. The 

most complex biological system in the organism is the nervous system and its elementary unit is 

the neuronal cell. A tremendous progress of the neuroscience in the last decades was achieved due 

to investigation of the neuronal cell activity and pathways in vivo as well as in vitro using novel 

ultimate methods including nanotechnology[150]. One of the most demanded methods of the 

neuronal cell investigation – is the extracellular monitoring of the cell activity, because it is not 

harmful and allows characterizing cellular system without any influence on it. Therefore, 

extracellular investigation of neuronal cells activity is of great interest from point of view 

fundamental biophysics as well as large variety of applications such as monitoring of electrical 

communication within neuronal networks, transmission paths of ionic channels, the use as 

biosensor to monitor pharmaceutical agents, pollutants, etc.  

The state of a single cell or cell system can be monitored by either their metabolic products 

(in the case of the chemical synapse - neurotransmitter) or extracellular potential measurements. 

For investigation of the electrogenic cells activity (e.g. neuronal cells or muscle cells) one can 

utilize their specific features like generating of spontaneous or triggered action potentials and 

measure shifts of the cell membrane extracellular potential. The activity of a neuron leads to ionic- 

and displacement currents flowing through the cell membrane, resulting in an extracellular voltage 

drop along the cleft between the cell membrane and surface of the sensor. As we have discussed 

above, such a change of the surface potential can be registered using liquid-gated FET.  

In this section we will concentrate on the origins of the electric activity of the electrogenic 

cells like neurons and cardiomyocytes and the interface between the cells and the devices for 

extracellular detection of action potential.  

2.3.2 Neuronal cells and the action potential 

The neuronal cells are basic units of the nervous system, which is divided into central 

nervous system (includes brain and spinal cord) and peripheral nervous system (remaining nerves). 

On the contrary to other organs neuronal cells are extremely diverse and only the smaller part of 
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those types is yet understood. However all of the neuronal cells still share the same working 

principle. The neurons are capable of changing their membrane potential and thus conducting an 

electrical signal as well as passing the signals from one neuron to another. The points where the 

neurons are connected between each other and can pass excitation or inhibition is called a 

synapse[149]. A typical neuronal cell is shown in Figure 2.9. The cell body of a neuron contains 

the nucleus, where all the genetically coded information is stored. Typically neuronal cells have 

two types of protrusions: axons and dendrites (see Figure 2.9). Axons are responsible for the 

transmitting the signal in the neuron. The length of an axon may vary in a large range from tenths 

of micrometers up to even 3 m. The width of the axons is usually much smaller than the body of a 

neuron and may vary in the range between 0.2 µm to 20µm. The size of the neurons in central 

nervous system is dependent on the animal species, but usually it is about 50 µm[149]. The typical 

size of the rat cortical neurons which are used in the present work is about 20 µm. Such values are 

used in the design considerations of the Si NW FETs. The electric signal, which is propagating 

along the axon is shielded from the outer environment by myelin shealth, which is interrupted 

regularly by nodes of Ranvier[149]. Branches of the axon of a neuron form connections to the 

further neuronal cells, called postsynaptic cells. The site where the neurons are connected with 

each other is called synapse. Axon transmits a signal to another neurons through a synapse. A 

neuronal cell can form synapses with up to 1000 of cells. On the opposite side of the axon usually 

a neuron also has protrusions, called dendrites. Together with the dendrites, the cell body can accept 

signals from another neurons through synapses[149]. The synapses may be excitatory and 

inhibitory (when a postsynaptic cell gets excited or silenced afther the signal transmission). The 

signal through the synapse can be transmitted to the next cell either electrically or chemically, 

however the signal inside the cell propagates as a wave of changing the membrane potential, known 

as action potential. 
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Figure 2.9 Typical neuronal cell shown with its connection to three postsynaptic cells. The 

schematic image adopted from [149]. 

The cell electricity originates from differences between concentrations of different ions 

inside and outside of the cell. Therefore the key role in this process is played by the cell membrane. 

The membranes in the cell perform a lot of different functions. Among them the plasma membrane 

defines the cell and separates inner part of the cell from the outer environment[151]. The cell 

membrane is a lipid bilayer with incorporated membrane and transmembrane proteins[152]. The 

special proteins called ion channels are also provide selective permeability of the membranes to 

the ion fluxes (see Figure 2.10).  

The proteins called ion pumps promote active transport of the ions through the membrane in the 

direction against the electrochemical gradient. Such proteins provide difference between ion 

concentrations in the cell and outer environment, which results in potential difference between 

inner and outer side of the cell. The ion pumps work in such a way that the K+ ions are pumped 

into the cell, whereas sodium and chlorine ions are pumped out of the cell. In the state of 
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equilibrium the cell membrane is permeable only to K+ ions due to constantly opened resting K+ 

channels Figure 2.10(a). Taking into account that as the result of ion pumps functioning, the 

concentration of potassium ions inside the cell is higher than outside, the flow of K+ through the 

resting K+ channel is in the direction of the cell exterior. Therefore in the equilibrium state the 

potential of the cell interior is negative against the environment. The resting potential of living cells 

varies from -100 mV to -40 mV depending on a cell type and is defined by inner and outer 

concentrations of ions and by permeability of the membrane. The behavior of the resting potential 

is described by the famous Goldman-Hodgkin-Katz equation, which is a modification of the Nernst 

equation for the case of multiple ions moving across the membrane with certain permeability. 

 

Figure 2.10 The schematic demonstration of different types of channel proteins in neuronal 

cell. (a) shows the resting K+ channel, which provides the resting potential of the membrane. (b)-

(d) are the channels for sodium ions, driven by voltage, neurotransmitters and different internal 

signal pathways of the cell. The image is adapted from [151]. 

The action potential is an event of cell membrane depolarization, which occurs when the 

cell is shifted from its equilibrium state. Such a wave of membrane depolarization can propagate 

along the neuronal cell. An action potential can be achieved by increasing membrane potential with 

outer stimulus or by chemical influence on signal and ligand gated ion channels. A depolarization 

of the membrane over the certain threshold causes an action potential. By reaching the threshold 

potential the voltage-gated Na+ channels open and cause a fast influx of sodium ions into the cell. 

This effect further enhances depolarization and leads to establishing of a positive membrane 

potential. Then more slow voltage-gated potassium channels open and increase permeability of the 

membrane for the K+ ions. The outward flux of potassium ions reduces the membrane potential 

and causes fast sodium ion channels to close. The potential of the membrane returns back to the 
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negative value. The inertia of the voltage gated potassium channels causes slight repolarization of 

the cell (the membrane potential drops below the equilibrium resting potential). 

 
Figure 2.11 Time trace of an action potential of a neuronal cell. The figure was adapted 

from [151]. 

Action potential can be represented as an electromagnetic wave which propagates along the 

cell membrane and is accompanied by fluxes of different ions. It results in an extracellular voltage 

drop along the cleft between the cell membrane and surface of the biosensor. Such a voltage drop 

may be detected using Si NW FET. 

2.3.3 Extracellular recording from a neuronal cell 

The traditional method for electrophysiological measurements of activity of the 

electrogenic cells is a patch-clamp technique, which is based on the penetration of the cell 

membrane with a glass micropipette and direct recording of the potential difference between inner 

and outer part of the cell membrane[24], [153]. The patch-clamp technique is robust and reliable, 

however it has limitations connected with the penetration through the cell membrane. The cells 

don’t survive the patch-clamping and therefore long-term experiments with the same cell are not 

possible. Another issue is the scalability of the method. Patch clamp method does not allow parallel 

recording from number of cells, due to art of its implementation: the micropipette is driven by an 

operator in semi-automated way and it is hard to put a lot of micropipettes in the field of view of 

the microscope.  
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A promising alternative to the patch clamp method is an extracellular recording of the cell 

activity. As it was mentioned before the propagation of the action potential along the cell membrane 

results in an extracellular voltage drop along the cleft between the cell membrane. This voltage 

drop can be registered using planar metal electrodes, so called multi-electrode arrays (MEA)[26], 

[27] or using an ISFET [20], [28], [32]. The advantage of extracellular measurements is that the 

recording is non-invasive and it may be used in parallel for the array of sensing spots. The MEA is 

attractive from the point of view of simplicity of fabrication technology, possibility of stimulation 

using the electrodes of the MEA and long-term stability in cell culture[154]. However further 

downscaling of the MEAs, which is important for higher spatial resolution and density of mapping, 

is limited by the impedance of the electrodes to the size of several microns. An alternative way of 

extracellular recording is using an ISFET. It has advantages of scalability, which allows using 

different geometries and achieving high spatial resolution.  

 The interface between a cell and a recording site – a microelecrode or a transistor can be 

represented in a form of equivalent electric circuit. The simplified sketch of such a circuit is shown 

in Figure 2.12. 

 

 

Figure 2.12 Simplified sketch of equivalent circuit of a neuronal cell on the surface of an 

ISFET [32], [155]. 

The impedance of the cell membrane, Zm, can be treated using a Hodgkin-Huxley model [156]. The 

change of the membrame potential, Vm, with time will cause fluctuation of the surface potential of 

the ISFET in the region of cell-transistor junction, VJ [32]: 
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𝑑𝑉𝐽

𝑑𝑡
=

𝐶𝑀

𝐶𝑀 + 𝐶𝐺

𝑑𝑉𝑚

𝑑𝑡
−

1

𝑅𝑠𝑒𝑎𝑙(𝐶𝑀 + 𝐶𝐺)
𝑉𝐽 (2.42) 

where CM is the capacity of the cell membrane according to Hodgkin-Huxley model, CG is the 

capacitance of the FET gate, Rseal – is the seal resistance of the cell – FET junction, which reflects 

quality of the coupling cell membrane and the gate oxide. If we switch to frequency representation 

in Eq. (2.42) by substituting Vm and VJ with the harmonic signals with amplitudes 𝑉𝑚0
 and 𝑉𝐽0

 we 

will get: 

 |
𝑉𝐽0

𝑉𝑚0

|

2

=
𝜔2𝐶𝑀

2 𝑅𝑠𝑒𝑎𝑙
2

𝜔2(𝐶𝑀 + 𝐶𝐺)2𝑅𝑠𝑒𝑎𝑙
2 + 1

 (2.43) 

where 𝜔 is the frequency. The action potential of neuronal cells [28]  require detection of signals 

with average pulse duration about 3 ms. Therefore all the principal components of the useful signal 

are on average not faster than 10 kHz. As we can see from Eq. (2.43) at high values of the 

𝜔2(𝐶𝑀 + 𝐶𝐺)2𝑅𝑠𝑒𝑎𝑙
2  the action potential may be registered using FET almost without distortion of 

the pulse shape with the amplitude of 𝑉𝑚0

𝐶𝑀

𝐶𝑀+𝐶𝐺
.  

The seal resistance is the main parameter, which determines quality and the amplitude of 

the signal at the surface of a sensor. The cleft between a cell and a sensing spot determines the 𝑅𝑠𝑒𝑎𝑙. 

In reality the cells tend to float over the flat surfaces like plane silicon oxide, silicon or gold at 

relatively high distance from the surface (up to 100nm)[34]. Due to this reason the seal resistance 

significantly decreases and the relation (2.43) drops far below one. Typical amplitudes of the action 

potentials recorded using extracellular sensors are usually in the range of hundreds of 

microvolts[28]. However the seal resistance can be improved using novel nanoscaled geometries. 

In the case of MEA structures it has been shown that nanopillar structures may reduce the cleft 

between the cell and the electrode[35], [157]. In case of the FET biosensors it has been shown that 

the cleft between Si NW nanowires and cells is as small as 4 nm , which is almost the thickness of 

the adhesion promoters, which are usually applied to the surface in order to attract the cells[30], 

[36].  
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2.4  Summary 

In this chapter we have used knowledge and experience from literature research to define 

the target directions of the presented work. As it was shown above the interface between the 

neuronal cell and Si NW sensor plays an important role in the efficiency of extracellular detection 

of the action potential. Extracellular changes of the Si NW FET surface potential in response to the 

electrogenic cell action potential is much lower than its original amplitude and is expected to be 

below 1 mV. The main spectral components of the action potential are within the range from 1 Hz 

to 10 kHz. 

Therefore, in the present work we aim to produce silicon NW FET devices for neuronal cell 

interfacing which will meet the following requirements: 

  Stable and reliable in terms of long-term usage in electrolyte for cell-culture 

experiments. 

 Detection of the gate surface potential changes as small as 100 µV (filtered to the 

range between 1 Hz and 10 kHz) to have enough sensitivity for efficient detection 

of neuronal action potentials. 

 Size of the gate opening in the passivation comparable with the size of the cell in 

order to make the surface of the NW FET accessible to the cell. 

In order to fulfill the established goals we have designed Si NW transistors of different geometries 

and configurations. The neuronal cell/NW interface is studied in the present work using technique 

of focused ion beam cutting. 

The fabricated NW FET structures are tested under different conditions and in different regimes of 

operation. We utilize the approach of the noise spectroscopy for investigation of the quality and 

performance of the fabricated NW structures. Though noise spectroscopy was widely used for 

analysis of transport properties of MOSFETs, only during last decades it was considered for 

investigation and improving quality of liquid-gated FET biosensors. Therefore, in the present work 

we study the influence of the electrolyte on the transport in Si NW FETs and confirm the 

applicability of developed the approaches for MOSFETs in the case of liquid-gated FETs. 

In the next chapter, we will cover the methods we used for fabrication, characterization of transport 

in Si NW devices, estimation of the SNR in silicon NW FETs and investigation of neuronal cell / 

NW interface.  
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3. Materials and methods 
3.1 Introduction 

Silicon is most widely used material in modern electronics. The field of silicon-based 

biosensors has grown tremendously during the last decades because of exceptional variability of 

fabricated Si structures and cost efficiency due to their CMOS compatibility. Though silicon 

technology is widely used and well developed, it usually has to be adjusted for a case of each 

particular application. In this chapter we describe our developed protocols for Si NW array FET 

technology, which we used for fabrication of our NW structures. Then we describe methods used 

for characterization and investigation of Si NW FET transport properties, which were used for 

improvement of the fabrication technology and investigation of the signal-to-noise ratio behavior. 

At the end of the chapter the protocols of cell culture on the Si NW FET chips and preparation of 

the samples for focused ion beam cutting will be discussed. The figures of this chapter contain 

examples based on the data obtained in the experiments, which were carried out during the current 

work. 

3.2 Silicon nanowire FETs 

3.2.1 Chip layout 

In the frame of current work we have developed and fabricated various Si NW FET 

structures. The structures have different layouts, which were developed based on analysis of 

experimental results and demands of the cell-culture experiments. Fabricated samples contain NWs 

of different geometries, which will be discussed later. There are two general types of Si NW 

structures, which were used for the experiments and calculations: single NW FETs and NW FETs 

based on the array of 50 NWs connected in parallel. Single NW FETs structures were partially 

obtained in frame of collaboration with Prof. Mantl group and fabricated within our group by Jing 

Li. The Si NW structures based on arrays of Si NWs were fabricated as a part of presented work 

and detailed process of their fabrication is described in the next subsection. Here the layouts and 

geometries of the fabricated structures are introduced.  

Each of the NW array FETs contains 50 nanowires connected in parallel. The Si NW array 

FETs were fabricated using two types contact line doping (As or B). The fabricated FETs represent 

n+-p-n+ and p+-p-p+ structures. In order to study quality of the samples and find optimal sensor 
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geometry we have fabricated Si NW array FETs with a variety of channel dimensions. The sizes 

of the NWs are shown in Table 3.1. Each of the chip layouts consists of 12 or 24 NW FETs. The 

layout design provides 5x5 mm2 chips with constant NW length and variable widths (blue, green 

and yellow in the Table 3.1) and chips with variable length and constant width (red, grey and orange 

in the Table 3.1). In both layouts the chips were produced on a 30x30 cm2 pieces of silicon on 

insulator  (SOI) wafers. Each piece contained 24 chips with different NW dimensions, as described 

above. 

Table 3.1 The schematic map of sizes for the fabricated NW array FETs. The NWs of 

certain sizes belong to certain chips according to color code. The cells on the intersections of colors 

belong to both chips. 

          L(µm) 

W(nm) 

2 3 4 5 6 8 10 12 14 16 17 18 19 20 21 22 

50                 

100                 

150                 

200                 

250                 

500                 

 

During the current work, the layout of the Si NW array FET chip has undergone several 

modifications based on experimental needs and an electric characterization of the fabricated chips. 

We show in Figure 3.1 the evolution of the chip layouts. The first and the second layouts (Figure 

3.1 (a), (b)) were developed in collaboration with Jing Li. The layout 1 provides 5x5 mm2 chips, 

which contain 24 NW arrays each. All of NW arrays have common source contact. The drain 

contacts are designed in order to have metal contacts on the outer edge of the sample. Each of the 

drain feedlines is designed to have equal resistance. However, while characterizing the samples 

fabricated using this design we encountered several disadvantages of the layout 1. Common source 

contact is convenient in use, but it may decrease reliability of the structures, because once the 
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The third layout (Figure 3.1(c,d)) was developed in collaboration with Jan Schnitker and 

Regina Stockmann. It includes all the design considerations of previous layouts and takes into 

account specificity of cell-culture experiments. The cell measurements require more space on the 

chip than ISFET measurements, because using of a patch-clamp micropipette is often required. The 

micropipette approaches the chip surface from the top side under certain angle in order to keep 

possibility of observing the chip using a microscope. Therefore a chip size of 11x11 mm2 was 

chosen. The layout 3 has two principal chip designs. Each of them contains 32 NW array FETs. 

The linear design (Figure 3.1(d), (f)) may be used with the microfluidic channel on top. The design 

with array of FETs ((Figure 3.1(c), (e)) represents array of 32 mapping sites for the neuronal 

network. The layout 3 is designed for 4-inch wafer based production. One wafer contains 16 chips 

with linear layout and 28 chips with array layout. Also there are 4 experimental chips foreseen on 

the wafer: 2 chips with NW array MOS transistors of the same dimensions as the liquid gated and 

2 chips with NW array FETs and stimulation electrodes to combine stimulation and recording from 

neuronal cells.  

In the next subsection the fabrication of Si NW array FETs will be described for the case 

of layout 2, however the fabrication processes for all of the described layouts will retain the same.  

3.2.2 Fabrication technology 

The technological process of Si NW array FET fabrication was carried out at the Helmholtz 

Nanoelectronic Facility (HNF) of Forschungszentrum Jülich. Si NW array FET fabrication consists 

of 8 technological steps. Each of the steps may have crucial impact on the quality of the final 

structure. Therefore all the technological procedures were done with all possible precautions. As 

the result we have fabricated high-quality Si NW array FETs. The characterization of the structures 

is discussed later. 

Figure 3.2 shows the schematic representation of the workflow of Si NW array FET 

fabrication. We combine optical and e-beam lithography in order to reduce costs of production. 

The backbone of Si NW arrays and silicon feedlines are first produced by means of optical 

lithography and then the NW structures are produced using e-beam lithography. Now the steps of 

the process will be discussed in detail. 

The transistors are fabricated on the basis of 200 mm <100> silicon on insulator (SOI) 

wafers (Figure 3.2(a)) with active layer of 75 nm silicon and buried oxide of 145 nm thickness. 

The supplier is SOITEC, France. Depending on the layout, which was discussed in the previous 
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subsection, the wafer was cut into 30x30 mm2 pieces using a dicing saw or into two 100 mm wafers 

using laser.  

 

Figure 3.2 Schematic representation of the Si NW FET fabrication steps. The fabrication 

steps (a)-(o) are described in detail in the text. 
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Then the prepared pieces of SOI wafer are oxidized in order to form the etching mask for 

Si NWs and thin down the active layer. The samples are put in dry oxygen atmosphere at a 

temperature of 1000ºC for 30 min. As the result we get 37 nm of thermally grown SiO2 and the rest 

of the active layer has the thickness of 50 nm (Figure 3.2(b)). The next step will be structuring of 

the silicon oxide mask for the formation of the silicon feedlines and the backbone of the NW 

structures. The first pattern contains e-beam markers, which are recognized by the e-beam writer 

for precise alignment. 

The first step of patterning the SOI wafer is the photolithography. Here we describe the full 

process of sample preparation for the lithography. The sample is dehydrated at 180 ºC and then 

covered with hexamethyldisilazane (HMDS), an adhesion promoter. The HMDS is applied to the 

sample directly at the spincoater for 60 s and then spin-coated at 6000rpm in order to remove the 

residuals. Also HMDS may be applied from the vapor phase at temperature of 125 ºC using special 

HMDS deposition machine. After applying the adhesion promoter, the AZ5214 (MicroChemicals 

GmbH) resist is coated at 4000 rpm and then dried for 5 min at 90 ºC. The resist is then structured 

using photolithography ((Süss, MA-6 with 365 nm UV light-source, 7 mW/cm2) with the exposure 

time of 6 s (Figure 3.2(c)). Then the samples are exposed for 45 s to the development solution AZ 

326 MIF. The development process is then stopped by immersing the samples in DI water. 

The second step of the SOI wafer patterning is transferring structures to the oxide mask. 

The oxide mask is etched (Figure 3.2(d)) using reactive ion etching (RIE) or wet chemical etching. 

In the case of the reactive ion etching we used the CHF3 plasma, because it provides highly 

anisotropic and selective etching of silicon oxide. The etching time is machine specific and depends 

on power delivered by plasma to the sample surface. Usually the etch rate is controlled by a laser 

beam or is calibrated beforehand. In our case etching of 37 nm silicon oxide took 1 min 05 sec at 

the RIE. The residuals of the photoresist are removed using oxygen plasma. In the case of wet 

etching of the silicon oxide mask, the oxide is etched using 1% HF solution, with the etch rate of 

6-7 nm/minute. Before etching of the silicon oxide the sample with patterned AZ5214 should be 

soft-baked for 5 min at 110 ºC in order to improve adhesion of the resist and its resistivity to HF. 

Then the sample is immersed into 1% HF solution for 6 min 30 sec. The HF etching is isotropic, 

therefore an overetch leads to reducing the width of the structures. After the etching, the resist is 

removed using acetone.  



Chapter 3. Materials and methods 

56 

 

As the next, the active layer of silicon is etched through the oxide mask (Figure 3.2(e)) 

using wet chemical etching, as it will be described later for the NW processing. Then the NW 

structures can be fabricated using e-beam lithography. 

In order to structure the silicon oxide mask and form the NW pattern, the sample is coated 

with e-beam resist PMMA (Figure 3.2(f)). At first, the sample is dehydrated at 180 ºC for 5 min. 

Then the PMMA resist (AR-P 649.04) is spin-coated onto the sample at 4000 rpm. After that 

PMMA is dried for 5 min at 180 ºC According to the datasheet the thickness of PMMA at this spin 

speed is about 150 nm. In case of our samples it was around 130 nm, which is in good agreement 

with the datasheet. The PMMA with such thickness has been chosen for several reasons. It is thin 

enough to enable relatively fast recognition of the e-beam markers and it is thin enough to hold the 

vertical aspect ratio of our structures (width of the thinnest NW – 50 nm, thickness of the resist is 

130 nm, the aspect ratio is 2.6). Also the PMMA layer of 130 nm is enough thick to hold etching 

of silicon oxide mask for 1 min in RIE. 

The next step is e-beam writing of the NW pattern. The developed pattern consists of two 

subpatterns: fine and coarse, which are written with different electron beam parameters for the 

reasons of cost- and time- efficiency. The example of the pattern is shown in Figure 3.3. The pattern 

represents inverted array of nanowires, because PMMA is positive e-beam resist. The colored parts 

of Figure 3.3 are written and white parts are not affected. However, in the case of such dense 

pattern, the NW area (white) also is partially exposed due to scattering of the electrons inside the 

PMMA. The effect is called proximity effect and it is reduced using proximity correction 

procedure. When the proximity correction is used, the e-beam writing is carried out with dose 

variation across the pattern, so that all parts of the pattern get equal exposure dose regardless of the 

proximity effect. For the fine pattern the starting dose was 200 µC / cm2 and the beam step size 

was 5 nm. For the coarse pattern the dose was 210 µC / cm2 and the beam step size was 50 nm. 

The distance between NWs in the array is 250 nm. 
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length of 20 µm is shown in Figure 3.4(a). The side view of 250 nm Si NWs allows to observe 

quality of the sidewalls of the NWs (Figure 3.4(b)) 

 

Figure 3.4 SEM images of Si NW array FET structures. (a) array of 100 nm wide and 20 

µm long Si NWs; (b) side view of the contact between a silicon feedline and array of Si NWs; (c) 

SEM image of the NW array FET after passivation with SU-8; (d) contact between a silicon 

feedline and array of Si NWs (observed width is 85 nm). The <111> plane of silicon can be seen 

in this part of the figure; 

After the pattern is transferred into silicon, the oxide mask is removed by means of wet 

etching of silicon oxide with 1% HF water solution for 6 min 30 seconds (Figure 3.2(j)).  

Patterning of the silicon active layer is followed by the feedlines implantation with B or As 

atoms (Figure 3.2(k)) depending the desired type of structures: accumulation FET (p+-p-p+) or 

inversion FET (n+-p-n+). The NW area is protected from implantation by means of optical 

lithography using AZ 5214 resist (the procedure of optical lithography is described above). For the 
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case of B doping we use ion energy of 6 keV and the dose of 1015 cm-2 , for the case of As doping 

we use energy of 8 keV and the dose of 5x1014 cm-2. After implantation the samples are cleaned 

using acetone (8-10 hours) in order for the hardened photoresist to swell and dissolve. Then the 

full RCA cleaning procedure is performed to remove all the organic and inorganic residuals from 

the surface of the NW chips. As the next, the dopants are activated using rapid thermal annealing: 

5 s at 1000 ºC for boron implantation and 30 s at 950 ºC for arsenic implantation.  

The next step is formation of the thermally grown silicon oxide, which will protect the NW 

channel from electrolyte and serve as a gate oxide (Figure 3.2(l)). The oxide is formed by dry 

thermal oxidation in an oxygen flow for 60 min at 820 ºC. As the result we get silicon oxide of 

8 nm thickness. Such a low growth rate of 8 nm per hour is chosen in order to achieve exteme high 

quality of the oxide, because it plays a crucial role for device stability, reproducibility and the 

signal-to-noise ratio.  

Designed layouts of the Si NW structures provide also a back gate contact for Si NW FETs. 

It is formed after growing the gate oxide. The sample is covered with the AZ5214 resist using the 

described procedure. The AZ resist is then patterned lithographically in order to produce openings 

over the places of future back gate contacts. Then the AZ resist is soft baked for 5 min at 110 ºC to 

improve adhesion to silicon and resistivity to etching. After that, the back gate opening is etched 

in the buried oxide (Figure 3.2(m)) using 10 % HF solution for 3 min (etch rate 70 nm / sec). 

After formation of the back gate opening the metal contacts to the NW structures are 

formed. The samples are coated with AZ nlof 2020 resist: 180 ºC heating for 5 min for dehydration, 

4000 rpm resist spinning, pre-bake at 110 ºC for 1 min. AZ nlof 2020 is a negative photoresist, 

which is specially designed for lift-off procedure. The resist is exposed with 365 nm light source 

for 2 s with the dose of 7 mW/cm2 through the mask with layout for metal contacts. Then the 

sample is post-exposure baked for 1 min at 110 ºC, developed for 45 sec in AZ 326 MIF developer 

and rinsed in distilled water. After structuring the AZ nlof resist, the sample is put for 2 min in 1% 

HF solution to remove thermally grown gate oxide in the area of contact pad. Then 150 nm of 

aluminum is evaporated onto the sample. Then a lift-off procedure in acetone is performed: the 

sample is put into acetone for 10 hours and then cleaned using acetone, isopropanol and DI water 

(Figure 3.2(n)). Metal contact deposition is followed by contact annealing in the forming gas 

atmosphere (N2:H2 20:1) for 10 min at 450 ºC to form ohmic contacts between Al and Si. The metal 

contacts may then be adjusted for different purposes by additional lithography and lift-off steps. 
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For example, Ti and Au layers may be introduced on the top of aluminium layer for improving 

adhesion to the chip carrier or for facilitation of the wire bonding process. 

Finally a passivation of the feedlines against the electrolyte solution is performed. For the 

case of layout 2 (Figure 3.1) the SU8-2 was used. The SU8-2 resist was spin-coated at 4000 rpm 

onto the samples after a dehydration step. Then the resist is soft-baked for 1 min at 65 ºC and 1 

min at 95 ºC. The exposure was done with the i-line 365 nm lamp for 3s with approximate dose of 

7mW/cm2. After exposure the resist is post exposure baked for 1 min at 65 ºC and 1 min at 95 ºC 

and developed in mr-dev 600 for 45 seconds. Then in order to improve the resist stiffness and 

adhesion to the sample the whole sample was hard baked for 30 min at 180 ºC. The SU resist series 

have an advantage of high stability, because this resist is epoxy based. However in case of failure 

of lithography process or slight deviation of process parameters, the resist is almost irremovable 

after exposure and leaves no chance for repeating of the procedure. Therefore all of the passivation 

steps are first performed on the test samples, in order to establish an exact protocol for current 

conditions in the clean room. For the layout 3 we have chosen the PI 4525 resist, which is 100% 

removable with any alkaline developer until the hard bake procedure. 

After all the fabrication steps the sample is cut into single chips and encapsulated for liquid 

measurements. The encapsulation procedure is described in the next subsection. 

3.2.3 Encapsulation of the Si NW chips 

Using a liquid gate for the Si NW FETs requires protection of the contact areas against 

electrolyte solution, because it causes gate-source or gate-drain leakage. The chips are glued into a 

ceramic chip carrier and then wire bonded to the contactpads of the chip carrier (Figure 3.5(a)).  

The inner part of the sample is separated from the contact area with a glass ring (inner 

diameter of 3 mm and outer diameter 4 mm). The glass ring is glued onto the sample (Figure 3.5(b)) 

using polydimethylsiloxane (PDMS). The PDMS was prepared using standard protocol: mixing 

precursor with curing agent in relation 10:1. Then 10 mm outer ring was glued to define a boundary 

of a liquid bath (Figure 3.5(c)). After gluing both glass rings the sample is put into an oven for an 

hour at a temperature of 120 ºC to harden the PDMS. The space between glass rings is then filled 

with PDMS and the sample is again put into the oven for 1 hour (Figure 3.5(d)). 
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Figure 3.5 Photos of Si NW FET encapsulation process. (a) the sample in a chip 

carrier;(b)inner glass ring over a chip;(c) outer glass ring over a chip carrier;(d) filling of the space 

between glass rings using PDMS. 

After encapsulation a sample is ready for liquid gated experiments. In the next subsections 

we will discuss the methods of Si NW FETs characterization. 

3.3  Si NW FET characterization 

3.3.1 I-V characterization 

The quality of the samples was controlled using I-V measurements on all stages of device 

encapsulation. The I-V measurements of the fabricated Si NW FETs include  output characteristics 

(dependence of the drain current, ID, on the drain voltage, VDS, at different front and back gate 

voltages, VFG and VBG) and transfer characteristics (dependence of ID on VFG,VBG at different VDS ). 

Typical current-voltage characteristics of Si NW array FET with NW width of 250 nm and channel 

length of 10 µm are shown in Figure 3.6. Transfer characteristics are used for estimation of the 

threshold voltage and transconductance. Channel differential resistance can be evaluated using 

output curves. 
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Figure 3.6 Typical output (a) and transfer (b) characteristics of Si NW array FET measured 

in air using back gate. The NWs width was 250 nm and the length was 10 µm, the FET consists of 

50 NWs connected in parallel. 

The I-V curves were measured using two Keithley source-measurement units of 2400 series 

and a custom software developed in-house. The sensitivity of such a setup is limited by the source-

measurement units and is in the range of nanoamperes. The setup provides feature of measuring 

the gate leakage current during the I-V measurements. The samples with gate leakages were sorted 

out on the stage of encapsulation. After encapsulation of the samples and their preliminary 

characterization using I-V measurements, the noise spectroscopy was used in order to study 

transport properties and optimize performance of fabricated devices.  

3.3.2 Noise spectra measurements 

The main aspects of noise spectroscopy in Si NW FETs are given in Section 2.2. Here the 

setup for measuring noise spectra will be described. The schematic image of the noise measurement 

setup is shown in Figure 3.7. We do not show a part of the setup, which is responsible for applying 

voltage to the gate of the transistor, because its operation is similar to the block, which applies 

voltage to the source-drain contacts. As it is shown in Figure 3.7, the Si NW FET under study is 

contacted to the source and drain of the transistor and the fluctuations of the voltage on the device 

terminals is measured. The voltage is applied to the sample using a rechargeable battery and a 

variable resistor of 2500 Ohm. After the potentiometer the voltage is additionally stabilized with a 

large capacitor of 10 000 µF. The sample is connected in series with high precision variable resistor 
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RLoad. The value of RLoad can be adjusted with an accuracy of 1 Ohm. It is used for evaluation of 

current flowing through the sample. 

 

Figure 3.7 Schematic image of the noise measurement setup. 

The drain current of the Si NW FET can be calculated using difference between readings 

of voltmeters Vm and Vs: 

 𝐼𝑑 =
(𝑉𝑚 − 𝑉𝑠)

𝑅𝐿𝑜𝑎𝑑
, (3.1) 

where Vm and Vs are readings of the voltmeters Vm and Vs from Figure 3.7. For the period of spectra 

acquisition the voltmeters are disconnected from the sample in order to avoid additional 

instrumental noise. Voltage fluctuation on the terminals of Si NW device are preamplified by our 

low-noise homemade amplifier (24 dB, input noise 2.2 nV2/Hz at 100 Hz) and then amplified by 

Stanford low noise voltage preamplifier SR560. The amplified noise signal is then registered by 

HP35670 dynamic parameter analyzer and then transferred via GPIB interface to a PC.  

The RLoad value defines the accuracy of the drain current evaluation using Eq.(3.1). The 

higher is the RLoad , the lower current can be registered. For example at RLoad  of 100 kOhm currents 

of 0.1 nA can be registered. However the load resistance in parallel with the sample differential 

resistance together with a parasitic capacitance of the wires and amplifiers form a low pass filter, 

which may limit the measured signal at higher frequencies. The overall capacitance, which should 

be taken into account, is around Cp = 100 pF. If we assume that resistance of the sample is much 

higher than the load resistance, then for the case of RLoad =100 kOhm, the cutoff frequency will be: 

 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 =
1

2𝜋 𝑅𝐿𝑜𝑎𝑑𝐶𝑝
|

𝑅𝐿𝑜𝑎𝑑=100𝑘Ω,𝐶𝑝=100𝑝𝐹

≈ 15915 𝐻𝑧 (3.2) 

The value of 16kHz is already limiting the bandwidth, which is allowed by our spectrum analyzer 

and our amplifiers (0.1Hz to 100kHz). Therefore, the measured spectra are usually corrected, 

taking into account presence of the low pass filter. 
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The sample is connected in parallel to the load resistance in the AC mode (Figure 3.7) due 

to the shortcut through a battery and 10 mF capacitance, which has reactive resistance of 16 Ohms 

at 1 Hz. Therefore, the measured spectral density, SV, is a spectral density of connected in parallel 

load resistance and the sample. The equivalent resistance of the circuit is:  

 𝑅𝑒𝑞 = (
1

𝑅𝑙𝑜𝑎𝑑
+

1

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
)

−1

, (3.3) 

and Eq. (2.24) transforms into: 

 𝑆𝐼 =
𝑆𝑉

𝑅𝑒𝑞
2

 (3.4) 

The Req will determine also the value of the thermal noise in the circuit. The RLoad is selected from 

a tradeoff between current sensitivity and level of thermal noise and frequency cutoff. Usually the 

Rload is selected as the lowest load resistance sufficient to measure DC current with at least 10% 

accuracy. Such a requirement implements when the load resistance is in the range between 1/10 

and 1/100 of the sample resistance. 

Measured noise spectra are used to extract information about device performance and 

sensitivity. Careful characterization of the Si NW FET signal-to-noise ratio evaluation of the 

transistor equivalent input noise, which requires precise value of the device transconductance 

(Eq.(2.34)). 

3.3.3 Transconductance measurements 

The transconductance can be obtained from a transfer curve of the Si NW FET (see Eq. 

(2.13)). However, taking a derivative of the experimental curve decreases dramatically the 

accuracy, especially in the case when the density of points is relatively low. Noise measurements 

are time consuming and therefore usually measurements of 10-15 points per transfer curve are 

performed. Such amount of points is often insufficient to calculate precisely the transconductance. 

In order to overcome this complications we measure gm using lock-in technique. 

Figure 3.8 demonstrates a schematic for direct measuring of the NW transconductance. 

Stanford SR830 lock-in amplifier was used to apply AC signal to the liquid gate of Si NW FET 

and to detect the amplitude of the response in the channel of the NW FET. 
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Figure 3.8 Schematic image of the lock-in technique for measuring the transconductance. 

The small AC signal δV was mixed with DC component using high pass filter, which 

prevents DC voltage from dropping on the sine generator of the lock-in amplifier. The front-gate 

voltage, applied to the sample can be represented as superposition of DC component and small AC 

component:  

 𝑉𝐹𝐺 = 𝑉0 + 𝛿𝑉𝑠𝑖𝑛(𝜔𝑚𝑡); 𝛿𝑉 ≪ 𝑉0, (3.5) 

where 𝜔𝑚 – is the frequency of the AC testing signal, V0 – the DC component, which defines a 

transistor workpoint. 𝛿𝑉 is used in the range from 4 mV to 20 mV . Drain current is a function of 

the gate voltage: 

 𝐼𝐷 = 𝑓(𝑉𝐹𝐺) = 𝑓(𝑉0 + 𝛿𝑉𝑠𝑖𝑛(𝜔𝑚𝑡)) (3.6) 

As the condition 𝛿𝑉 ≪ 𝑉0 is fulfilled, we can expand Eq. (3.6) into series: 

 𝐼𝐷𝐼𝐷(𝑉0) +
𝜕𝐼𝐷

𝜕𝑉𝐹𝐺
𝛿𝑉𝑠𝑖𝑛(𝜔𝑚𝑡) (3.7) 

As the result we get harmonic drain current fluctuations which can be detected using lock-in 

amplifier or spectrum analyzer. From the amplitude of the recorded signal we can recalculate the 

transconductance back, knowing the amplitude of the input signal: 

 𝑔𝑚 =
𝜕𝐼𝐷

𝜕𝑉𝐹𝐺


𝐼𝐷(𝜔)

𝛿𝑉
|

𝜔=𝜔𝑚

 (3.8) 

Measured value of transconductance is much more precise than calculated from transfer curve, 

especially in subthreshold region. In frame of current work we have compared both methods of 
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obtaining the transconductance as well as analyzed spectral behavior of the gm in liquid-gated 

transistor. 

3.3.4 Noise spectra fitting 

After measuring noise spectra and transconductance, the spectra are fitted in order to extract 

separately different types of noise and their dependences on the measurement parameters. For this 

purpose we have developed custom software using C# programming language. The designed 

program is based on the program developed by Victor Sydoruk [160]. It includes additional features 

and works much faster due to implementation using .NET technology. The screenshot of the 

developed software is shown in Figure 3.9 

 

Figure 3.9 Screenshot of the developed program for fitting of the noise spectra.  

The software allows fast processing of the noise spectra and includes following functions: 

 Removing pick-ups from the noise spectra (unnecessary fluctuations induced by outer 

sources like 50 Hz and its mirrors) 

 Smoothing the spectra 



3.3 Si NW FET characterization 

67 
 

 R-C cutoff correction with function of automatic estimation of the scheme capacitance 

using least square method 

 Subtraction of measured or calculated thermal noise in order to improve recognition of 

other types of noise 

 Multiplying the spectra by frequency for improved recognition of flicker and GR noise 

components 

 Fitting of the noise spectra (non-automatic) with superposition of flicker noise and up to 5 

GR components 

The developed software improves much the noise analysis process. It should be noted that the time 

spent for development of this software is less than the time already saved using this software for 

analysis of the noise spectra. 

The methods described in this section allow measurements and further analysis of output and 

transfer characteristics of a FET, noise spectra in different operation modes, transconductance of a 

FET, time traces of the signal from a bio-object. The next section is devoted to the cell-culture 

experiments, which were performed in order to investigate interface between Si NW FET and 

neuronal cells. 
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Figure 3.11 Optical image of area with neuronal cells grown on silicon NW structures after 

10 DIV. Red circles show the cells directly growing on the NWs. For taking this image a differential 

interference contrast filter was used. 

For evaluating the quality of the cell culture and selection of the cells for further 

investigation a live/dead staining was used. 

3.4.3 Live/dead staining 

The live/dead staining procedure uses special fluorescent dyes to distinguish between live 

and the dead cells under the fluorescent microscope. The procedure of staining is described as 

follows. The cell media of the cultured cells is exchanged two times with warm (37 ºC) phosphate 

buffer saline (PBS) and then acetomethoxy derivate of calcein (calcein AM) and ethidium 

homodimer-1 are added. The dyes are diluted 1/1000 by PBS. Calcein is a dye, which penetrates a 

cell membrane and becomes fluorescent due to interaction with intracellular ferments. It has 

excitation wavelength of 495 nm and its emission maximum is at 515 nm. Therefore living cells 

look green after using this dye. The ethidium homodimer-1 is a dye, which binds DNA, but can not 

penetrate a membrane of a cell. However, dead cells usually have a damaged membrane and 

ethidium homodimer can reach DNA inside a dead cell. The excitation wavelength is 528 nm and 

emission maximum is at 617 nm. The staining procedure lasts 15 min and then the staining solution 

is washed away with warm PBS. Then the fluorescence images are made using different light 

sources and filters. The dyes are toxic for the cells, therefore the experiment is done within 1 hour 
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after staining. Typical staining image is shown in Figure 3.12. Such images are usually combined 

from different channels with different optical filters(green, red, blue). 

 

Figure 3.12 Live-dead staining of the neurons on Si NWs after 10 DIV. The figure is 

combined of three images: green – live cells, stained with calcein, yellow – dead cells stained with 

ethidium homodimer and grayscale – the differential interference contrast. 

Investigation of the interface between the cells and Si NW FETs was performed using focused ion 

beam (FIB) and scanning electron microscopy (SEM). For the SEM imaging the cells should be 

fixed using a special procedure to preserve the shape of the cell. 

3.4.4 Cell fixation 

The protocol for cell fixation and drying was provided by Francesca Santoro. The cell 

fixation was performed with the neuronal cells after 10 DIV on Si NW structures. To fix the cells 

the cell media is exchanged with warm PBS two times. Then pure PBS is exchanged to 3.2% 

glutaraldehyde solution in PBS for 1 hour. After fixation the cells were washed with pure PBS 

again and then dehydrated by subsequent immersing into ethanol solutions (from 10 % to 100%), 

10 min in each solution. After that the samples may be kept in ethanol for long time. In order to 

investigate the cell morphology and interface between the cells and Si NWs, the ethanol is removed 

using critical point drying technique [162]. Typical SEM image of the single cell on the NW 

structures is shown in Figure 3.13. 



3.5 Summary 

71 
 

 

Figure 3.13 SEM image of a neuronal cell fixed on the array of silicon nanowires. 

The cross-section of the neuronal cells on Si NW FETs will be discussed in detail in Results 

and Discussion chapter.  

3.5  Summary  

The materials and methods discussed in this chapter were used to conduct most of the 

experiments in presented work. The first single NW FETs were obtained from collaborators. These 

NW structures were studied from the point of view of planning and design of our Si NW array FET 

devices.  

  

20 µm  
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4. Results and discussion 
4.1 Silicon nanowire FETs based on single wire 

4.1.1 Introduction 

In this section we demonstrate investigation of the Si NW FET properties. As it will be 

shown below, we reveal a strong modulation effect by a single trap situated near the NW channel 

in the gate dielectric. This effect reflects extremely high sensitivity of the NW transport to the 

changes of the electric charge on the surface of the NW. Then a sensitivity of Si NW to the changes 

of the surface potential will be discussed, because Si NW FET should provide sufficient voltage 

sensitivity in order to provide extracellular registration of the neuronal action potentials. In the next 

part of the subsection, the role of the electrolyte in the transport and noise characteristics is studied. 

As it will be shown in the overthreshold mode the liquid gated FET is similar to a MOSFET, which 

allows using all the noise spectroscopy experience accumulated for the CMOS technology for 

enhancing performance of the fabricated NW structures. In order to improve understanding of the 

transport properties of liquid-gated NW FETs and study the factors influencing SNR of such 

structures, we perform theoretical modelling of the NWs with considering different charge carrier 

distributions, effects of contact resistance and mobility degradation. The spectral behavior of the 

NW FET characteristics is studied to find the range of frequencies, where the signals are passing 

the FET undisturbed. And now we will start the section with estimation of charge and voltage 

sensistivity of single NW structures. 

4.1.2 Charge and voltage sensitivity of Si NWs 

Silicon nanowire structures provide high surface-to-volume ratios. Therefore the current in 

the Si NW FET is determined by the much lower quantity of carriers than in conventional CMOS 

FETs due to the small device size. It results in higher fluctuations of the conductivity and as well 

in higher transport modulation of the NWs. Extracellular recording from elecrogenic cells requires 

detection of small changes of the gate surface potential (down to 100 µV) in a frequency range 

between 1 Hz and 10 kHz, as we have shown in subsection 2.3.3. To be able to distinguish such a 

response under the level of native fluctuations of a Si NW, a comprehensive investigation of 

transport in Si NWs has to be performed. The analysis of the fluctuations in the Si NW FETs 

combined with I-V characterization contains the information about performance and transport 

phenomena in the device. This information is of extreme importance for device development and 
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further improvement of the fabrication technology. In this part of presented work we use noise 

spectroscopy and reveal a strong modulation of the channel conductivity under the influence of a 

single trap. Analysis of the 1/f component of the excess noise was used to estimate the value of the 

volume trap density in the thin dielectric layer for the measured samples. The investigated Si NW 

FETs demonstrate high quality of the device performance. The Lorentzian components of the noise 

spectra are registered and their behavior allows the trapping/detrapping processes on the gate 

dielectric traps to be characterized. The parameters of the single trap, which generates the RTS 

noise, in the gate dielectric layer were determined. The result of this subsection demonstrates high 

charge sensitivity of Si NW FETs. 

The structures under investigation in this subsection are p-type NW-FETs with a cross-

section of 42x42 nm2 fabricated at Forschungszentrum Julich in group of Prof. Mantl using a top-

down approach on the basis of 50 nm SOI wafer (NA=1x1015 cm-3, buried oxide thickness of 140 

nm). An N-type polysilicon gate electrode was deposited on the 5nm thermally grown SiO2 gate 

oxide layer, which covered each of the NWs. Source/drain contacts to NWs were formed by ion 

implantation of boron with an energy of 10 keV and a dose of 1x1015 cm-2 followed by rapid 

thermal annealing. Thus, the samples represent transistors with accumulation p-channel. The 

polysilicon covers the NW channel to form a tri-gate (Figure 4.1) in the middle part of the NW 

channel.  
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Figure 4.1 SEM images of silicon nanowire device. (a), (b) Si NW top and side view; (c), 

(d) SEM image of Si NWs with polysilicon gate. Inset in (a): focused ion beam cut of the wire 

under study. 

The tri-gate configuration offers improved gate control over the channel compared to planar 

geometry and reflects a behavior of Si NW with liquid gate as well, because an electrolyte is 

surrounding the NW offering almost gate-all-around operation. The transistors are in the off-state 

at zero biases on the front gate and substrate, which plays the role of back gate. The current through 

the samples can be tuned either by front gate or by back gate voltages. We investigated noise 

spectra of NW-FET devices with lengths of 1.5µm and 3µm under different regimes defined by 

drain- source biases, VDS; front-gate voltages, VFG; and back-gate voltages, VBG. 

The output curves of the investigated samples are shown in Figure 4.2. Their behavior is 

characteristic for metal-oxide semiconductor devices. It should be noted, that all noise spectra were 

measured at low drain bias (around 100mV), which provides a linear mode of operation of the 

transistors in almost the entire range of gate voltages (Figure 4.2). 

 

Figure 4.2 Typical output characteristics of one of the investigated NW samples. Back-gate 

voltage: VBG = 0. 

Transfer I-V characteristics for the 1.5μm and 3μm samples are shown in Figure 4.3(a). The 

curves reflect the reproducible scaling with respect to the length of the samples. Typical maximum 

transconductance values, 𝑔𝑚𝑚𝑎𝑥
, for 3μm and 1.5μm samples are 1.3x10-7 and 2.7x10-7 A/V, 
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respectively. The threshold voltage (Vth ~ -1.95V) is mostly the same during all measurements. The 

current in the samples shows much weaker dependence on back-gate voltage (Figure 4.3(b)) 

compared with front-gate voltage. This is due to the fact that the buried oxide is significantly thicker 

than the front-gate oxide layer. 

 

Figure 4.3 Transfer curves of the samples with different lengths (1.5 µm and 3 µm) at a 

drain bias of -100mV measured as a function of front gate voltage at zero back gate voltage; (b) 

Transfer curves of the sample of the 3µm length versus back-gate voltage at a drain bias of -100mV 

and front-gate voltage of -3 V. 

Typical noise spectra of one of the samples measured at several front gate voltages are 

shown in Figure 4.4. The spectra contain two noise components: 1/f and Lorentzian shaped. 

As we have discussed in the Section 2.2 the volume trap density of the gate dielectric layer 

can be estimated using the measurements of noise spectra and I-V characteristics. This density of 

traps reflects the quality of the gate dielectric and can be compared for different dielectric layers to 

optimize the dielectric compositions for miniaturization of the final device. During the process of 

device downscaling (i.e. from micron width to the submicron scale), at some size even the response 

of the single traps can be registered. In this case, excess noise contains not only the flicker noise 

component but also a number of separate Lorentzian components. At a certain level of downscaling 

the device size approaches a limit, at which one or several traps in the dielectric modulate the 

current. In this case, the signal as a function of time in the device demonstrates the RTS noise 

behavior. Analysis of the RTS spectra and time trace allows us to investigate the parameters of the 

individual traps of nanoscale devices. Individual molecules can play the role of a single trap on the 

surface of the device, which in this case may be used as the molecule sensor. Equivalent input 
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spectral density is used to calculate volume trap density. We have used the 1/f noise current spectral 

density (SI) component to calculate the SU value. Typical SU dependence calculated for investigated 

samples is shown in Figure 4.4(b) for different channel length. The equivalent input power spectral 

density demonstrates a weak dependence on gate voltage, which indicates that the McWhorter 

model is applicable for estimating the volume trap density of the gate oxide. 

 

Figure 4.4 (a) Noise spectra measured for 3µm sample at different front gate voltages at a 

drain-source bias of 100mV; (b) Equivalent input voltage spectral as a function of overdrive gate 

voltage (VFG–VTh) at frequency of 1 Hz. 

According to Eq. (2.32) and (2.34) the trap density, Nt, can be calculated as follows: 

 𝑁𝑡 =
𝑆𝑈𝛼𝑡𝐶𝑜𝑥

2 𝑊𝐿𝑓

𝑞2𝑘𝑇
=

𝑆𝐼𝛼𝑡𝐶𝑜𝑥
2 𝑊𝐿𝑓

𝑔𝑚
2 𝑞2𝑘𝑇

, (4.1) 

where αt is the inverse tunneling depth, which is defined using λ from Eq. (2.33), Cox is the specific 

gate oxide capacitance, W is the channel width, L is the channel length, f is the frequency, q is the 

electron charge, k is the Boltzmann constant and T is the temperature. In our case, T is about 293K. 

Using Eq. (4.1) we estimated the value of the volume trap density for all measured samples. 

The obtained values are within the range from 1x1017 cm-3 eV-1 to 5x1017 cm-3 eV-1. It should be 

noted that these values are about one order of magnitude lower than those obtained for submicron 

CMOS devices [136] . By multiplying the obtained values of Nt by the oxide thickness dox, we 

obtain surface trap densities for our samples. They are in the range between 5x108 cm-2 eV-1 and 

2.5x109 cm-2 eV-1 .The densities are much lower than estimated for the thin film dielectric layers 

of MOS transistors[163]. 
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Investigation of the time traces of the noise signal measured using the samples under study 

showed that the low-frequency Lorentzian components in noise spectra is caused by a RTS noise 

(Figure 4.4(a)). The RTS noise is a characteristic feature of low-scale samples taking into account 

that 1/f noise from the point of view of the McWhorter theory or a unified model can be represented 

by superposition of GR processes uniformly distributed by its parameters. In the case of large-area 

samples, the multiple dielectric traps, equally randomly distributed by energy and depths, result in 

a 1/f spectrum of the excess noise. At some characteristic size (tenths of nanometers) of the 

transistor channel, it is quite probable that the noise of the channel can be impacted by a single trap 

in the gate dielectric. In this case, the RTS noise, which dominates the flicker noise may be 

observed. As it was discussed earlier in Section 2.2.3, the individual oxide trap is of the same nature 

as the traps that are responsible for 1/f noise. The spectra of both components, Lorentzian and 1/f 

noise, can be analyzed separately [140], [164]. The flicker noise separated into single Lorentzian 

noise components represents a remarkable opportunity to investigate the single trap properties and 

predict the properties of samples with a large number of traps in the gate dielectric. In our case, the 

RTS noise was registered for the samples with different lengths for a wide range of applied gate 

voltages. 

The RTS time trace contains the capture and emission time constants of a single trap. Using 

these data, the capture cross-section of a trap and its position in the gate oxide layer can be 

calculated. Figure 4.5(a) shows the typical time trace of measured RTS noise. We used a statistical 

method to calculate the capture and emission time on the basis of these data[165]. If the voltage 

time trace contains two well-resolved levels, we can construct a histogram of voltage values (shown 

in Figure 4.5(b)). Histograms of RTS time traces, obtained for different front-gate and back-gate 

voltages, are shown in Figure 4.6. Figure 4.6 (a) and (b) contain time traces of registered RTS 

noise, which corresponds to GR components of Figure 4.4(a). The measurements were performed 

at constant VBG = 0 V (Figure 4.6 (a)) and at constant VFG = -3 V (Figure 4.6 (a)). Figure 4.6 (a) 

demonstrates that the values of capture and emission times depend on the front gate voltage. In 

contrast, RTS traces of Figure 4.6 (b) express negligible dependence on the back gate voltage. We 

can conclude that the single trap, which causes the RTS modulation of the sample conductivity, is 

located in the top gate dielectric, because back gate voltage has no impact on the registered RTS. 

The ratio of peak heights corresponds to the relation between capture and emission times 

(τc/τe). The height of each peak is related to the time that the system spends in each state. The 
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distance between the peaks equals the RTS amplitude ΔV, which can be recalculated into the ΔID 

using equivalent resistance of the sample and load resistance (see Eq. (3.3)). 

 

Figure 4.5 (a) Random telegraph signal noise time trace measured for 3µm sample at VDS = 

-100 mV, VFG = -3 V; (b) Histogram of the voltage values from the time trace (a). 

 

Figure 4.6 Histogram of the RTS noise time trace of the 3μm sample: (a) at VBG = 0 V and 

at VFG; (b) at VBG and VFG = - 3 V 

The time constant τ of the Lorentzian spectra, which corresponds to the RTS noise is 

expressed through τc and τe as in Eq. (2.40). Using the τc/τe relation obtained from the Figure 4.5(b), 

Figure 4.6(a) and the value of τ obtained from the spectra (Figure 4.4(a)), the values of τc and τe 

can be evaluated. Figure 4.7(a) demonstrates calculated values of τc and τe plotted versus the 

overdrive gate voltage. Using obtained parameters of RTS noise and combining them with I-V 
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characterization the trap parameters such as depth, position along the channel and capture cross-

section can be obtained. In order to find the position of the trap in the gate oxide we investigated 

the dependence of the τc/τe relation on front-gate voltage. The distance of trap from the interface 

between the gate oxide and silicon channel is calculated as follows[140], [141], [166]: 

 𝑥𝑡 = −𝑑𝑜𝑥

𝑘𝑇

𝑞

𝑑 (ln (
𝜏𝑐

𝜏𝑒
))

𝑑𝑉𝐹𝐺
. (4.2) 

As discussed above, the relation between capture and emission times can be obtained 

directly from the histograms of the RTS time trace. This relation is shown in Figure 4.7(b), as a 

function of overdrive gate voltage. Eq.(4.2) can be used to find the trap depth, as the dependence 

in Figure 4.7(b) is close to linear. The dox was 5 nm for the investigated samples. The least squares 

fit of the data shown in Figure 4.7(b) gives the estimated trap depth xt in the range from 1.65 nm 

to 1.85 nm for all measured samples.  

 

Figure 4.7 (a) Time constant τ (black line) of the Lorentzian noise component, capture time 

constant τc (blue line) and emission time constant τe (red line) obtained from Figure 4.6(a) and 

Figure 4.4(a) and plotted as a function of overdrive gate voltage. (b) Calculated ratio between 

capture and emission times plotted versus overdrive front-gate voltage. 

The dependence of the time constants of the RTS noise on the source-drain bias contains 

information about the position of the active trap along the channel length. We investigated the noise 

of the samples in the nonlinear regime at a fixed front-gate voltage of VFG = - 3.0 V and different 

channel biases VDS = -0..-2.0 V (Figure 4.8). In addition, measurements were also made for the 

reverse polarity of the drain-source bias. Increasing the drain voltage VDS leads to the channel 
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pinch-off and “scans” the channel with high-field region (Figure 4.2). With increasing bias voltage 

on the transistor channel, the gate dielectric potential, which forms the channel, decreases from 

Φs = VFG near source to the Φs = VFG - VDS  near the drain. Figure 4.8 shows that the time constant 

of the Lorentzian components (Figure 4.4(a)) determined by the RTS noise component decreases 

with increasing the drain voltage. As we have already discussed above, increasing the drain voltage 

decreases the Φs near the drain down to the value of VFG - VDS and hence it decreases the 

concentration of carriers in the inversion channel near the drain electrode. These facts indicate that 

the Lorentzian component of the noise spectra is mainly determined by the capture time constant, 

τc (Figure 4.7(a)). Indeed, a decrease of the concentration of free carriers in the channel causes the 

increase of the capture probability of free carriers to the centers located in the dielectric layer and, 

consequently, leads to a decrease in the capture time constant from           2.5x10-4 to 5.0x10-5 s. 

 

Figure 4.8 Time constant of the Lorentzian component of the noise spectra of the sample 

plotted versus drain voltage at VFG = - 3.0 V, VBG = 0. Red circles correspond to the GR processes 

at forward polarity (source is grounded, and drain is biased) of the channel bias; blue triangles 

correspond to the GR-process at the reverse polarity (drain is grounded and source is biased). 

In the case of a reverse bias of the Si NW transistor, we can see from Fig. 10 that the time 

constant does not depend on the drain voltage. This fact demonstrates that there are no changes in 

the concentration of free carriers near the corresponding capture center. Such behavior of the time 

constant is only possible if the center is located at a site where the influence of the applied drain 

voltage is negligibly small (where the gate dielectric potential Φs is constant and does not depend 
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on VDS). Thus, we conclude that the dielectric trap, which generates the RTS noise in the 

investigated sample, is located in the gate dielectric layer close to the drain of the Si NW transistor. 

The obtained RTS parameters allow a capture cross-section of the dielectric trap to be 

estimated. According to the Shockley-Reed-Hall theory, capture and emission times can be 

calculated using Eq. (2.39). The thermal speed of carriers is equal to: 

 𝑣𝑡ℎ = √(
3𝑘𝑇

𝑚∗
), (4.3) 

where m* – is the effective mass of the carriers. Taking into account that T = 293 K and the carriers 

in the FETs under study are mainly represented by holes with the effective mass equal to 0.56 of 

the electron mass, the thermal speed is equal to 1.55x105 m/s. Then the value of the capture cross-

section can be estimated using Eq. (2.39). Such calculation also requires value of carrier 

concentration, which can be obtained from transfer curves in Figure 4.3 and Eq. (2.15). The 

calculated values of hole concentrations are shown in Figure 4.9(a). As we can see, the 

concentrations are the same for the samples with different lengths fabricated on the same wafer. 

This fact reflects high quality of the analyzed samples. Sublinear behavior of concentration at VFG 

< -2.5 V appears because contact resistance and possible mobility degradation are not taken into 

account in this estimations. The role of contact resistance and mobility effects will be shown later 

in the section 4.1.4. Using Eq. (2.14) and data of Figure 4.3(a), we estimated hole mobility for NW 

samples to be in the range from 120 to 150 cm2 V-1s-1, which is in good agreement with values in 

literature [167]. 

Calculated value of capture cross-section is shown in Figure 4.9(b). It exhibits strong 

dependence on overdrive gate voltage. Such a behavior of capture cross-section is also testified by 

increasing of the emission time with overdrive gate voltage (Figure 4.7(a)). Increasing of the 

capture cross-section with overdrive gate and thus the carrier concentration can be explained in the 

frame of Coulomb blockade model [143], [168]. Indeed, increasing concentration of carriers in the 

vicinity of a trap leads to decreasing of the capture time and hence to higher probability of the trap 

to be occupied. The occupied trap is charged and it gains therefore additional energy which 

originates from mirror forces induced in the conducting channel as a reaction to the charged trap 

near the channel surface. According to this speculations a phenomenological parameter of coulomb 

blockade energy, which is gained by a trap after getting charged, is included into SRH theory[169]: 
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 𝜏𝑐 = 𝜏𝑐0
𝑒

Δ𝐸
𝑘𝑇 , (4.4) 

where Δ𝐸 represents the coulomb blockade energy. The value of Δ𝐸 is defined by geometry of the 

samples and concentration of the carriers in the channel. 

 

Figure 4.9 (a) – Calculated concentration of holes as a function of applied front gate voltage. 

(b) – Dependence of the calculated effective capture cross-section of the trap on the overdrive gate 

voltage. 

The amplitude of RTS fluctuations is also an important value, which reflects the impact of 

a single surface charge on the channel conductivity[148], [170]. Dependence of the amplitude ΔI 

of the RTS fluctuations calculated from Figure 4.6 is shown in Figure 4.10. The amplitude is nearly 

constant in the observed range of front-gate voltages and equals 0.20±0.01 nA. 
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Figure 4.10 The amplitude of the RTS noise plotted versus the overdrive front-gate voltage 

at VBG = 0, VDS = -100 mV. 

Capture of a free carrier on the fixed trap in the dielectric excludes it from the conductivity. 

The charged state of the trap results in shielding of part of the channel. At constant voltage VDS 

applied to the channel, the exclusion of fixed charge in the regime of strong inversion leads to a 

decrease in the current ΔI and this decrease depends only on amount of excluded charge. Therefore, 

we can also conclude that the mobility remains constant in this range of gate voltages. If we assume 

that only one carrier is excluded from the channel during the capture and effects trap charging are 

negligible, then we can write: 

 Δ𝐼 = 𝐼(𝑁 + 1) − 𝐼(𝑁) =
1

𝑉
𝑒𝜇𝐸𝑆 =

1

𝑉
𝑒𝜇

𝑉𝐷𝑆

𝐿
𝑆 =

𝑒𝜇𝑉𝐷𝑆

𝐿2
, (4.5) 

where N is the quantity of carriers, L – is the the channel length, S – is the area of the channel cross-

section, V – is the volume of the device, which equals LS, 𝜇 – is the mobility of the holes. Using 

Eq. (4.5) the mobility of holes for the sample can be estimated, because we have the value of Δ𝐼. 

However, the value calculated using such a method will exceed 1000 cm2/ (V s), which makes no 

sense for the hole mobility in silicon devices. Thus, we can conclude that capture of the free carrier 

on the traps causes a modulating effect on current in the NW channel and capture of one hole 

considerably modulates current in the channel. If the trap has captured a hole, then more than one 

hole is excluded from the transport in the transistor channel due to field effect of the trap. This fact 

demonstrates high charge sensitivity of Si NW transistors and possibility of single molecule 

detection using the modulation effect of the channel conductivity in Si NW FET. 

Let us now estimate voltage sensitivity of such a transistor considering only flicker noise and 

thermal noise components. The interesting frequency range for registering signals from 

electrogenic cells is between 1 Hz and 10 kHz. Using the data of Figure 4.4(b) we can assume that 

Su of the flicker noise at 1 Hz is a weak function of the gate voltage and is about 10-8 V2/Hz. From 

Figure 4.3(a) we know that maximum transconductance in the linear mode is 𝑔𝑚𝑚𝑎𝑥
= 2.7 ×

10−7𝐴/𝑉. Then using Eq. (2.34) we can estimate level of SI for the flicker noise at 1 Hz. It equals 

7.3x10-22 A2/Hz. The thermal noise of defined by the equivalent resistance of the sample and load 

resistance, which was equal 100kOhms in this experiment. According to Figure 4.3(a) resistance 

of the samples was 300kOhms and higher. Therefore for our calculations we will take Req of 90 

kOhm. Then using Eq. (2.26) the thermal noise level is estimated to be 1.8x10-25 A2/Hz. Having 
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all the calculated values, the level of the device sensitivity can be estimated using Eq. (2.19). As a 

value, which defines the device voltage sensitivity, we suggest the limit voltage, 𝛿𝑉𝑙𝑖𝑚𝑖𝑡, which 

can be detected with SNR of 1: 

 
𝛿𝑉𝑙𝑖𝑚𝑖𝑡 =  

√∫ (𝑆𝐼𝑓𝑙𝑖𝑐𝑘𝑒𝑟
+ 𝑆𝐼𝑡ℎ𝑒𝑟𝑚𝑎𝑙

)𝑑𝑓
10 𝑘𝐻𝑧

1 𝐻𝑧

 𝑔𝑚
, 

(4.6) 

For defined here parameters 𝛿𝑉𝑙𝑖𝑚𝑖𝑡 equals 250 µV, which is already close to the range of interest 

for the electrogenic cell measurements. However such an estimation is not precise and the value of 

𝛿𝑉𝑙𝑖𝑚𝑖𝑡 is underestimated, because the GR components are not taken into account (Figure 4.4). 

Besides that, the length of the sensors for the neuronal cells should be at least 10 µm in order to fit 

cell dimensions. Therefore voltage sensitivity of a NW sensor should be at least 10 times higher 

than for the case of a single NW FET. 

To sum up, we have investigated the Transport properties of p-type silicon nanowires FETs 

(with a cross-section of ≈ 42x42nm2 fabricated at Forschungszentrum Jülich) utilizing noise 

spectroscopy. Studied devices exhibit stable scalable characteristics. The values of volume trap 

density obtained from the level of equivalent input voltage noise. The devices with different 

channel lengths have almost the same equivalent input voltage spectral density indicating that the 

influence of contact effects on the performance of the investigated devices can be neglected. 

Analysis of the registered RTS noise component reveals that a single trap is located near one of the 

ohmic contacts in the gate dielectric. Estimated parameters of the trap and its behavior demonstrate 

that even a single carrier process in the gate of the NW transistor considerably modulates current 

in the channel. The devices have shown high charge sensitivity and good voltage sensitivity, which 

is though not enough for extracellular monitoring of electrogenic cell activity. The results are 

promising for advanced control of the channel transport in NW FETs, including the possibility of 

single molecule detection with increased sensitivity using the modulation effect of the channel 

conductivity in Si NW FET. 

4.1.3 Influence of the liquid gate electrolyte on Si NW transport properties  

In this subsection the influence of the electrolyte on transport properties of the Si NW FET 

biosensor is considered. NWs of different lengths were used to investigate the effect of the 

electrolyte on channel conductivity. Noise spectroscopy was employed to characterize the 
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performance of the Si NW FET biosensors operated via back gate with the electrolyte solution on 

top and without it. The influence of the electrolyte on transport was studied by changes of the 

device transport and noise characteristics. The results show that the electrolyte solution not only 

influences the threshold voltage of the transistor, but also affects the charge state of the surface 

traps.  

Transport and noise properties were measured and analyzed in Si NW FETs produced by 

Jing Li in the group of Svetlana Vitusevich. The nanowires were of 500nm width and a variety of 

lengths from 2 to 16µm (Figure 4.11). The nanowires were produced on the basis of silicon-on-

insulator (SOI) wafers using nanoimprint technology with subsequent wet chemical etching of the 

NW structures. The contact feedlines of the NWs were As doped and represented the n+-p-n+ type 

of FET with an inversion channel. The layout of chips with NWs was as in Figure 3.1. The NW 

sensors were protected from the electrolyte by a thin thermally grown SiO2 passivation layer (10nm 

thickness). The measurements were performed with the phosphate-buffered saline (PBS) 

electrolyte on top of the passivation layer of the NW FET structure and without electrolyte (in air) 

at different back-gate voltages, VBG. The back-gate voltage, VBG, was applied to the substrate of the 

silicon-on-insulator (SOI) wafer. The schematic of the experiment was as it is shown in Figure 2.4. 

The VDS was set to 100 mV in order to maintain a linear regime of operation of the NW transistor. 

In this regime, the differential resistance of the sample equals the normal value of resistance, which 

makes it much simpler to evaluate the normalized current noise spectral density, SI / I2, using the 

measured drain voltage noise spectral density. It should be noted that the noise spectra and the I-V 

curves were measured in a constant DC mode. The drain voltage, VDS, and back-gate voltage, VG, 

were applied using a battery loaded with the sample and a load resistance (Figure 3.7). 

The transfer characteristics of the Si NW transistors were measured in DC mode in air and 

in electrolyte (Figure 4.12). These I-V curves were measured using noise measurement setup. The 

drain current, Id, controlled by the back-gate voltage is higher in air than in the electrolyte in the 

overthreshold mode, at VG>VTh (Figure 4.12 (a)). In electrolyte current is higher than in air in 

subthreshold mode: VG<VTh (Figure 4.12 (b)). It should be noted that each point of the transfer 

characteristics was measured at a stabilized drain current. There is a certain time, which is needed 

for current to get stable. After the back-gate voltage was applied, the drain current increases with 

time until it reaches a certain saturation value. The time between applying the gate voltage and 

saturation of the drain current was around 20 min in the case of air and around one minute in the 
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case of electrolyte. The leakage current through the back-gate electrode was negligibly small 

(below 0.1nA).  

 

 

Figure 4.11 – SEM image of a 500 nm wide and 5 µm long silicon nanowire. The SU8 

passivation layer, which covers silicon feedlines can be observed. 

 

Figure 4.12 Transfer curves of the 8µm Si NW FET measured in air (red curves) and in 

PBS (black curves) plotted versus overdrive back gate voltage in linear (a) and logarithmic scale 

(b). 

We suggest that such an effect is related to charging of the traps located in the top dielectric 

layer via back-gate electrode[171]. The time constant of such a process is as large as 20 min 

because the traps are charged with extremely small currents through the back-gate dielectric. The 

decrease of the charging time in the electrolyte can be explained by the charge screening effect. 
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The charges accumulated in the top passivation dielectric are immediately screened by the ions of 

the electrolyte solution. Therefore the channel conductivity becomes stable after setting gate 

voltage much faster at the presence of electrolyte than in air. However the influence of the back 

gate on the channel is reduced by screening effect of the electrolyte. The slope of the transfer curve 

is higher in air than in the PBS solution (Figure 4.12(a)). Such a difference can also be explained 

by charging the top dielectric layer through the back gate and the screening effect in the electrolyte. 

In the subthreshold region (Figure 4.12(b)), we can observe that the subthreshold current in the 

electrolyte is higher than in air. As mentioned above, all measurements were performed at low 

drain voltages (100mV). In such a regime, the subthreshold current is not related to transport 

through surface states, but is mainly defined by diffusion [110]. The increase of the subthreshold 

current in PBS solution can again be explained by screening of the potential of the top dielectric 

layer by ions in the electrolyte. In the subthreshold mode, negative overdrive gate voltages are 

applied to the sample, and screening of the negative overdrive potentials by ions in the electrolyte 

means shifting the surface potential to zero, which, in turn, leads to an increasing drain current. 

The curves measured in air and in PBS solution coincide in the vicinity of the zero overdrive gate, 

which implies that the screening does not occur at this point and that the zero overdrive gate voltage 

is close to the flat-band point. Therefore we can conclude that introducing PBS on top of the NW 

affects transport in the transistor through screening of the surface potential of the top dielectric 

layer[37]. 

Behavior similar to that described above is also registered in the samples with different 

channel lengths. The drain current with the same value of the overdrive gate voltage, VG–VTh, is 

plotted versus the channel length of the device in Figure 4.13. The drain current is well scaled with 

the length of the sample (Figure 4.13(a) in air and Figure 4.13(b)). Contact resistance can be 

estimated from the dependence of the drain current on length by linear approximation (Figure 

4.13(a) in air). The value obtained is in the range between 8 and 12 kOhm for different measured 

chips, which is much lower than the device channel resistance, even when it is opened. Only Si 

NWs with shorter channels (4 and 6 m) are affected by the contact resistance (Figure 4.13(a) in 

air). In the case of the PBS solution on the surface of the Si NW biosensor, the subthreshold current 

is higher than in air and vice versa – the overthreshold current in PBS is lower than in air. 

Subthreshold current in PBS (Figure 4.13(a)) is no longer scaled with length. This may be because 

the current in the subthreshold region is dominated by the diffusion component and strongly 
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affected by the traps in the gate dielectric. Presence of electrolyte screens the effect of top-gate 

traps, which may lead to non-monotonic current behavior. 

 

Figure 4.13 Drain current of Si NW FETs measured in air (red curves) and in PBS (black 

curves) as a function of channel length at VDS=100 mV in subthreshold mode (a) and overthreshold 

mode (b). 

The influence of PBS on transport in Si NW FET was also investigated by noise 

measurements. Figure 4.14 shows the normalized current noise spectral density, SI / I2, at 

subthreshold and overthreshold voltages measured in air and PBS. In the subthreshold region, 

normalized current spectral density in the device decreased when PBS was introduced onto the 

sample. This decrease can be partially explained (according to Eq.(2.31)) by increasing the 

subthreshold current by a factor of 3 in PBS (Figure 4.12(b) at an overdrive gate of -0.2V). 

However from Figure 4.14(a) we can see that the value of normalized current spectral density is 

more than one order of magnitude lower in PBS compared to that as in air. This is possible only if 

the exchange between the Si NW channel and the traps in the gate dielectric is affected. Thus, this 

decreasing noise can be explained by the changing of the surface charge state in the sample top 

dielectric due to PBS electrolyte adsorption and the screening effect as well as only a partial 

contribution of the increased subthreshold current.  
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Figure 4.14 Normalized current noise spectral density, SI/I2, in sub-threshold (a) and 

overthreshold (b) mode measured in air (red curves) and PBS (black curves). 

In the region above the threshold, submerging the sample in PBS results in a small increase 

in the amplitude of fluctuations in the sample. The influence of the electrolyte solution on the 

transport in Si NW FET in overthreshold can be studied using Figure 4.14 and Eq. (2.31). The 

normalized current spectral density is inverse proportional to quantity of carriers for all of the 

flicker noise models. Therefore if we multiply Eq. (2.31) by drain current, we get a value 

independent of the carrier concentration, taking into account the Eq. (2.12) for drift current: 

 
𝑆𝐼

𝐼𝐷
=

𝛼𝐻

𝑁 𝑓
𝐼𝐷 =

𝛼𝐻

𝑓

𝑒𝜇𝑉𝐷𝑆

𝐿2
 (4.7) 

According to Eq. (4.7), the value of  SI / ID  conserves if product of 𝛼𝐻𝜇 remains constant. The drain 

current in overthreshold mode is mainly determined by drift component. Therefore the data of 

Figure 4.14(b) can be plotted in a form of SI / ID. As we can see the spectra measured in the air and 

PBS solution coincide in Figure 4.15. Thus according to Eq. (4.7) we can conclude that presence 

of the electrolyte only causes decreasing of the coupling between back and front gate oxides, which 

results in reducing the back gate control over the drain current. However, the scattering 

mechanisms in the NW FET remain unaffected.  



Chapter 4. Results and discussion 

90 

 

 

Figure 4.15 Drain current spectral density divided by the drain current in overthreshold 

mode in air (red curve) and in PBS (black curve) 

To conclude, the impact of the electrolyte on the transport properties of Si NW FETs 

operated via back gate was studied utilizing I-V measurenents and noise spectroscopy. The results 

were obtained in DC mode under quasistatic conditions. It was shown that the submerging of the 

nanowire samples in PBS affects the back gate control over the NW channel by screening the 

charges, which accumulate in the top dielectric layer due to coupling between back and front gate. 

The investigated nanowire structures show good reproducibility of characteristics and scaling of 

parameters in most of the experiments. The estimated value of contact resistance is in the range of 

10kOhms, which is much lower than channel resistance. The noise measurements show that the 

electrolyte influences transport properties in the Si NW channel not only by screening surface 

potential, but it may also change the charge state of the traps in the top dielectric layer. Particularly 

it is observed in subthreshold mode. As a result of such influence, the value of the excess noise is 

much lower in PBS than in air in the subthreshold region. In the case of overthreshold mode it is 

shown that immersing the sample into PBS only reduces the impact of surface traps by screening 

them, however the fluctuation mechanisms in the conducting channel remain unaffected. 

In the next subsection we will discuss behavior of liquid-gate Si NW FET and consider role 

of charge carrier distribution, contact resistance and mobility degradation in the macroparameters 

of Si NW FET. 
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4.1.4 Role of the NW parameters in the NW FET device characteristics 

As it we discussed above, the signal-to-noise ratio of the Si NW FET is one of the major 

parameters determining performance of a nanosensor. According to Eq. (2.19) the SNR is defined 

by transconductance of the transistor as well as by level of intrinsic fluctuations in the transistor. 

The noise level of a FET depends on the gm in the case of McWhorter and correlated model (Eq.  
(2.36)). However, high contact resistance and degradation of the carrier mobility may suppress the 

transconductance without reducing device noise. Therefore understanding the main transport 

properties is of crucial importance for optimizing Si NW biosensors. This subsection is devoted to 

theoretical analysis of the transport properties of liquid-gated Si NW FETs and fitting of the 

obtained results to the experimental data. The impact of such microparameters as mobility, carrier 

concentration as well as contact resistance is considered. In the present work, we show the 

importance of considering the size quantization effect in the inversion layer. 

The distribution of the charge carriers as well as mobility determine the static and dynamic 

behavior of the transistor. Indeed, the distribution in the NW FETs channel may differ from its 

classical counterpart due to quantum confinement in the space charge region of the channel cross-

section. This may lead to overestimation of different kinds of FET parameters during fitting. 

Quantization may result in the shifting the maximum of the electron density from the front gate 

interface. It is equivalent to increasing the effective tunneling distance to the traps in the gate 

dielectric. The impact of the size quantization of charge carrier distribution on the transport 

properties was not reported for liquid-gated NW FETs.  

Transfer curves were measured for Si NW FETs fabricated by Jing Li in group of Svetlana 

Vitusevich. The nanowires were of 200nm length and 100 nm width (Figure 4.16). The NWs were 

produced using e-beam lithography on the substrates described in subsection 3.2.2. The layout of 

chips with NWs was similar to Layout 1 in Figure 3.1, but it had shorter silicon feedlines, which 

provided lower contact resistance for the samples. 

The statistical and dynamical behavior of the drain current is defined by the distribution of 

the concentration of the mobile charge carrier over the conducting channel. We consider the case 

of an inversion n-channel liquid-gated FET. In a most general case the concentration is a function 

of the surface potential and a coordinate.  
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Figure 4.16 SEM image of a Si NW FET device. The scale bar is 200 nm[83]. 

The connection between surface potential and a gate voltage can be estimated by 

considering the potentials of the electrolyte double layer, 𝜙𝑑𝑙, front gate oxide, 𝜙𝑓𝑜𝑥, back gate 

oxide, 𝜙𝑏𝑜𝑥, surface potential, 𝜙𝑠, depletion layer, 𝜙𝑑, and bulk silicon substrate, 𝜙𝑆𝑖 

 𝑉𝐹𝐺 = 𝐸𝑟𝑒𝑓 + 𝜙𝑑𝑙 + 𝜙𝑠 + 𝜙𝑓𝑜𝑥 + 𝜙𝑏𝑜𝑥 + 𝜙𝑑 + 𝜙𝑆𝑖 . (4.8) 

Schematic image of the potential distribution in liquid-gated Si NW FET is shown in Figure 4.17. 

Taking into account Eq. (2.3) and the unified charge control model we can extract the value of 

surface potential[55], [107], [128], [172]–[175]: 

 𝜙𝑠 = 𝜑𝑇 ln (
𝜂𝐶𝑜𝑥𝜑𝑇𝑁𝐴

𝑞𝑡𝑛𝑖
2 ) + 𝜑𝑇 ln {ln [1 +

1

2
𝑒𝑥𝑝 (

𝑉𝑔 − 𝑉𝑡ℎ

𝜂𝜑𝑇
)]} . (4.9) 

Here 𝜑𝑇 = 𝑘𝑇/𝑞 is the thermal voltage; 𝜑𝐹 = 2𝜑𝑇ln (𝑁𝐴/𝑛𝑖) is the Fermi potential; 𝑁𝐴 is the 

doping acceptor concentration in both the Si substrate and Si-NW; 𝑛𝑖 is the intrinsic carrier 

concentration in bulk silicon; 𝜂 = 1 + (𝐶𝑑 + 𝐶𝑖𝑡)/𝐶𝑜𝑥 is the factor of the transistor non-ideality, 

𝐶𝑑 – is the capacitance of the depletion layer, 𝐶𝑖𝑡 is the capacitance of the interface traps. 

Let us now consider charge carrier distribution in the NW channel. The classical 

distribution is obtained from solving a one-dimensional poisson equation in the space charge region 

of Si NW[55]: 

 
𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝜌(𝑥)

𝜀0𝜀𝑆𝑖
=

𝑞(𝑁𝐴
− − 𝑁𝐷

+ + 𝑝 − 𝑛)

𝜀0𝜀𝑆𝑖
 (4.10) 
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where p is the hole concentration and 𝑁𝐷
+ is the initial donor concentration. Solving the Eq. (4.10) 

with the boundary conditions: 𝑥 → ∞ => 𝜙 → 0, 𝑥 → 0 => 𝜙 → 𝜙𝑠, gives the equation for 

potential of the space charge region: 

 𝜙(𝑥) = {𝜙𝑠 +
𝑞𝑛0

𝜀0𝜀𝑆𝑖
[1 − 𝑒𝑥𝑝 (−

𝑥

𝑙𝑠
)]} 𝑒𝑥𝑝 (−

𝑥

𝑙𝑠
) (4.11) 

where ls is defined by the Debye length for holes, LD, and equilibrium carrier concentrations 𝑛0 and 

𝑝0: 

 𝑙𝑠 =
𝐿𝐷

1 + 𝑛0 𝑝0⁄
; 𝐿𝐷 = √

𝜀0𝜀𝑆𝑖𝜑𝑇

𝑞𝑝0
 (4.12) 

Resulting concentration of the carriers near the interface between silicon and silicon oxide can be 

calculated using following equation[55]:  

 𝑛(𝑥) = 𝑛0𝑒𝑥𝑝 [
𝜙(𝑥)

𝜑𝑇
] (4.13) 

If we substitute 𝜙(𝑥) in Eq. (4.13) with Eq. (4.11) and (4.9), then we can calculate values of the 

carrier concentration for real Si NW dimensions. 

 

Figure 4.17 Schematic of a potential profile in a liquid-gated FET sensor. The layered 

structure consists of: electrolyte, front gate oxide, Si NW, BOX and substrate. RE is the reference 
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electrode, 𝑉𝐹𝐺 is the gate voltage applied, 𝑄𝑑𝑙, 𝑄𝑓𝑜𝑥, 𝑄𝑏𝑜𝑥, 𝑄𝑁𝑊, 𝑄𝑆𝑖 are the charges of the 

electrolyte double layer, front gate oxide, BOX, NW and Si substrate, respectively[83].  

Figure 4.18(a) demonstrates concentration of electrons in the Si NW channel as a function of a 

coordinate x (see Figure 4.17) at different front gate voltages. For numerical computation, we use 

the following values, which correspond to the sample geometry and the parameters of the materials 

for the investigated structure: 𝜑𝑇 = 0.026 eV, 𝑁𝐴 = 1015 cm−3, 𝑡 = 50 nm, 𝑊 = 100 nm, 𝐿 =

200 nm, 𝑑𝑓𝑜𝑥 = 9 nm, 𝑑𝑏𝑜𝑥 = 500 nm, 𝜀𝑆𝑖 = 11.6, 𝜀𝑜𝑥 = 3.9, 𝜀𝑤 ≈ 80, 𝜀𝑟 ≈ 78, 𝜀0 = 8.85 ×

10−14 F/m, 𝑚∗ = 0.26𝑚0, 𝑇 = 297 ℃, 𝑚0=9.11×10-31 kg.  

 

Figure 4.18 Calculated charge carrier distributions in Si NW channel: (a) using classical 

approach; (b) using quantum-mechanical approach. 

Now let us consider peculiarities of carrier distribution in the case of the quantum approach. 

In this case the interface between front gate oxide and silicon is treated as a triangular potential 

well with infinitely high walls. The front gate voltage defines the angle of the triangle. The 

quantum-mechanical (QM) distribution of mobile carriers within the inversion layer in the NW 

FET can then be obtained by self-consistently solving Schrödinger’s and Poisson’s equations[176], 

[177]. The solution is expressed in a form of airy functions (Ai), which are a typical solution of a 

Schrödinger equation for a triangular potential well: 

 𝑛(𝑥, 𝑉𝑔) = 𝑛𝑠 × |𝐶𝑖|
2 × |𝐴𝑖 [(𝑥 −

𝐸𝑖

𝑞ℇ
) (

2𝑚∗𝑞ℇ

ℏ2
)

1
3

]|

2

, 𝑥 ≥ 0, (4.14) 
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where 𝑛𝑠 is the surface concentration, defined as[83]:  

 𝑛𝑠 =
𝜂𝐶𝑜𝑥𝜑𝑇

𝑞
ln [1 +

1

2
𝑒𝑥𝑝 (

𝑉𝐹𝐺 − 𝑉𝑡ℎ

𝜂𝜑𝑇
)] (4.15) 

and |𝐶𝑖|
2 is the normalization factor: 

 
|𝐶𝑖|

2 =
1

∫ [𝐴𝑖 {(𝑥 −
𝐸𝑖

𝑞𝜀
) (

2𝑚∗𝑞ℇ
ℏ2 )

1
3

}]

2

𝑑𝑥
∞

0

 
(4.16) 

and  

 𝐸𝑖 = −
(𝑞ℏℇ)

3
2

(2𝑚∗)
1
3

× 𝑠𝑖, (4.17) 

where 𝑚∗ is the effective electron mass, ℇ is the electric field generated by the front gate voltage 

in the NW channel, 𝐸𝑖 is the quantized energy levels of the electrons in a triangular potential 

well,[178] 𝑠𝑖 is the i-th solution of equation: 𝐴𝑖(𝑠) = 0. The surface electric fields are typically ∝

(104 ÷ 105), the energy levels 𝐸𝑖 ≈ (0.03 ÷ 0.06) eV and the typical value of 𝑠𝑖 for silicon FETs 

is 2.338 [177]. 

Using Eq. (4.14) – (4.17) and the parameters of the investigated liquid-gated Si NW FET 

we computed the dependence of the charge carrier concentration on the coordinate x in the channel 

for the case of quantum-mechanical approach (Figure 4.18(b)). 

The concentration of the charge carriers in the quantum-mechanical (QM) approach differs 

considerably from the classical case (Figure 4.18). The curves in the QM case have well-

pronounced peaks near the interface and the maximum values of the concentration are much higher 

than for the classical case. At high VFG voltages the QM distribution demonstrates values close to 

the degeneration of silicon. Such behavior is caused by the energy quantization of the electrons in 

the triangular potential well near the front gate oxide / NW interface. The increase of the gate 

voltage results in an increase in the maximal concentration and also in a shift of the maximum 

towards the Si/SiO2 interface. The majority of the electrons is located near the front gate oxide and 

occupy the region at a depth of 1-2 nm. More than 90% of the channel thickness does not contribute 
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to the dynamical processes. It should be noted that influence of the back gate oxide is not taken 

into account in this calculation due to high complexity of the system. 

After considering classical and QM representation of the concentration profiles in Si NW 

it is possible to compute transfer curves and fit them to the experimentally measured dependences. 

The drain current of a FET consists of drift and diffusion components. Each of them is responsible 

for certain region of a transfer curve. The diffusion component mainly determines the sub-threshold 

mode and the drift component is dominant in the over-threshold region. Let us assume, that y axis 

points along the NW channel from source to drain. Then the channel current can be evaluated using 

the following equation[55]: 

 𝐼𝐷 = 𝑒𝑛𝜇
𝑑𝑉𝐷𝑆

𝑑𝑦
 𝑆 + 𝑘𝑇𝜇

𝑑𝑛

𝑑𝑦
𝑆 = 𝑒𝜇𝑆 (𝑛

𝑑𝑉𝐷𝑆

𝑑𝑦
+ φT

𝑑𝑛

𝑑𝑦
). (4.18) 

The gradient of the concentration is responsible for diffusion current and gradient of the drain 

voltage is responsible for drift of charge carriers. The field caused by the applied gate voltage in 

the inversion layer of liquid-gated FETs changes the transport behavior of the charge carriers and 

results in more frequent scattering events than in the absence of the gate voltage. The mobility of 

charge carriers, 𝜇, degrades due to increasing probability of scattering processes[179]–[181]. The 

mobility dependence on the transversal electric field (𝑥 direction) was taken into account using 

linear approximation:[182] 

 𝜇 = 𝜇0 − 𝜃(𝑉𝐺 + 𝑉𝑡ℎ), (4.19) 

where 𝜇0 is the low-field magnitude of the mobility, 𝜃 is the coefficient taken as 28 cm2 / (V2 s) for 

the room temperature [182], [183].  

The measurements were performed at low drain biases in linear mode of operation. 

Therefore the effect of the electron velocity saturation on the drain current was neglected during 

the calculation. 

The influence of the front gate oxide interface on the FET sub-threshold current can be 

taken into account by introducing the capacity of the interface traps into the quality factor 𝜂:[55] 
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 𝜂 = 1 +
𝐶𝑑 + 𝐶𝐷𝑖𝑡

𝐶𝑜𝑥
, (4.20) 

where  𝐶𝐷𝑖𝑡
= 𝑞𝐷𝑖𝑡 is the capacity determined by the interface states and 𝐷𝑖𝑡 is the density of the 

interface traps. 

In order to fit the over-threshold region of the measured I-V curve we take into account the 

effect of series resistance. In the case of non-ideal FET a part of the drain voltage drops on the 

series resistance. It results in the lower effective drain bias applied to the channel. Such a 

consideration together with the mobility degradation explains a sub-linear behavior of the transfer 

curves in a strong inversion regime (at overdrive voltages above 1V). The real values of the current 

can be extracted using the following equation: 

 𝐼𝑑𝑠(𝑅𝑐ℎ + 𝑅𝑐) = 𝑉𝑑𝑠, (4.21) 

where 𝑅𝑐ℎ and 𝑅𝑐 are the channel and contact resistances, respectively. Based on our measurements 

of NW FETs with different lengths, we estimated the value for the series resistance to be 3500 

Ohm. Also for a further calculation the following can be assumed, taking the linear regime of 

operation: 

 
𝑑𝑉𝐷𝑆

𝑑𝑦
=

𝑉𝐷𝑆

𝐿
. (4.22) 

Finally, the drift component of the drain current using Eq. (4.18) can be described by the following 

equation: 

 𝐼𝑑𝑟𝑖𝑓𝑡(𝑦) =
𝑒𝑊𝑉𝑑𝑠

𝐿
[(𝜇0 − 𝜃(𝑉𝐺 + 𝑉𝑡ℎ)] ∫ 𝑛(𝑥, 𝑉𝐹𝐺)𝑑𝑥

𝑡

0

, (4.23) 

where 𝑛(𝑥, 𝑉𝑔) is determined by Eq. (4.13) or (4.14) depending on approach for calculation the 

carrier concentration. The diffusion component is defined as follows: 

 𝐼𝑑𝑖𝑓𝑓 =
𝑘𝑇𝑊𝜇

𝐿
{∫ 𝑛(𝑥, 𝑉𝐹𝐺)𝑑𝑥

𝑡

0

− ∫ 𝑛(𝑥, 𝑉𝐹𝐺 − 𝑉𝐷𝑆)𝑑𝑥

𝑡

0

}. (4.24) 

Figure 4.19 shows the measured transfer characteristic, ID (VFG), of investigated Si NW FET 

with a channel length of 200 nm and 100 nm width as well as the calculated transfer characteristics. 
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The calculations were performed using Eq.(4.23) and (4.24) with taking into account Eq. (4.19) – 

(4.21) for both the classical and quantum-mechanical approaches using corresponding n(𝑥, 𝑉𝑔) 

functions.  

 

Figure 4.19 Comparison of measured (stars) and calculated (lines) transfer curves of Si NW 

FET: (a) – linear scale, (b) – logarithmic scale. The data calculated using classical and quantum 

approaches is shown as blue and red curves respectively.  

The shapes of measured and calculated I-V characteristics are in good agreement. Figure 

4.19 shows the curve calculated using the QM approach and fitted to the experimental data and the 

curve, corresponding to the classical approach, plotted with the same parameters as for the QM 

one. The value of low field electron mobility, μ0, extracted from a fitting is 250 cm2 V-1 s-1. It 

should be noted, that fitting of the transfer curve obtained using classical approach to the 

experimental values would give μ0=300 cm2 V-1 s-1
. The overthreshold region of the transfer curve 

(Figure 4.19(a)) exhibits sublinear behavior at overdrive gates higher than 1 V. Such a behavior is 

caused both by degradation of the mobility and effects of contact resistance, which is reflected in 

Eq. (4.19) and Eq. (4.21), respectively. The subthreshold region of the transfer curves can be better 

observed in logarithmic scale (Figure 4.19(b)). Shapes of both QM and classically obtained curves 

are in good agreement with experimental results. The value of Dit, which provided such a 

subthreshold slope, was estimated to be 4×1012 cm-2 eV-1.  

It should be emphasized, that estimated value of mobility for the case the classical 

distribution of mobile carriers was higher than in the case of quantum-mechanical one, due to 



4.1 Silicon nanowire FETs based on single wire 

99 
 

difference in overall quantity of carriers in the inversion layer. This result stresses the importance 

of considering type of charge carrier distribution in the NW channel of the FETs. Findings of this 

subsection demonstrate importance of taking into account effects of contact resistance, mobility 

degradation and interface traps when considering transport and signal-to-noise ratio in Si NW FET 

structures. In the next subsection we will touch the topic of correct evaluation of equivalent input 

noise for precise calculation of SNR from the noise spectra. 

4.1.5 Spectra of transconductance of Si NW FET. 

Sensitivity of Si NW FETs is determined by the SNR value. As we have discussed in 

subsection 2.1.4, the SNR depends on the intrinsic noise of the device and its transconductance 

(Eq. (2.19)). Therefore, accurate estimation of the Si NW sensitivity requires precise determination 

of the device transconductance and the noise spectra is of crucial importance for careful device 

characterization. Accurate measurement techniques for the noise spectra and transconductance are 

discussed in subsections 3.3.2 and 3.3.3. However, the lock-in approach for measurements of gm 

provides the value of transconductance only at a single selected frequency. In order to establish 

precise and reproducible technique for measuring sensitivity of the Si NW FET, we address in this 

subsection a precise measurement of the sample transconductance and its spectral behavior using 

advanced broadband method.  

The investigated samples were Si NW FETs with 500 nm width and different length ranging 

from 2 µm to 22 µm. The NW FETs were fabricated by Jing Li. The layout of the structures was 

similar to Layout 2 in Figure 3.1. The NW contacts were doped with As atoms, therefore the 

samples represented n+-p-n+ structures. The results in this subsection are presented for Si NW FET 

of 8 µm length. 

In Eq. (2.19) we assume that the transconductance of a Si NW FET is a frequency 

independent value. We are going to verify this assumption and compare measured 

transconductance with calculated one. Instead of using lock-in technique for scanning the 

transconductance within chosen frequency range we used advanced method for parallel acquisition 

of the whole transconductance spectra at once. For this purpose we applied stimuli in a form of 

white noise to the NW FET liquid gate and registered its response using spectrum analyzer. Figure 

4.20 contains the schematic representation of the circuit for implementation of the proposed 

approach. The broadband stimuli signal is mixed with DC component of VFG using capacitive 

coupling (See Figure 4.20). We connected a 100 kOhm resistor to the input of the homemade 



Chapter 4. Results and discussion 

100 

 

amplifier, described in subsection 3.3.2. Therefore the resulting circuit can be used as the 

broadband AC source.   

 

Figure 4.20 Schematic image of the circuit for measuring spectra of the FET 

transconductance. 

According to Eq. (2.25), the fluctuations of voltage on the terminals of the resistor are 

proportional to its resistance and are frequency independent. Therefore a resistor connected to the 

input of an amplifier becomes a white noise generator. The signal from our homemade white noise 

generator was 200 times amplified by Stanford SR560 amplifier and applied to the liquid gate of 

the transistor. Figure 4.21(a) demonstrates the spectral density of the applied white noise stimuli 

(blue curve). It is almost flat with slight increase at low frequency range due to noise of the 

amplifiers and slight decrease at high frequency due to RC-cutoff by the parasitic capacitance of 

the amplifier. The intrinsic noise of the NW FET (black curve on Figure 4.21(a)) is much lower 

than applied signal and is represented mostly by flicker and thermal noise components. The induced 

noise is drawn in red in Figure 4.21(a). It is at least one order of magnitude higher than the intrinsic 

Si NW level starting throughout the whole frequency range. At approximately 10 kHz the induced 

noise starts increasing, which means that there is direct transfer of the applied signal through the 

parasitic capacitive coupling between liquid gate and the NW contacts. To verify this assumption 

we performed measurements of transconductance at different gate voltages (Figure 4.21(b)) 

The transconductance spectra can be evaluated using the value of applied noise, intrinsic 

noise and the induced noise (Figure 4.21(a)). According to Eq. (3.8) the transconductance is equal 

to the AC current induced at a certain frequency and divided by the amplitude of stimuli. If a 
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spectral density of the signal is known, then its value at certain frequency can be expressed as 

follows: 

 𝐼𝐷(𝜔𝑚) = √𝑆𝐼(𝜔)|𝜔=𝜔𝑚
. (4.25) 

 

 

Figure 4.21 (a) Voltage spectral density of the applied white noise(blue curve), intrinsic 

noise of the NW FET (black curve) and induced noise in the channel of the transistor (red curve); 

(b) Spectra of the Si NW FET transconductance plotted at different overdrive voltages with a step 

of 80 mV. 

Similarly, the stimuli level at certain frequency can be expressed as: 

 𝛿𝑉(𝜔𝑚) = √𝑆𝑉(𝜔)|𝜔=𝜔𝑚
. (4.26) 

Therefore according to Eq. (3.8) we can define: 

 𝑔𝑚
2 =

𝑆𝐼𝑖𝑛𝑑𝑢𝑐𝑒𝑑
− 𝑆𝐼𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝑆𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑

. (4.27) 

Figure 4.21(b) demonstrates calculated spectra of gm at different overdrive gate voltages. The 

spectra are flat in the low-frequency region, as it is expected for a MOSFET structure [184]. 

However, at higher frequency range (from 10 kHz/ 100 kHz depending on the gate voltage) the 

estimated value of transconductance increases almost proportionally to the frequency. It should be 

noted that all the transconductance curves tend to converge into the one curve at a higher frequency 

range. Such a behavior can be explained by a capacitive coupling between the liquid gate and the 
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drain of the NW FET. Let us assume, that there is a parasitic capacitance, Cp, between the reference 

electrode and the drain contact. If we apply a weak AC component to the reference electrode (Eq. 

(3.5)) and take into account the effect of the parasitic capacitance, the Eq. (3.7) will modify into: 

 𝐼𝐷𝐼𝐷(𝑉0) +
𝜕𝐼𝐷

𝜕𝑉𝐹𝐺
𝛿𝑉𝑠𝑖𝑛(𝜔𝑚𝑡) + ωmCp𝛿𝑉𝑠𝑖𝑛(𝜔𝑚𝑡). (4.28) 

If we switch to the frequency representation the AC parts of Eq. (4.28), we will get: 

 𝑆𝐼𝑖𝑛𝑑𝑢𝑐𝑒𝑑
= (𝑔𝑚

2 + 𝜔𝑚
2 𝐶𝑝

2)𝛿𝑉𝛿(𝜔 − 𝜔𝑚). (4.29) 

Eq.(4.29) describes the behavior of a FET in response of stimuli applied at a certain frequency 𝜔𝑚 

as in the case of lock-in amplifier. If a broadband signal, as if white noise is applied, then Eq.(4.29) 

can be rewritten as follows: 

 𝑆𝐼𝑖𝑛𝑑𝑢𝑐𝑒𝑑
= (𝑔𝑚

2 + 𝜔2𝐶𝑝
2)𝑆𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑

+ 𝑆𝐼𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
. (4.30) 

Let us call the value, which is plotted in Figure 4.21(b) the effective transconductance, 𝑔𝑚𝑒𝑓𝑓
: 

 𝑔𝑚𝑒𝑓𝑓
= √𝑔𝑚

2 + 𝜔2𝐶𝑝
2 =

𝑆𝐼𝑖𝑛𝑑𝑢𝑐𝑒𝑑
− 𝑆𝐼𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝑆𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑

. (4.31) 

In order to extract real NW FET transconductance and value of parasitic capacitance we fit the 

measured 𝑔𝑚𝑒𝑓𝑓
 using Eq. (4.31). The result of such a fitting is shown in Figure 4.22 for the case 

of the subthreshold region of the transfer curve. The estimated value of the parasitic capacitance is 

11±1 pF, the estimated 𝑔𝑚 value equals 50±3 nS and corresponds to the value of the low-frequency 

plateau. According to Figure 4.21(b) we can conclude that estimated value of Cp can be used for 

all measurement conditions and is defined by device geometry. Useful signal is transferred into the 

drain current by two independent mechanisms. Field effect dominates at lower frequencies and 

capacitive effect dominates at higher frequencies. It should be noted that in the frequency range 

from 1Hz to 10kHz, which is most interesting for biosensor experiments, transfer of the signal 

through a transistor is higher than parasitic capacitive effects. Therefore the effective 

transconductance measured at frequencies not higher than 1 kHz is equal to real transconductance 

of the NW FET. This statement can be verified by comparison of measured gm with calculated one. 
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Figure 4.22 Spectra of effective transconductance (black curve) at VFG–VTh=-0.25 V and 

fitted using Eq. (4.31) (red curve). 

Figure 4.23(a) demonstrates the transfer curve of the investigated Si NW FET. Transconductance 

of the NW FET was measured in each point of the curve. Comparison between measured and 

calculated values of transconductance is shown in Figure 4.23(b). Both dependences are in good 

agreement. The results show that lock-in method of measuring transconductance is consistent at 

frequencies below 1000 Hz for the case of bioFETs. 

 

Figure 4.23 (a) Transfer curve of a Si NW FET with 500 nm width and 8 µm length. (b) 

Comparison of measured and calculated values of the transconductance. 

4.1.6 Summary 

In this section we have studied transport properties of single Si NW FETs using I-V 

characterization and noise spectroscopy. The investigated NW FETs demonstrate extreme charge 
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sensitivity, however estimated voltage sensitivity of single NW FETs not enough sufficient for 

extracellular recordings of neuronal cells. Therefore in the next section another device 

configuration based on arrays of Si NWs connected in parallel will be considered.  

By studying DC and noise characteristics of a back-gated Si NW FET with and without 

PBS solution on top, the influence of the electrolyte gate on transport in Si NW FETs has been 

investigated. A front-back gate coupling through charging of the interfacial traps has been revealed. 

We demonstrate that the electrolyte solution impacts the transport in Si NW by screening the slow 

interfacial traps and thus reducing their effect on the DC current of the transistor. This screening 

also results in changes of NW AC behavior in subthreshold mode of the transistor. In the 

overthreshold mode electrolyte impacts only quantity of carriers taking part in transport through 

the NW. 

Role of different NW parameters in transport properties of a Si NW FET was studied by 

calculation of the transfer curves taking into account charge carrier distribution, contact resistance 

and high-field mobility degradation. The results stress importance of consideration the quantum 

representation of charge carrier distribution for accurate characterization of device parameters.  

In addition, it was shown that Si NWs in overthreshold mode transmit signals without any 

distortion in the frequency range between 1 Hz and 10 kHz. Above 10 kHz, the capacitive coupling 

between gate and source should be taken into account if the transconductance of the NW FET is 

below 1µS.  

In the next section we will discuss design of silicon NW FETs based on array of a number 

of Si NWs connecter in parallel. We will call this devices Si NW array FETs. In order to obtain 

sufficient sensitivity for reliable extracellular recordings from neuronal cells we will consider 

investigation and simulation of the electric transport in fabricated Si NW array FETs for different 

regimes of operation. The interface between designed NW FETs and neuronal cells will be 

investigated using FIB. 

4.2  Si NW array FET structures for neuronal cell interfacing 

4.2.1 Design considerations for Si NW array FET 

As we have shown in section 4.1.2, silicon NW FET structures based on single wires exhibit 

extremely high charge sensitivity down to elementary charges. However, we have shown that 
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sensitivity of single wires to the changes of the surface potential is not sufficient for reliable 

extracellular monitoring of electrogenic cells activity. The increasing Si NW voltage sensitivity 

can be achieved by increasing the device transconductance and reducing its noise. 

Transconductance of a Si NW can be improved by increasing gate capacitance, mobility of 

charge carriers, decreasing channel length and increasing channel width (Eq. (2.13)). Increasing 

the mobility is rather challenging task, because it can be gained only by improving fabrication 

technology and cannot exceed the mobility of charge carriers in a bulk material. Therefore, 

increasing mobility is not considered as a main direction for increasing device sensitivity. 

However, to gain maximum performance of our structures we use TMAH etching for patterning 

NW structures. It results in improved quality of device surfaces and thus decreased level of noise 

and increased mobility[38]. Another way of increasing the transconductance is decreasing of the 

channel length, because gm is inverse proportional to L. This approach is efficient, but its usage for 

extracellular detection of neuronal signal is limited because of the size of the cell. Typically, the 

cells have size from 10 µm to 20 µm and making the sensor much smaller than a cell may result in 

deterioration of the coupling between cell and NW. Besides, decreasing the channel length 

decreases the volume of the device and thus increases the flicker noise component (Eq. (2.32)). 

Due to this reason in the present work we do not downscale the transistors below 2 µm and typically 

consider longer samples for investigation of transport. Increasing of the gate capacitance can be 

performed by decreasing the gate oxide thickness or taking the oxide with higher dielectric 

permittivity than silicon oxide. However, decreasing of the silicon oxide thickness below 8 nm 

may result in lower stability of the oxide, because it also serves as a passivation of Si NW against 

electrolyte solution. Exchanging of silicon oxide with more permissive dielectric leads to higher 

amount of interface traps due to lattice mismatch between silicon and oxides of other elements. 

One of the favorable solutions in such a case is using combined stack of gate dielectrics, starting 

from this SiO2 layer followed by high-k material deposited using atomic layer deposition (ALD). 

Another favorable method of improving SNR according to Eq. (2.13) is increasing width of the 

structure. In such a case the transconductance of the NW is increased as well as volume of the 

device, which leads to decreasing the flicker noise (Eq. (2.32)).  

The characteristics of the NW FETs with desired parameters were simulated using 

Sentaurus TCAD software to predict the sensor behavior and improve the understanding of 

influence of the NW parameters on the transport properties. As it will be shown below the 
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simulations predicted strong front-back gate coupling effect, which was used for improving 

sensitivity of the fabricated Si NW array FETs. 

In the present work we fabricated and designed Si NW FETs based on arrays of silicon 

NWs connected in parallel. It is equal to increasing width of the NW structures with preserving 

features of the nanostructured surface, which is favorable for improved coupling between 

electrogenic cells and the sensors. Connecting NWs in parallel forms a nanostructured grating, 

which preserves increased control of the gate over the channel conductivity, but at the same time 

increases effective width of the device. The structures are fabricated in Layouts 2 and 3 of Figure 

3.1. The Layout 2 contains arrays of 50 NWs in each FET. In Layout 3 number of NWs is adjusted 

in each chip in order to get overall effective width of 10 µm. The NW FETs were designed and 

fabricated using developed technology, which is described in 3.2.2.  

In order to improve understanding of Si NW FET operation and find a way for improving 

SNR of the designed array structures the next subsection (4.2.2) we will discuss simulation of Si 

NW FET in a technology computer aided design (TCAD) software taking into account both front 

and back gates of the NW FET. 

4.2.2 Simulation of front-back gate coupling in Si NWs 

In subsection 4.1.4 we have addressed modelling of liquid-gated Si NW behavior and 

investigated impact of different NW parameters on the device performance. We used only 

analytical solutions without numerical simulations. Using this approach influence of charge carrier 

distribution, contact resistance and high-field mobility degradation on transport properties of Si 

NW FET were studied. However the effect of the front-back gate coupling was not implemented 

due to high complexity of the model with two gates. It should be noted that the distance between 

front and back gate in our structures is 50 nm and therefore front-back gate coupling may play a 

considerable role in transport characteristics of Si NW FET. Therefore in order to study the front-

back gate coupling effect carefully, we have implemented a model of our n+-p-n+ NW FET 

transistor in the Sentaurus TCAD software and simulated its behavior at different front and back 

gate voltages.  

The model FET structure was 60 µm long. The gate length was 20 µm, the length of metal 

contacts was 10 µm each. Spacing between gate and metal contact was 10 µm. Thickness of the 

buried oxide layer was 150 nm, thickness of the front gate oxide was 9 nm. The silicon layer was 
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of 50 nm thickness. The contact regions of NW were simulated as implanted with Arsenic atoms 

to a concentration of 5x1019 cm-3 with a Gaussian distribution of the dopants after annealing. The 

active silicon layer was simulated as doped with Boron atoms to concentration of 1015 cm-3 with a 

uniform distribution. Front gate was realized as highly doped polysilicon layer. The back gate 

voltage was directly applied to the BOX without applying voltage to the substrate. After defining 

a model for simulations, a meshing procedure in Sentaurus Mesh software was performed. Then 

the device parameters transport properties were simulated in Sentaurus Device tool.  

Simulated transfer curves are shown in Figure 4.24(a). The drain voltage was chosen as 

50 mV. The back gate voltage varied from 0 V to 17 V. As we can see, applying back gate voltage 

affects threshold voltage and shifts the transfer curves towards lower front gate voltages. At lower 

back gate voltages (VBG<12.5 V) transfer curves have linear region (VFG-VTh~0.3V) and sublinear 

region (VFG-VTh~0.5V÷1V), which is caused by contact resistance and mobility degradation. At 

higher backgate voltages (VBG>12.5 V) two linear modes with two different slopes are observed 

before the sublinear mode is reached. Such an effect may be caused by formation of the second 

channel near the back gate oxide. The observation of the second linear region is also confirmed by 

transconductance of the NW FET, obtained as a derivative of the transfer curves (Figure 4.24(b)). 

Indeed for the case of higher VBG a plateau corresponding to the second linear region is clearly 

resolved on the transconductance curves. Such a behavior was also observed for ultrathin SOI 

MOSFETS with standard and ultathin-BOX layer[185]. It should be noted, that maximum value of 

transconductance increases with increasing the back gate voltage.  

In order to investigate the phenomenon of increasing the transconductance due to front-

back gate coupling, we perform a virtual experiment using a constant channel resistance mode. In 

this approach, VFG and VBG are changed in such a way that drain current remains constant. Under 

such conditions, the charge carriers redistribute from the top surface to the bulk of the nanowire, 

while maintaining the current through the sample constant. Changes of the device transconductance 

in such a mode indicates changing of the effective mobility according to Eq. (2.13). The method  

can be used for estimation of gate capacitance of ultra-small NW devices [88]. Figure 4.25 shows 

simulated charge carrier distributions at constant current through the channel (0.5 µA/µm) and 

different front and back gate voltages, which correspond most particular cases: high positive front 

gate voltage and low back gate voltage (VFG = 1.96 V and VBG = 0 V), both positive front and back 
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gate voltages (VFG = 0.7 V and VBG = 12.5 V) and strong positive back gate voltage in combination 

with negative front gate voltage. 

 

Figure 4.24 (a) Transfer curves of the n+-p-n+ Si NW FET simulated for different back gate 

voltages (VBG=0 V to VBG=17 V with a step of 1 V) at a drain bias of 50 mV. The ordinate is the 

specific drain current per µm of device width. (b) Specific transconductance derived from Figure 

4.24 (a) plotted at different back-gate voltages. The straight arrow indicates changing of the VBG 

parameter. The curved arrow indicates shift of the maximum of the transconductance. 

Applying a potential, attractive for the charge carriers, to the back gate, results in a 

redistribution of the channel into the bulk of the NW FET. By further increasing the back gate 

voltage, a second channel starts forming near the back gate (Figure 4.25 (b)). And finally, after 

applying a repelling potential to the front gate and high positive potential to the back gate there 

remains only one channel near the buried oxide (Figure 4.25 (b)). Such carrier distribution causes 

the transfer curves with two linear modes (Figure 4.24). Each of the linear regions of the transfer 

curve corresponds to one of the two conducting channels (near front and back gate). The linear 

regions have different slopes due to different level of the front gate control over each of them. 

Redistribution of the charge carriers into bulk of the NW FET is also confirmed by simulated 

concentration profiles along the x axes of Figure 4.25. Figure 4.26 demonstrates charge carrier 

distributions of Si NW FET as a function of the coordinate x (Figure 4.25) in the mode of constant 

resistance for different VFG and VBG values.  
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Figure 4.25 Simulated charge carrier distribution in the constant channel resistance mode. 

All the color maps are evaluated for the specific drain current of 0.5 µA/µm. The distributions were 

calculated at (a): VFG = 1.96 V and VBG = 0 V, (b): VFG = 0.7 V and VBG = 12.5 V, (c): VFG = -0.5 

V and VBG = 25 V. The main changes of the concentration occur along the x axis. 

As we can see from Figure 4.26, the case of Figure 4.25(b) corresponds to the situation, 

when charge carrier concentrations in both channels near front and back gate are equal. Increasing 

of the back gate voltage when the channel near the front gate is present leads to increasing of the 

carrier concentration in the channel (Figure 4.26). However, the current remains constant according 

to the experimental condition. Besides, according to Figure 4.24 (b) the transconductance of the 

NW FET also increases with increasing back gate voltage. Such an effect can be explained (Eq. 

(2.13)) only if front gate capacitance is increased due to front-back gate coupling effect. On the 

other hand, Figure 4.26 (b) demonstrates decreasing the overall concentration with formation of a 

pronounced channel near the back gate interface. At the same time we observe decreasing of the 

transconductance (Figure 4.24 (b)) while maintaining the drain current constant due to the 

conditions of constant channel resistance mode. This corresponds to decreasing of the capacitive 

coupling between front gate and the channel, because the channel is mostly located at the bottom 

interface. 
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Figure 4.26 Concentration profiles in the regime of constant channel resistance simulated 

for different pairs of front and back gate voltages. The arrows indicate changes of VBG and VFG. 

The specific drain current maintained constant at a value of 0.05 µA/µm. (a) demonstrates 

concentration profiles at increasing the back gate voltage and decreasing front gate voltage, which 

corresponds to transition from Figure 4.25(a) to Figure 4.25(b)(VBG changed from 0 V to 12.5 V 

and VFG changed from 1.46 V to 0.71 V). (b) demonstrates concentration profiles at further 

increasing the back gate voltage and further decreasing the front gate voltage, which corresponds 

to transition from Figure 4.25(b) to Figure 4.25(b) (VBG changed from 12.5 V to 25 V and VFG 

changed from 0.71 V to -0.5 V). 

The revealed effect of front-back gate coupling demonstrates that not only front gate 

controls the conducting channel of the NW. For optimizing the fabricated device performance the 

back gate impact on the conducting channel should be considered as well. Finding optimal values 

of VFG and VBG may result in better performance than traditional considering only a front gate for 

adjusting the device work point, because applying back gate voltage restructures the channel to the 

bulk regions of the NW, where scattering is lower. 

To conclude, we have considered in this subsection a formation of the conducting channel 

of Si NW FET under influence of both front and back gates using Sentaurus simulation software. 

A front-back gate coupling effect has been revealed and its positive impact on transconductance 

was explained using constant channel resistance mode simulation. In the next subsection we will 

investigate experimentally an effect of liquid-back gate coupling on sensitivity of Si NW array FET 

and its possible application for improving device sensitivity. Sensitivity of Si NW array FET in 

different modes of operation will be also considered. 
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4.2.3 Enhancing sensitivity of Si NW FET by liquid-back gate coupling 

The main goal of the presented work is fabrication of Si NW FET structures, which are 

stable, reliable and enough sensitive for continuous monitoring of electrogenic cell activity in vitro. 

In this subsection we use the Si NW array structures designed during this work and employ noise 

spectroscopy and transconductance measurements to establish the optimal regimes of operation for 

our fabricated silicon nanowire field-effect transistors (Si NW FETs) sensors. A strong coupling 

between the liquid gate and back gate, which was predicted in previous subsection, is revealed 

experimentally and used for optimization of signal-to-noise ratio in sub-threshold as well as above-

threshold regimes. Increasing the sensitivity of Si NW FET sensors above the detection limit was 

proven by direct experimental measurements based on artificial neuronal signal. 

The structures studied were Si NW FETs (Figure 4.27) designed, fabricated and 

encapsulated as it is described in section 3.2. The layout of structures corresponds to Layout 2 from 

Figure 3.1. Different FETs with Si NWs of different channel sizes were investigated. The length 

of the samples varied from 2 µm to 22 µm to extract information about contact resistance. The 

widths of each single nanowire in an array varied between different devices from 100 to 500 nm. 

It should be noted that the results presented hereinafter are obtained for the Si NW array FET of 

50 nanowires of 250 nm width and 16µm channel length. However, the effects revealed here were 

similar across all of the samples measured. The noise spectra and transconductance were acquired 

as discussed in Section 3.3. The structures investigated in this subsection have B-doped contacts 

and thus represent p+-p-p+ accumulation FET. We assume that findings of previous subsection 

should be also applicable to accumulation FETs, because of the similar working principle. 

 

Figure 4.27 Scanning electron microscopy (SEM) image of one of the Si NW FET used 

during described in this subsection experiments[40]. 
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Transfer curves of the investigated Si NW array FETs are shown in Figure 4.28(a). The 

characteristics show consistent scaling with the length of NW. Later on this feature will be used 

for extraction of contact resistance of the fabricated Si NWs. The transconductance of the 2µm 

sample is shown in Figure 4.28(b). It is significantly higher than for the case of single wire FET. 

 

Figure 4.28 (a) Transfer curves of Si NW array FETs of different channel length (from 2 

µm to 22µm) measured at VDS = - 2.0 V. (b) Transconductance of 2 µm Si NW array FET. 

Figure 4.29(a) illustrates the typical transfer curves measured at different VBG. Application 

of the back gate potential shifts the threshold voltage of the Si NW FET. Such a behaviour is caused 

by the front-back gate coupling effect, which was predicted in previous subsection. The effect also 

was shown for metal gated FET structures[124], [164], [186]. However, the observed effect has 

not yet been reported for liquid gated Si NW FETs. In this subsection we study the influence of the 

back gate potential on the threshold voltage and main NW FET sensor properties such as 

transconductance and SNR.  

As it was discussed above, the transconductance value of Si NW FETs determines how 

effectively the gate controls the drain current. Figure 4.29(a) demonstrates, that gm, of a Si NW 

FET is dependent not only on front gate, but also on the back gate voltage. Therefore, the back gate 

voltage can tune the Si NW FET operation mode in terms of sensitivity. A summary of the 

transconductance mapping for different front and back gate voltages is shown in Figure 4.29(a) as 

contour plot. The transconductance exhibits a pronounced peak (Figure 4.29(b)) at certain 

combination of front and back gate voltage: VFG≈0 V and VBG≈-10 V. It should be emphasised that 
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increasing the back gate potential improves the maximum transconductance value of the Si NW 

FET and this data corresponds to findings of the previous subsection. The increase in gm can be 

explained by the shift of the conducting channel from the surface to the bulk volume of the channel. 

As we have discussed in subsection 4.2.2, the front-back gate coupling it leads to increasing the 

effective front gate capacitance and the effective channel mobility due to lower scattering in the 

bulk NW region. 

 

Figure 4.29 (a) Transfer curves of Si NW array FETs (250 nm width of each NW in array 

and 16µm channel length), VDS= 1 V and VBG, which varied from 5V to -15V with a step of 5V. 

The direction of VBG changes is shown with and arrow in the figure. (b) Transconductance of the 

Si NW array FET measured at VDS = 1 V and plotted as a colour map versus VBG and VFG. Red 

corresponds to the maximum transconductance, blue – to the minimum. 

It should be noted, that the back gate voltage is applied to the whole structure, including 

contact regions, as can be seen in Figure 2.4. Therefore, modulation of the transconductance by 

changes in the back gate voltage might be caused by changes of the contact resistance. Such a 

possibility was not considered in the previous subsection, therefore we are going to verify this 

hypothesis experimentally here.  

In order to exclude any contact effects, we measured transfer curves for the samples with 

different channel length. The VDS was kept small 100 mV to ensure a linear regime of operation. 

At small drain biases (less than the overdrive gate voltage, VFG-VTh) the channel of the Si NW FET 

sensor can be treated as a resistor with a resistance proportional to the channel length. Resistance 

of the channel measured at the same values of the overdrive gate voltage  in the linear region is 

linear function of the length[187] 
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 𝑅𝑐ℎ =  𝑅𝑐 +
𝜌

𝑆
𝐿, (4.32) 

where Rch is the total resistance of the Si NW channel, Rc is the overall contact resistance of both 

source and drain regions, ρ is the specific channel resistivity. If we perform linear fitting of the 

dependence of channel resistance on length, the contact resistance can be extracted as the intercept 

of the fitted curve with the ordinate axis. The channel resistance measured as a function of length 

at VDS = 0.1 V and VFG-VBG = 0.5 V is shown in Figure 4.30(a) for different back gate voltages. 

Applying a negative (opening) back gate voltage decreases the channel resistance. The contact 

resistance, extracted using minimum least square fit interpolation is shown in Figure 4.30(b). It 

grows when the VBG changes from 5 V to -15 V. Taking into account that the contact resistance is 

connected in series with the channel resistance, increasing the contact resistance can lead only to 

degradation of the sample transconductacne. However, according to Figure 4.29(b) the 

transconductance increases with higher magnitude back-gate voltage. This fact reflects that 

increasing the transconductance is not caused by a contribution of contact regions to the transport 

in the Si NW array FET. 

 

Figure 4.30 (a) Channel resistance of the Si NW array FET with channel width of 250 nm 

as a function of channel length at different back gate voltages. The straight lines correspond to the 

linear least square fit of the Rch (Lch) dependence. (b) Contact resistance of the Si NW array FETs 

plotted as a function of back gate voltage. The points are connected with lines as a guide to the eye 

As we have discussed above, SNR of Si NW FET is defined not only by transconductance, 

but also by level of intrinsic noise of the device. According to Eq. (2.19)  the lower value of Su 
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leads to higher SNR. The SNR can be improved by finding the operation modes with the lowest 

equivalent input noise. For this purpose we will first consider a method of constant channel 

resistance, as in previous subsection. Noise spectroscopy of a FET in the constant resistance regime 

is used for finding the optimized conducting channel position[188] . As it was mentioned before in 

this approach, VFG and VBG are changed in such a way that drain current remains constant. The VDS 

is kept at a constant small value to provide the linear regime of operation. As we have shown before 

under such conditions, the charge carriers redistribute from the top surface to the bulk of the 

nanowire. In the regime of constant resistance for the case of accumulation FET, applying a 

positive front-gate voltage and a negative back-gate voltage moves the conducting channel from 

the front gate oxide to the BOX, while maintaining the drain current constant.  

For analysis of the SNR behaviour in the regime of constant resistance, we have measured 

transconductance and noise of the Si NW array FET at the channel resistance of 330 kOhm, which 

corresponds to the maximum of gm at zero back-gate voltage. ID was 0.3 µA during the whole 

measurement. Noise measurement output of these experiments are presented in Figure 4.31. 

Overall noise of the device decreases with increasing the back gate voltage, however in some parts 

of Figure 4.31 a non-monotonic behavior of spectra is observed.  

 

Figure 4.31 Drain voltage noise spectral density, SV, of the array of 50 Si NWs with 250 

nm width and 16 µm length, measured in the regime of constant channel resistance of 330 kOhm. 

Drain bias was 0.1V, front and back gate voltages were swept in such a way that the current through 

the sample remained constant at 0.3 µA.  

 As one can see from Figure 4.32(a), the transconductance demonstrates non-monotonic 

behaviour as we apply negative potential to the back gate (which attracts holes to the bottom 
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interface of the NWs) and positive potential to the front gate (which repels holes from the top 

surface of the NWs). Maximum of the transconductance is observed at VBG= - 7 V, which is in 

good agreement with data of the Figure 4.29 (b). Further decrease of the transconductance with 

increasing back gate voltage is explained by shifting of the conducting channel from the top of the 

dielectric layer to the bulk of the Si NW array FET. Such a behavior corresponds to predictions of 

the previous subsection. The channel voltage spectral density (Figure 4.31) was measured in each 

point of this measurement and then recalculated to SI using Eq. (3.4). The flicker (1/f) noise 

component, which causes the main fluctuations of the channel current at low frequencies (1-

1000Hz) is extracted from the spectra using fitting as described in 3.3.4. It is shown together with 

the transconductance in Figure 4.32(a). The current spectral density of flicker noise follows the 

behaviour of the transconductance in the narrow region of back gate voltages (from 0 to -10 V). 

Taking into account that current was the same for the all measured points, we can conclude that 

the top dielectric layer is responsible for fluctuations generated in the channel of the nanowire for 

the case of low back gate biases. [130], [189]  

The equivalent input spectral density value, Su, calculated for the flicker noise component 

at 1Hz is shown in Figure 4.32(b). A slight decrease of the Su value at more negative back gate 

potentials is observed. This fact demonstrates the high quality of the buried oxide layer[190], 

because moving the channel from top to the bottom interface of the NW reduces Su. The decrease 

in Su also results in the increase of the SNR (Equation (6)), which is favorable for the sensor 

performance. In the region of back gates between -10 V and -20 V the dependence of Su on back 

gate voltage becomes flat and the value of Su is lower than in the case of an unbiased back gate. 

Therefore, we consider this range of back gate voltages as optimal, because the equivalent input 

noise is lower than in the case of zero back gate potential and scattering of the Su value for the VBG 

between -10 and -20 V is lower than for higher back gate voltages (Figure 4.32(b)). 

The optimal range of back gate voltages provides improved sensor characteristics. 

However, value of the Su does not entirely reflect correct SNR value, because it is taken at a 

frequency of 1 Hz. Therefore to find the optimal regime of operation for the Si NW FET array, we 

performed a calculation of signal-to-noise ratio at different drain, front-gate and back gate voltages. 

The frequency range between 1Hz and 10 kHz was chosen for evaluation of the SNR to fit most 

bio-applications. Within this range, both excess noise and thermal noise should be considered in 
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order to estimate the SNR accurately. Therefore, for calculation of the SNR we use the full spectra 

of Su and perform numeric integration according to Eq. (2.19) to get the contribution of all types 

of noise in the frequency range of interest. The δVFG in Eq. (2.19) is taken as 1V. For the experiment 

we have chosen parameter ranges (VDS, VFG, VBG) that cover entire scope of transport regimes.  

 

Figure 4.32 (a) Transconductance (black circles), and amplitude of flicker noise at 1 Hz 

(red stars), of the Si NW array FET measured in the regime of constant channel resistance. The 

dependencies are functions of both front (top axis) and back (bottom axis) gate voltages. The data 

points are connected with lines for better visual perception. (b) Equivalent input voltage spectral 

density calculated for the flicker noise component at 1Hz and plotted as a function of back gate 

and front gate voltage[40]. 

The front gate voltage was swept in the full range from the subthreshold to the 

overthreshold region; the main characteristic workpoints were defined as the combination of two 

drain and two back gate voltages. The two drain bias values were taken as 0.1 V and 1.0 V, which 

represent linear and saturation modes, respectively. For the back gate voltage, the following two 

values are used: 0 V, representing the normal case with an unbiased substrate and  -10 V, which 

was chosen as an optimal value, using data from Figure 4.32(b). The transconductance of the Si 

NW array FET, measured using a lock-in technique at a frequency of 834 Hz, is shown in Figure 

4.33(a) as a function of overdrive front gate voltage for the main cases described above: 

VDS = 0.1 V, VBG = 0 V; VDS = 0.1 V, VBG = - 10 V; VDS = 1.0 V, VBG = 0 V and VDS = 1.0 V, 

VBG = - 10 V. The normalized SNR calculated for the measured transconductance values is shown 

in Figure 4.33(b). 



Chapter 4. Results and discussion 

118 

 

At low drain biases (Figure 4.33(b)), the SNR follows behavior of gm (Figure 4.33(a)). Such 

a behavior of the SNR is related to the main contribution of the thermal noise component within 

the chosen frequency range (see Figure 4.34). Therefore applying a back gate voltage has no strong 

impact on gm at low drain bias, but it decreases overall channel resistance (Figure 4.30(a)) and 

hence decreases the overall thermal noise. This results in slight increase of the SNR (Figure 

4.33(b)) at the point of maximum of transconductance. 

 

Figure 4.33 (a) Transconductance of the Si NW array FET; (b) SNR plotted as a function 

of overdrive front gate voltage at two drain biases (0.1 V and 1.0 V) and different back gate voltages 

(0V - red curves and –10 V - black curves); 

 

Figure 4.34 Comparison of the current noise spectral density for the cases of linear 

(VDS=0.1V, red curve) and saturation (VDS=1.0V, black curve) modes at an overdrive gate voltage 

(VFG - VTh) of -0.7 V. 
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At the relatively high drain voltage of 1V, there is no pronounced maximum on the SNR 

dependence on front gate potential in contrast to the linear region (VDS=0.1V). It reflects the major 

contribution of the flicker and generation-recombination noise components (Figure 4.34), which 

change proportionally to the gm. Therefore Su  demonstrates weak dependence on the front gate 

voltages in the saturation mode (VDS = 1 V). It should be emphasized, that the normalized SNR at 

1V drain voltage (Figure 4.33(b)) is much higher than one at 0.1V. At low drain voltage, the drain 

current and the transconductance of the sample are proportional to the drain-source voltage. In the 

saturation mode, the drain voltage has almost no effect on drain current and thus the value of the 

flicker noise. However, the transconductance value remains proportional to the drain voltage in the 

saturation mode. Therefore, the SNR value is increased at high drain voltages compared to the 

linear mode. 

As follows from the data in Figure 4.33(b), applying the back gate voltage of -10V improves 

SNR of the transistor up to 1.5 times when operating in saturation mode. At the same time, the 

transconductance value increases by approximately 1.1 times at the maximum point. It 

demonstrates that applying the back gate voltage reduces the intrinsic noise of the device. It should 

be emphasized that the back gate voltage has a positive impact on SNR for both subthreshold and 

overthreshold modes (Figure 4.33(b)). This fact was not previously reported in literature. 

Positive effect of the back gate voltage on sensitivity can be explained by analyzing the 

NW FET noise behavior. In Figure 4.35 we plot Su of 1/f noise at 1Hz for the case of saturation 

mode (VDS=1V) and different back gate voltages (0V and -10V).  

The Su demonstrates weak dependence on VFG at VBG=0 on the contrary to the case of VBG= 

-10V, when Su changes proportionally to the gate voltage. As we have discussed in 2.2.3, the Su 

independence of gate voltage is the sign for number fluctuation noise model[108], [127], whereas 

proportionality to the gate voltage reflects mobility fluctuations noise model[108], [127]. 

Therefore, we can conclude that applying back gate potential switches the dominant mechanism of 

carrier scattering in the sample from surface to volume nature. The noise suppression caused by 

applying high back gate voltages originates from the change in the fluctuation mechanisms and this 

effect dominates over the decrease of the transconductance (Figure 4.32). These data represent 

background for increased sensitivity of silicon nanowire FETs under biased back gate conditions. 
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Figure 4.35 – Equivalent input noise for 1/f component extracted from measured spectra 

and plotted versus overdrive front gate voltage at VDS = 1.0 V and different VBG : red circles – VBG 

= 0V, black squares – VBG = -10V. The red dashed line reflects SU behavior for the case of number 

fluctuations model of 1/f noise. Black dashed line reflects proportionality to front gate voltage – 

typical for mobility fluctuation model [40]. 

Now, having the optimized conditions obtained from the results shown in Figure 4.33(b) 

we approve them in the experimental measurements of the pulse signals with parameters similar to 

the extracellular recording of action potentials from a neuronal cell (pulse width of 3 ms). The 

signals were generated using specially designed for this purpose low-noise pulse generator. The 

layout of the generator circuit is shown in Figure 4.36(a). A function generator regulates duration 

and periodicity of the pulses from the circuit. In the upper position the relay Figure 4.36(a), a 

battery charges a 100 nF capacitor through a 100 kOhm resistor. In the lower position of the relay 

in Figure 4.36(a) the capacitor discharges to the ground through the 100kOhm resistor in parallel 

to the load resistor. An example of a pulse signal from described generator is shown in Figure 

4.36(b). 
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Figure 4.36 (a) Circuit for generating low-noise pulses similar to the extracellular signal 

from a neuronal cell. (b) Example of a pulse generated by the circuit from (a). RE is the acronym 

for the reference electrode 

We applied the pulses generated by the circuit from Figure 4.36 (a) to the reference 

electrode and adjusted the amplitude of the pulses to obtain a sensor response with SNR about 1. 

The transistor working point was set according to the considerations of Figure 4.33(b) : VDS was 

set to 2.0V (saturation mode) and VFG was adjusted to the value of -1.3V to get the maximum gm, 

VBG was set to 0. Figure 4.37(a) shows the test signal and response of the sensor. Then we reduced 

the test signal amplitude by a factor of approximately 1.5, according to the conditions discussed 

previously. The signal was barely recognizable, because of the noise level of the NW FET. Then, 

using the chosen basing on previous experiments back gate voltage of -10V and a VFG adjusted to 

yield the maximum transconductance, we distinguished signal despite its reduced amplitude. 

Figure 4.37(b)shows that the signal, which is 1.5 times lower than the initial pulse is resolved with 

even better SNR than in Figure 4.37(a). Hence, using of the back gate electrode allows 

improvement of the sensitivity to signals that are below the noise limit of the sample when no back 

gate voltage is applied. 
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Figure 4.37 Signal recovery below the device noise level, utilising front-back gate coupling. 

(a) Test signal (black line) applied to the reference electrode and the response of the sensor (red 

line) at VDS = 2.0V, VFG = - 1.3V, VBG= 0 V. (b) Signal is still resolved at VDS = 2.0V, VFG = - 0.3V, 

VBG = - 10V, with the test signal decreased by a factor of 1.5 compared to (a). Both graphs (a) and 

(b) contain the signals, which were filtered to the range from 1Hz to 10 kHz[40]. 

In conclusion, high-quality silicon nanowire array FET biosensors with different channel 

dimensions were fabricated and studied. The sensitivity of the devices has been measured and 

proven to be sufficient enough for extracellular monitoring of the electrogenic cell activity. An 

effect of coupling between the liquid gate and the substrate (back gate) has been predicted in 

simulation and then revealed experimentally. It is shown that reassembling of the channel carriers 

due to front-back gate coupling effect changes the dominant scattering mechanism in the FET. The 

effect is used for tuning of the fabricated NW FET sensitivity. The SNR provided by the fabricated 

biosensor structure was improved by 50 %. The developed approach is used to recover signal below 

the initial detection limit. The findings of this subsection also inspire novel ways for improving 

sensitivity of the biosensors by designing devices with controlled channel position. The results 

reflect applicability of the designed and fabricated NW array FET structures for cell-based in vitro 

experiments. In the next subsection we will discuss behavior of neuronal cells in presence of Si 

NW structures and methods for guiding cells to desired spot on the chip. On the basis of the selected 

NW structure designs we have fabricated a test pattern for investigation of the interface between 

Si NWs and Si NW arrays and neuronal cells.  
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4.2.4 PLL patterning on Si NW FET structures 

In previous chapters we have discussed the main requirements for a FET sensor to provide 

extracellular detection of an electrogenic cell activity. Then we designed and fabricated the Si NW 

FET structures according to our measurements and predictions. However, one of the major points 

of using Si NW FET structures is establishing improved contact between neuronal cells and surface 

of the FET sensor. Therefore this subsection and next ones are devoted to investigation of the 

interface between Si NWs and neuronal cells using FIB technique. Here we will consider guiding 

neuronal cells to Si NW structures.  

For investigation of the interface between Si NW FET and neuronal cells we cultured rat 

cortical neurons, taken from a rat embryos, over Si NW test pattern, which contained the NWs of 

different lengths and width. The cells were prepared by Dr. Francesca Santoro. The pattern is 

discussed in detail in the section 3.4.1. Figure 4.38 demonstrates typical picture of the neuronal 

cells over the Si NW arrays after 7 days in vitro. The whole sample was covered with PLL before 

the cell culture. The procedure is discussed in 3.4.2. As we can see, the cells are distributed 

randomly over the sample and they cover the NW regions only occasionally. Therefore we can 

conclude, that the NW structures are fully biocompatible, but the cells have no particular 

preferences for seeding over the NW structures than anywhere else. Such a situation is not 

favorable from the point of view of finding proper samples for investigation the interface between 

NWs and neuronal sells. Therefore we have patterned the PLL on the surface of test NW samples 

using PMMA and e-beam writing. 
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Figure 4.38 Optical image of the neuronal cells cultured over the test pattern with silicon 

nanowires. The image is taken using differential interference contrast filter. 

The samples were fabricated as it is discussed in 3.2.2. Before the step of PLL coating, the 

samples were covered with layer of PMMA 649.04 (200K): heating for 5 min to 180 ºC for 

dehydration, spin-coating the PMMA resist for 30s at 4000 rpm on and further drying of the resist 

by heating to 180 ºC for 5 min. The openings for PLL were written using e-beam lithography with 

the dose of 250 µC/cm2, 50 nm beam step size and 100 nA current. Then the samples were 

submerged into development solution AR-P 600-55 for 1 min and in isopropanol for 1 min as a 

development stopper. After described procedures the test samples were fabricated: silicon NW 

chips covered with PMMA with rectangular openings over the NW structures. In order to verify 

quality of PLL patterning we have coated the samples with fluorescein isothiocyanate labeled PLL 

(FITC-PLL), which was diluted in the same way as PLL in 3.4.2. The sample was kept after coating 

in the 4 ºC fridge overnight. In order to remove PLL coating everywhere except the NW regions 

we performed a lift-off procedure and removed PMMA and unnecessary FITC-PLL by immersing 

the sample for 1 min in acetone and then again for 1 min in fresh acetone for cleaning. As next a 

fluorescent images were taken using UV light. The grayscale image, which shows the successful 

PLL patterning is shown in Figure 4.39. The bright areas exhibit fluorescence and therefore 

correspond to the places covered with FITC-PLL. 
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Figure 4.39 Fluorescence image of the FITC-PLL patterned on Si NW FET structures. 

Bright areas indicate presence of PLL on the surface. 

After successful patterning of the PLL, the neuronal cells were cultured on the samples and 

placed into the incubator. The cell media was half-exchanged each 2 days and after 7 days in vitro, 

the samples were checked using live/dead staining. The optical image of combined fluorescent 

channels for live neurons, dead neurons and DIC channel is shown in Figure 4.40. 

 

Figure 4.40 Images of live/dead staining of neuronal cells cultured on Si NW array 

structures. The pictures are combination of images from red and green fluorescent channels and a 

differential interference contrast (DIC) filter image. 

 As it can be seen from Figure 4.40, after the procedure of PLL patterning neuronal cells 

tend to agglomerate on the NW structures and mostly avoid free space. Multiple cells are gathered 

over the NW structures. This result reflects positive effect of PLL patterning on cell guidance. 

Neuronal cells can be attracted to the spots with nanowires and even form networks. 

In this subsection we have shown successful PLL patterning on Si NW test pattern, which 

resulted in efficient cell-guidance. The results reflect possibility of designing neuronal networks 

directly on functional NW FET chips and extracellular investigation of the whole networks. In the 

next subsection we investigate interface between single neuronal cells and NW structures using 

FIB.  

4.2.5 Investigation of Si NWs / neuronal cell interface using FIB 

As we have shown above in subsection 2.3.3 the cleft between neuronal cell and sensor 

surface determines quality of the electric signal transmission from a cell to the transducer. A Si 
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NW FETs were chosen for extracellular electric signal detection as a transducer with a reduced 

cleft between cell and the sensor surface. The assumption was made based on literature data of 

measuring the cleft between neuronal cells and bottom-up processed silicon nanowires[30], [36]. 

Here we use critical point drying technique and FIB to investigate interface between neuronal cells 

and Si NW array FETs, fabricated using top-down approach.  

 In the previous subsection we have shown that after PLL patterning and guiding neurons 

the probability of finding a single neuron on one of the Si NW FET structures is much higher than 

in the case of uniform PLL coating. Therefore for FIB experiments we used the samples with PLL 

patterning. After 7 DIV the cells were fixed as discussed in subsection 3.4.4 and dried using critical 

point drying. Then the samples were coated with 1 nm platinum to improve SEM imaging, because 

cell membranes are non-conductive. Typical SEM images on the neuronal cells fixed on Si NW 

structures are shown in Figure 4.41. In Figure 4.41(a) two neuronal cells cover entirely single Si 

NW, and thus it is hard to recognize NW under the cells. In Figure 4.41(b) the cell is located in the 

middle of the NW structure and the axon and dendrites cover the entire NW structure. 

 

Figure 4.41 SEM images of neuronal cells on Si NW structures: (a) on single Si NW and 

(b) on Si NW array. 

Then FIB cuts of the cells on the NW structures from Figure 4.41 were performed. Figure 

4.42 (a) demonstrates general view of the cell on single NW cut in the middle of the soma. The 

arrow indicates Si NW, which hits the cell near its border. The magnified part, which contains NW 

is shown in Figure 4.42 (b).  
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Figure 4.42 FIB cut of a neuronal cell fixed on single Si NW. (a) general view on the cross-

section. The NW is indicated with an arrow. (b) The close view of a 200 nm wide Si NW engulfed 

by a cell. 

The single NW cross-section can be observed in Figure 4.42 (b). It has a trapezoidal shape 

because of wet chemical etching procedure during fabrication. Silicon oxide can be clearly 

distinguished from silicon and material of a fixed cell body. Figure 4.42 (b) shows that the cell has 

engulfed the NW, which means extremely low cleft between cell membrane and surface of the 

NW. 

For the case of Si NW arrays (Figure 4.41(b)) the FIB cut is shown in Figure 4.43. The 

general view Figure 4.43(a) demonstrates that the cell contacts the NWs in the middle as well as in 

near the border. The cells form cavities between cell membrane and surface of the NW sensor. 

However, if we have a closer look on Figure 4.43(b), we can see that the cavities usually have 

closed volume, which should prevent a leakage of the useful signal. In the middle of the cell, the 

membrane is firmly attached to the surface of the NWs. Figure 4.43(b) demonstrates an array of 

100 nm wide Si NWs. The front gate oxide is clearly resolved in the figure. The measured value of 

the gate oxide thickness was 7.5 nm which reflects good agreement between the ellipsometric 

measurements during fabrication process with the actual value measured with FIB on the finalized 

Si NWs. 

In order to check if the observed cavities have leakage to the electrolyte solution we 

performed a FIB cut of the cell both along and across the NW The cross sections are shown in 

Figure 4.44. The longitudinal cross-section of a cell on Si NW array structures is shown in Figure 
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4.44 (a), (b). The partial detaching of the cell from NW is followed by a region with tight contact 

between NW and the cell. The cut along the NW structures shows that the cavities of the fixed cell, 

which might look as a detachment from the NW, behave in the same way as on the transversal FIB 

cut and are fully closed from the outer environment. Figure 4.44 (c),(d) shows additional 

transversal cut and Figure 4.44 (d) demonstrates example of the section of a closed cavity of the 

cell on 250 nm wide NWs. Closed cavities are not contributing to the leakage of the signal, because 

of high seal resistance provided by the membrane, which is attached to the NW surface. It should 

be noted, that Figure 4.43 and Figure 4.44 demonstrate, that length of the NW structures up to 

10 µm is sufficient to gather the signal from the entire cell. Even if the cell is slightly larger than 

the NWs the signal still can be transmitted to the channel in the NW though the parts of the cell 

attached to the NWs. 

 

Figure 4.43 FIB cut of a neuronal cell on Si NW array. (a) general view on the cross-section. 

(b) Close view of a neuronal cell over 100 nm wide NWs. The cell, silicon substrate and BOX 

shown on the figure with corresponding titles; the arrow indicates one of Si NWs. 
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Figure 4.44 Transversal and longitudinal FIB cut of a neuronal cell on Si NW array. (a) 

general view on the cross-section long the wires. (b) Close view of a longitudinal cross-section.   

(c) general view of a cell after two FIB cuts.(d) close view on the transversal FIB cut of a neuronal 

cell on the Si NW array.  

In conclusion, we have shown a high quality of the interface between neuronal cells and 

NW structures of different geometry using critical point drying technique and FIB sectioning. The 

fabricated structures are fully biocompatible and the neuronal cells were successfully guided to the 

NW structures using the PLL pattern. The results of this and previous subsection indicate 

applicability of the fabricated structures for extracellular monitoring of the neuronal cell activity  
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5. Conclusions and outlook 
This thesis is devoted to design, technology development and fabrication of Si NW FET 

structures for neuronal cell interfacing and characterization of their transport properties and 

reliability utilizing technique of noise spectroscopy. The transport properties were first studied in 

FET transistors based on single Si NWs. The results of the investigations were used for the 

development and fabrication of Si NW array FET structures represented by 50 NWs connected in 

parallel and optimized for extracellular recording from neuronal cells. The interface between 

neuronal cells and fabricated structures was studied using FIB technique. Fabricated structures 

were characterized electrically in order to find optimal regimes of liquid-gated FET operation with 

maximum sensitivity.  

The transport properties single Si NWs were studied using I-V measurements and noise 

spectroscopy to understand the main factors influencing sensitivity of Si NW FET. Results of 

transport investigation in short-channel Si NW MOSFETs revealed a modulation of the NW 

conducting channel by a single trap. Analysis of noise spectra and time traces of the device 

fluctuations allowed us to evaluate parameters of the single trap influencing transport in the NW. 

Observed strong modulation of a channel conductivity by a single trap in the gate dielectric reflects 

extreme charge sensitivity of Si NW FET structures, which makes possible detection of local 

concentrations of biomolecules down to single molecule level. However, sensitivity of the single 

wire FETs to changes of surface potential was found to be insufficient for extracellular monitoring 

of electrogenic cell activity. Based on literature research the value of 100 µV (filtered to the 

frequency range between 1 Hz and 10 kHz) was chosen as a target sensitivity for Si NW FET 

structure in order to establish a robust platform for monitoring cell activity. To meet such a 

requirement, the role of different NW parameters including the influence of the measurement 

environment on transport properties of Si NW FET structures was investigated. Influence of the 

electrolyte gate was studied by immersing a back gated Si NW FET into PBS solution. The effect 

of screening the charges of surface traps by electrolyte gate was revealed. It was shown that the 

electrolyte gate has no significant impact on the noise of the device at the gate voltages above the 

threshold voltage. In the subthreshold mode applying of the electrolyte to the NW surface results 

in one order of magnitude noise supression. The impact of contact resistance and high field mobility 

degradation was shown by comparison of the theoretical studies of the NW FET to experimentally 
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measured transfer curves. The results of theoretical modelling of the NW FET structures pointed 

out the importance of considering quantum charge carrier distribution when analyzing transport 

properties of NW structures. In order to study quality of the signal transduction through a Si NW 

FET we have studied spectral behavior of the device transconductance using developed technique 

of white noise stimulation. Analysis of the transconductance spectra reveal that the signal can be 

transmitted into the NW channel not only due to field effect of the transistor, but also due to 

capacitive coupling between liquid gate and drain of the NW FET. It was shown that in 

overthreshold mode of operation the signal is transmitted undistorted in the range between 1 Hz 

and 10 kHz. This reflects applicability of Si NW FETs for extracellular communication with 

neuronal cells. 

The considerations based on investigation of single Si NW FETs transport properties were 

used to design and fabricate high quality Si NW array FET structures, each consisting of 50 NWs 

connected in parallel. In order to optimize SNR of fabricated Si NW array FETs and get maximum 

sensitivity we have studied behavior of the device transconductance and intrinsic noise in different 

regimes of NW FET operation. Transport characteristics of the developed and fabricated NW 

structures were simulated using Sentaurus TCAD software, taking into account influence of the 

back gate voltage on transport in Si NW FET. Analysis of the simulated transfer curves of Si NW 

FET revealed a coupling effect between front and back gate, which results in a strong impact of 

back gate voltage on threshold voltage and transconductance of the NW FET. The positive effect 

of the front-back gate coupling on transconductance was demonstrated and studied using 

simulation of the Si NW in constant channel resistance mode. The distribution of the charge carriers 

in the channel of a NW FET was simulated at different front and back gate voltages, which were 

chosen in a way that the drain current maintained constant. The analysis of the calculated data 

revealed restructuring of the conducting channel from top NW interface to the bulk part of the NW 

under influence of the back gate. These results reflect importance of considering back-gate 

electrode for finding optimal operation regimes of the NW FET biosensor. The predictions based 

on the simulations were then proven by real experimental measurements with the fabricated Si NW 

array FETs. The measurements of transconductance and noise in different operation regimes testify 

predicted positive effect of the back-gate voltage on SNR of the Si NW array FET. The sensitivity 

of the NW structures was tested using pulse signals with parameters similar to the shape of the 

extracellular changes of the surface potential caused by a neuronal cell action potential. The results 

of the sensitivity tests demonstrate that our developed and fabricated Si NW FETs can detect 
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signals below the value of 100 µV, which was determined as target sensitivity for establishing a 

robust tool for extracellular monitoring of the electrogenic cell activity. Then the quality of an 

interface between neuronal cells and fabricated Si NW structures was confirmed using FIB. The 

PLL patterning was used to guide neuronal cells to the NW structures. Analysis of the FIB cuts has 

shown that interface between the cells and Si NW array structures has almost no cleft. Engulfment 

of single wires was demonstrated. Therefore the fabricated Si NW FETs are proven to be applicable 

for extracellular monitoring of the signals from the electrogenic cells in vitro. 

The outlook of the future work includes several directions. The first is conduction of the 

extracellular monitoring of neuronal cell and HL-1 cell activity using developed Si NW array FET 

structures. We are going to estimate the seal resistance of the cell / NW interface applying the 

approach from [191] but using instead of the impedance spectroscopy our developed method of 

transconductance spectroscopy. The method is based on applying a small AC signal to the front 

gate electrode and comparing the response of the NW FET with and without cells on top of the 

NW FET. The next direction is investigation of transport phenomena in Si NW FETs in order to 

utilize the full potential of the interesting effects observed during this work. The plans include 

extended experimental and theoretical studies of the front-back gate coupling effect for 

understanding of transport peculiarities related to this effect and developing optimal geometries for 

its utilization. Also investigation of the conduction channel modulation effect caused by a single 

trap in the gate dielectric, which was observed during this work, is in focus of our studies for 

developing novel sensing approaches based on the single trap phenomena. 

  



 

133 
 

References 
[1] L. Du, C. Wu, Q. Liu, L. Huang, and P. Wang, “Recent advances in olfactory receptor-based 

biosensors.,” Biosens. Bioelectron., vol. 42, pp. 570–580, Apr. 2013. 

[2] E. K. Wujcik and C. N. Monty, “Nanotechnology for implantable sensors: carbon nanotubes 

and graphene in medicine.,” Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol., vol. 5, no. 3, 

pp. 233–249, 2013. 

[3] F. M. Musteata, “Recent progress in in-vivo sampling and analysis,” TrAC Trends Anal. 

Chem., vol. 45, pp. 154–168, Apr. 2013. 

[4] R. Pilolli, L. Monaci, and A. Visconti, “Advances in biosensor development based on 

integrating nanotechnology and applied to food-allergen management,” Trends Anal. Chem., 

vol. 47, pp. 12–26, Jun. 2013. 

[5] A. P. F. Turner, “Biosensors: sense and sensibility.,” Chem. Soc. Rev., vol. 42, no. 8, pp. 3184–

96, Apr. 2013. 

[6] J. Kimura and T. Kuriyama, “FET biosensors.,” J. Biotechnol., vol. 15, no. 3, pp. 239–254, 

Aug. 1990. 

[7] M. Lee, A. Lucero, and J. Kim, “One-dimensional Nanomaterials for Field Effect Transistor 

(FET) Type Biosensor Applications,” Trans. Electr. Electron. Mater., vol. 13, no. 4, pp. 165–

170, Aug. 2012. 

[8] C. I. L. Justino, T. a. P. Rocha-Santos, S. Cardoso, and A. C. Duarte, “Strategies for enhancing 

the analytical performance of nanomaterial-based sensors,” TrAC Trends Anal. Chem., vol. 

47, pp. 27–36, Jun. 2013. 

[9] A. Tarasov, W. Fu, O. Knopfmacher, J. Brunner, M. Calame, and C. Schönenberger, “Signal-

to-noise ratio in dual-gated silicon nanoribbon field-effect sensors,” Appl. Phys. Lett., vol. 98, 

no. 1, pp. 012114–1 – 012114–3, 2011. 

[10] N. O. Weiss, H. Zhou, L. Liao, Y. Liu, S. Jiang, Y. Huang, and X. Duan, “Graphene: an 

emerging electronic material.,” Adv. Mater., vol. 24, no. 43, pp. 5782–825, Nov. 2012. 

[11] N. S. Ramgir, Y. Yang, and M. Zacharias, “Nanowire-based sensors.,” Small, vol. 6, no. 16, 

pp. 1705–1722, Aug. 2010. 



References 

134 

 

[12] G.-J. Zhang and Y. Ning, “Silicon nanowire biosensor and its applications in disease 

diagnostics: a review.,” Anal. Chim. Acta, vol. 749, pp. 1–15, Oct. 2012. 

[13] Y. Wang, T. Wang, P. Da, M. Xu, H. Wu, and G. Zheng, “Silicon nanowires for biosensing, 

energy storage, and conversion,” Adv. Mater., vol. 25, no. 37, pp. 5177–5195, Oct. 2013. 

[14] E. Stern, J. F. Klemic, D. a Routenberg, P. N. 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, vol. 445, no. 7127, pp. 519–522, Feb. 2007. 

[15] G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, and C. M. Lieber, “Multiplexed electrical 

detection of cancer markers with nanowire sensor arrays.,” Nat. Biotechnol., vol. 23, no. 10, 

pp. 1294–301, Oct. 2005. 

[16] F. Patolsky, G. Zheng, and C. M. Lieber, “NANOWIRE-BASED BIOSENSORS,” Anal. 

Chem., vol. 78, no. 13, pp. 4260–4269, 2006. 

[17] G. Zheng, X. P. a Gao, and C. M. Lieber, “Frequency domain detection of biomolecules using 

silicon nanowire biosensors.,” Nano Lett., vol. 10, no. 8, pp. 3179–83, Aug. 2010. 

[18] A. Poghossian, S. Ingebrandt, A. Offenhäusser, and M. J. Schöning, “Field-effect devices for 

detecting cellular signals.,” Semin. Cell Dev. Biol., vol. 20, no. 1, pp. 41–48, Feb. 2009. 

[19] T. Kong, R. Su, B. Zhang, Q. Zhang, and G. Cheng, “CMOS-compatible, label-free silicon-

nanowire biosensors to detect cardiac troponin I for acute myocardial infarction diagnosis.,” 

Biosens. Bioelectron., vol. 34, no. 1, pp. 267–272, Feb. 2012. 

[20] S. Ingebrandt, C.-K. Yeung, M. Krause, and A. Offenhäusser, “Neuron-transistor coupling: 

interpretation of individual extracellular recorded signals.,” Eur. Biophys. J., vol. 34, no. 2, pp. 

144–154, Mar. 2005. 

[21] A. Mason, A. Nicoll, and K. Stratford, “Synaptic Transmission between Individual Pyramidal 

Neurons of the Rat Visual Cortex in vitro,” J. Neurosci., vol. 11, no. 1, pp. 72–84, 1991. 

[22] G. W. Gross, a Harsch, B. K. Rhoades, and W. Göpel, “Odor, drug and toxin analysis with 

neuronal networks in vitro: extracellular array recording of network responses.,” Biosens. 

Bioelectron., vol. 12, no. 5, pp. 373–93, Jan. 1997. 



 

135 
 

[23] T. H. Bullock and S. Hagiwara, “Intracellular recording from the giant synapse of the squid,” 

J. Gen. Physiol., vol. 40, no. 4, pp. 565–577, 1957. 

[24] E. Neher and B. Sakmann, “Single-channel currents recorded from membrane of denervated 

frog muscle fibres,” Nature, vol. 260, pp. 799–802, 1976. 

[25] G. J. Stuart and L. M. Palmer, “Imaging membrane potential in dendrites and axons of single 

neurons.,” Pflugers Arch., vol. 453, no. 3, pp. 403–10, Dec. 2006. 

[26] G. W. Gross, E. Rieske, G. W. Kreutzberg, and M. A., “A new fixed-array multi-

microelectrode system designed for long-term monitoring of extracellular single unit neuronal 

activity in vitro,” Neurosci. Lett., vol. 6, pp. 101–105, 1977. 

[27] C. a Thomas, P. a Springer, G. E. Loeb, Y. Berwald-Netter, and L. M. Okun, “A miniature 

microelectrode array to monitor the bioelectric activity of cultured cells.,” Exp. Cell Res., vol. 

74, no. 1, pp. 61–6, Sep. 1972. 

[28] M. Voelker and P. Fromherz, “Signal transmission from individual mammalian nerve cell to 

field-effect transistor.,” Small, vol. 1, no. 2, pp. 206–210, Feb. 2005. 

[29] P. Bergveld, “Development of an Ion-Sensitive Solid-State Device for Neurophysiological 

Measurements,” IEEE Trans. Biomed. Eng., vol. BME-17, no. 1, pp. 70–71, May 1970. 

[30] Q. Qing, S. K. Pal, B. Tian, X. Duan, B. P. Timko, T. Cohen-Karni, V. N. Murthy, and C. M. 

Lieber, “Nanowire transistor arrays for mapping neural circuits in acute brain slices.,” Proc. 

Natl. Acad. Sci. U. S. A., vol. 107, no. 5, pp. 1882–7, Feb. 2010. 

[31] J. P. Donoghue, “Connecting cortex to machines: recent advances in brain interfaces.,” Nat. 

Neurosci., vol. 5 Suppl, pp. 1085–8, Nov. 2002. 

[32] P. Fromherz, A. Offenhausser, T. Vetrrer, and J. Weis, “A Neuron-Silicon Junction: A Retzius 

Cell of the Leech on an Insulated-Gate Field-Effect Transistor,” Science (80-. )., vol. 252, pp. 

1290–1292, 1991. 

[33] M. J. Schöning and A. Poghossian, “Bio FEDs (Field-Effect Devices): State-of-the-Art and 

New Directions,” Electroanalysis, vol. 18, no. 19–20, pp. 1893–1900, Oct. 2006. 

[34] D. Braun and P. Fromherz, “Fluorescence Interferometry of Neuronal Cell Adhesion on 

Microstructured Silicon,” Phys. Rev. Lett., vol. 81, no. 23, pp. 5241–5244, Dec. 1998. 



References 

136 

 

[35] F. Santoro, S. Dasgupta, J. Schnitker, T. Auth, E. Neumann, G. Panaitov, G. Gompper, and A. 

Offenhäusser, “Interfacing Electrogenic Cells with 3D Nanoelectrodes: Position, Shape, and 

Size Matter,” ACS Nano, vol. 8, no. 7, pp. 6713–6723, 2014. 

[36] K.-Y. Lee, S. Shim, I.-S. Kim, H. Oh, S. Kim, J.-P. Ahn, S.-H. Park, H. Rhim, and H.-J. Choi, 

“Coupling of semiconductor nanowires with neurons and their interfacial structure.,” 

Nanoscale Res. Lett., vol. 5, no. 2, pp. 410–415, Jan. 2009. 

[37] P. R. Nair and M. a Alam, “Screening-limited response of nanobiosensors.,” Nano Lett., vol. 

8, no. 5, pp. 1281–1285, May 2008. 

[38] N. K. Rajan, D. A. Routenberg, J. Chen, and M. A. Reed, “1 / f Noise of Silicon Nanowire 

BioFETs,” IEEE Electron Device Lett., vol. 31, no. 6, pp. 615–617, 2010. 

[39] O. Shirak, O. Shtempluck, V. Kotchtakov, G. Bahir, and Y. E. Yaish, “High performance 

horizontal gate-all-around silicon nanowire field-effect transistors.,” Nanotechnology, vol. 23, 

no. 39, pp. 395202–1 – 395202–8, Oct. 2012. 

[40] S. Pud, J. Li, V. Sibiliev, M. Petrychuk, V. Kovalenko, A. Offenhäusser, and S. Vitusevich, 

“Liquid and back gate coupling effect: toward biosensing with lowest detection limit.,” Nano 

Lett., vol. 14, no. 2, pp. 578–84, Feb. 2014. 

[41] N. K. Rajan, D. A. Routenberg, and M. A. Reed, “Optimal signal-to-noise ratio for silicon 

nanowire biochemical sensors.,” Appl. Phys. Lett., vol. 98, no. 26, pp. 264107–2641073, Jun. 

2011. 

[42] I. Heller, J. Männik, S. G. Lemay, and C. Dekker, “Optimizing the Signal-to-Noise Ratio for 

Biosensing with Carbon Nanotube Transistors,” Nano Lett., vol. 9, no. 1, pp. 377–382, 2009. 

[43] J. Li, S. A. Vitusevich, M. V. Petrychuk, S. Pud, A. Offenhäusser, and B. a. Danilchenko, 

“Advanced performance and scalability of Si nanowire field-effect transistors analyzed using 

noise spectroscopy and gamma radiation techniques,” J. Appl. Phys., vol. 114, no. 20, p. 

203704, 2013. 

[44] P. M. Zeitzoff, G. Bersuker, and H. R. Huff, “Scaling CMOS : materials & devices,” Mater. 

Today, vol. 7, no. 1, pp. 20–25, 2004. 



 

137 
 

[45] G. E. Moore, “Cramming more components onto integrated circuits,” Electronics, vol. 38, no. 

8, 1975. 

[46] C. Hai-Feng, H. Yue, M. Xiao-Hua, Z. Jin-Cheng, L. Kang, C. Yan-Rong, Z. Jin-Feng, and Z. 

Peng-Ju, “Investigation of the characteristics of GIDL current in 90nm CMOS technology,” 

Chinese Phys., vol. 15, no. 3, pp. 645–649, 2006. 

[47] J. Tsai, J. Sun, K. F. Yee, and C. M. Osburn, “DIBL Considerations of Extended Drain 

Structure for 0.1 pm MOSFET’s,” IEEE Electron Device Lett., vol. 17, no. 7, pp. 331–333, 

1996. 

[48] K. A. Jenkins, J. Y.-C. Sun, and J. Gautier, “History Dependence of Output Characteristics of 

Silicon-on-Insulator (SOI) MOSFET’ s,” IEEE Electron Device Lett., vol. 17, no. 1, pp. 7–9, 

1996. 

[49] K. J. Kuhn, “Considerations for Ultimate CMOS Scaling,” IEEE Trans. Electron Devices, vol. 

59, no. 7, pp. 1813–1828, Jul. 2012. 

[50] J. P. Colinge, M. H. Gao, A. Romano-Rodriguez, M. A., and C. Clayes, “Silicon-on-insulator 

Gate- All-Around Device,” in Electron Devices Meeting, 1990. IEDM ’90. Technical Digest., 

International, 1990, pp. 595–598. 

[51] L. Bousse, N. F. De Rooij, and P. Bergveld, “Operation of Chemically Sensitive Field-Effect 

Sensors As a Function of the Insulator-Electrolyte Interface,” IEEE Trans. Electron Devices, 

vol. ED-30, no. 10, pp. 1263–1270, 1983. 

[52] R. E. G. Van Hal, J. C. T. Eijkel, and P. Bergveld, “A novel description of ISFET sensitivity 

with the buffer capacity and double-layer capacitance as key parameters,” Sensors Actuators 

B, vol. 24–25, pp. 201–205, 1995. 

[53] P. Bergveld, “Thirty years of ISFETOLOGY What happened in the past 30 years and what 

may happen in the next 30 years,” Sensors Actuators B, vol. 88, pp. 1–20, 2003. 

[54] C.-S. Lee, S. K. Kim, and M. Kim, “Ion-sensitive field-effect transistor for biological 

sensing.,” Sensors (Basel)., vol. 9, no. 9, pp. 7111–31, Jan. 2009. 

[55] S. M. Sze, Physics of Semiconductor Devices, 3rd ed. Wiley, 1986. 

[56] D. E. Yates, S. Levine, and W. Healy, “Site-binding Model of the Electrical Double Layer at 

the Oxide / Water Interface,” J. Chem. Soc., Faraday Trans. 1, vol. 70, pp. 1807–1818, 1974. 



References 

138 

 

[57] M. Yuqing, G. Jianguo, and C. Jianrong, “Ion sensitive field effect transducer-based 

biosensors,” Biotechnol. Adv., vol. 21, no. 6, pp. 527–534, Sep. 2003. 

[58] T. W. Healy and L. R. White, “Ionizable surface group models of aqueous interfaces,” Adv. 

Colloid Interface Sci., vol. 9, pp. 303–345, 1978. 

[59] T. W. Healy and L. R. White, “Ionizable surface group models of aqueous interfaces,” Adv. 

Colloid Interface Sci., vol. 9, pp. 303–345, 1978. 

[60] M. Spijkman, E. C. P. Smits, J. F. M. Cillessen, F. Biscarini, P. W. M. Blom, and D. M. de 

Leeuw, “Beyond the Nernst-limit with dual-gate ZnO ion-sensitive field-effect transistors,” 

Appl. Phys. Lett., vol. 98, no. 4, p. 043502, 2011. 

[61] A. S. Poghossian, “The super-Nernstian pH sensitivity of Ta2O5-gate ISFETs,” Sensors 

Actuators B, vol. 7, pp. 367–370, 1992. 

[62] D. Horinek and R. R. Netz, “Specific Ion Adsorption at Hydrophobic Solid Surfaces,” Phys. 

Rev. Lett., vol. 99, no. 22, p. 226104, Nov. 2007. 

[63] S. Libertino, S. Conoci, a. Scandurra, and C. Spinella, “Biosensor integration on Si-based 

devices: Feasibility studies and examples,” Sensors Actuators B Chem., vol. 179, pp. 240–251, 

Mar. 2013. 

[64] N. Clément, K. Nishiguchi, a Fujiwara, and D. Vuillaume, “One-by-one trap activation in 

silicon nanowire transistors.,” Nat. Commun., vol. 1, no. May, p. 92, Jan. 2010. 

[65] N. Clément, K. Nishiguchi, J. F. Dufreche, D. Guerin, a Fujiwara, and D. Vuillaume, “Water 

electrolysis and energy harvesting with zero-dimensional ion-sensitive field-effect 

transistors.,” Nano Lett., vol. 13, no. 8, pp. 3903–8, Aug. 2013. 

[66] S. Kim, K. Kim, T. Rim, C. Park, D. Cho, C. Baek, Y.-H. Jeong, M. Meyyappan, and J.-S. 

Lee, “pH Sensing and Noise Characteristics of Si Nanowire Ion-Sensitive Field Effect 

Transistors,” in Proceedings of the 2011 6th IEEE International Conference on Nano/Micro 

Engineered and Molecular Systems, 2011, pp. 1233–1236. 

[67] J.-H. Ahn, J.-Y. Kim, K. Choi, D.-I. Moon, C.-H. Kim, M.-L. Seol, T. J. Park, S. Y. Lee, and 

Y.-K. Choi, “Nanowire FET Biosensors on a Bulk Silicon Substrate,” IEEE Trans. Electron 

Devices, vol. 59, no. 8, pp. 2243–2249, Aug. 2012. 



 

139 
 

[68] N. Elfström, R. Juhasz, I. Sychugov, T. Engfeldt, A. E. Karlström, and J. Linnros, “Surface 

charge sensitivity of silicon nanowires: size dependence.,” Nano Lett., vol. 7, no. 9, pp. 2608–

2612, Sep. 2007. 

[69] Z. Jiang, Q. Qing, P. Xie, R. Gao, and C. M. Lieber, “Kinked p-n Junction Nanowire Probes 

for High Spatial Resolution Sensing and Intracellular Recording.,” Nano Lett., vol. 12, no. 3, 

pp. 1711–6, Mar. 2012. 

[70] Y. Cui, Q. Wei, H. Park, and C. M. Lieber, “Nanowire nanosensors for highly sensitive and 

selective detection of biological and chemical species.,” Science (80-. )., vol. 293, no. 5533, 

pp. 1289–1292, Aug. 2001. 

[71] W. U. Wang, C. Chen, K. Lin, Y. Fang, and C. M. Lieber, “Label-free detection of small-

molecule-protein interactions by using nanowire nanosensors.,” Proc. Natl. Acad. Sci. U. S. 

A., vol. 102, no. 9, pp. 3208–12, Mar. 2005. 

[72] C. M. Lieber, “Nanoscale Science and Technology : Building a Big Future From Small 

Things,” MRS Bull., vol. 28, no. 7, pp. 486–491, 2003. 

[73] R. G. Hobbs, N. Petkov, and J. D. Holmes, “Semiconductor Nanowire Fabrication by Bottom-

Up and Top-Down Paradigms,” Chem. Mater., vol. 24, no. 11, pp. 1975–1991, Jun. 2012. 

[74] Y. Peidong, “Chemistry and physics of silicon nanowire,” Dalton Trans., vol. 33, pp. 4387–

4391, Sep. 2008. 

[75] S. Evoy, N. DiLello, V. Deshpande, a. Narayanan, H. Liu, M. Riegelman, B. R. Martin, B. 

Hailer, J.-C. Bradley, W. Weiss, T. S. Mayer, Y. Gogotsi, H. H. Bau, T. E. Mallouk, and S. 

Raman, “Dielectrophoretic assembly and integration of nanowire devices with functional 

CMOS operating circuitry,” Microelectron. Eng., vol. 75, no. 1, pp. 31–42, Jul. 2004. 

[76] Y. Huang, X. Duan, Q. Wei, and C. M. Lieber, “Directed assembly of one-dimensional 

nanostructures into functional networks.,” Science, vol. 291, no. 5504, pp. 630–3, Jan. 2001. 

[77] S. Choi, I. Park, Z. Hao, H.-Y. N. Holman, and A. P. Pisano, “Quantitative studies of long-

term stable, top-down fabricated silicon nanowire pH sensors,” Appl. Phys. A, vol. 107, no. 2, 

pp. 421–428, Jan. 2012. 



References 

140 

 

[78] 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, vol. 3, no. 11, pp. 3485–3492, Nov. 2009. 

[79] J. M. Rothberg, W. Hinz, T. M. Rearick, J. Schultz et al. , “An integrated semiconductor device 

enabling non-optical genome sequencing.,” Nature, vol. 475, no. 7356, pp. 348–352, Jul. 2011. 

[80] S. Kim, T. Rim, K. Kim, U. Lee, E. Baek, H. Lee, C.-K. Baek, M. Meyyappan, M. J. Deen, 

and J.-S. Lee, “Silicon nanowire ion sensitive field effect transistor with integrated Ag/AgCl 

electrode: pH sensing and noise characteristics.,” Analyst, no. 23, pp. 5012–6, Dec. 2011. 

[81] A. Tarasov, M. Wipf, K. Bedner, J. Kurz, W. Fu, V. a Guzenko, O. Knopfmacher, R. L. Stoop, 

M. Calame, and C. Schönenberger, “True reference nanosensor realized with silicon 

nanowires.,” Langmuir, vol. 28, no. 25, pp. 9899–905, Jun. 2012. 

[82] P. G. Fernandes, R. A. Chapman, O. Seitz, H. J. Stiegler, H. Wen, Y. J. Chabal, and E. M. 

Vogel, “Effect of Back-Gate Biasing on Floating Electrolytes in Silicon-on-Insulator-Based 

Nanoribbon Sensors,” IEEE Electron Device Lett., vol. 33, no. 3, pp. 447–449, 2012. 

[83] S. Pud, F. Gasparyan, M. Petrychuk, J. Li, a. Offenhäusser, and S. a. Vitusevich, “Single trap 

dynamics in electrolyte-gated Si-nanowire field effect transistors,” J. Appl. Phys., vol. 115, no. 

23, p. 233705, Jun. 2014. 

[84] B. Voisin, V.-H. Nguyen, J. Renard, X. Jehl, S. Barraud, F. Triozon, M. Vinet, I. Duchemin, 

Y.-M. Niquet, S. de Franceschi, and M. Sanquer, “Few-electron edge-state quantum dots in a 

silicon nanowire field-effect transistor.,” Nano Lett., vol. 14, no. 4, pp. 2094–8, Apr. 2014. 

[85] K. S. Yi, K. Trivedi, H. C. Floresca, H. Yuk, W. Hu, and M. J. Kim, “Room-temperature 

quantum confinement effects in transport properties of ultrathin Si nanowire field-effect 

transistors.,” Nano Lett., vol. 11, no. 12, pp. 5465–70, Dec. 2011. 

[86] Y. Takahashi, M. Nagase, H. Namatsu, K. Kurihara, K. Iwdate, Y. Nakajima, S. Horiguchi, 

K. Murase, and M. Tabe, “Fabrication technique for Si single-electron transistor operating at 

room temperature,” Electron. Lett., vol. 31, no. 2, pp. 136–137, 1995. 



 

141 
 

[87] R. Tu, L. Zhang, Y. Nishi, and H. Dai, “Measuring the capacitance of individual 

semiconductor nanowires for carrier mobility assessment.,” Nano Lett., vol. 7, no. 6, pp. 1561–

5, Jun. 2007. 

[88] N. Clement, K. Nishiguchi, A. Fujiwara, and D. Vuillaume, “Evaluation of a Gate Capacitance 

in the Sub-aF Range for a Chemical Field-Effect Transistor With a Si Nanowire Channel,” 

IEEE Trans. Nanotechnol., vol. 10, no. 5, pp. 1172–1179, 2011. 

[89] P. Thissen, O. Seitz, and Y. J. Chabal, “Wet chemical surface functionalization of oxide-free 

silicon,” Prog. Surf. Sci., vol. 87, no. 9–12, pp. 272–290, Sep. 2012. 

[90] M. N. Masood, S. Chen, E. T. Carlen, and A. van den Berg, “All-(111) surface silicon 

nanowires: selective functionalization for biosensing applications.,” ACS Appl. Mater. 

Interfaces, vol. 2, no. 12, pp. 3422–3428, Dec. 2010. 

[91] Y. Lung Khung and D. Narducci, “Synergizing nucleic acid aptamers with 1-dimensional 

nanostructures as label-free field-effect transistor biosensors.,” Biosens. Bioelectron., vol. 50, 

no. 2013, pp. 278–93, Dec. 2013. 

[92] J. Li, S. Pud, M. Petrychuk, A. Offenhäusser, and S. Vitusevich, “Sensitivity Enhancement of 

Si Nanowire Field Effect Transistor Biosensors Using Single Trap Phenomena.,” Nano Lett., 

May 2014. 

[93] W. J. I. DeBenedetti and Y. J. Chabal, “Functionalization of oxide-free silicon surfaces,” J. 

Vac. Sci. Technol. A, vol. 31, no. 5, pp. 050826–1 – 050826–18, 2013. 

[94] T. Strother, W. Cai, X. Zhao, R. J. Hamers, and L. M. Smith, “Synthesis and Characterization 

of DNA-Modified Silicon ( 111 ) Surfaces,” J. Am. Chem. Soc, vol. 1222, pp. 1205–1209, 

2000. 

[95] W. J. Royea, A. Juang, and N. S. Lewis, “Preparation of air-stable, low recombination velocity 

Si(111) surfaces through alkyl termination,” Appl. Phys. Lett., vol. 77, no. 13, pp. 1988–1989, 

2000. 

[96] A. B. Sieval, B. Van Den Hout, H. Zuilhof, and E. J. R. Suedhoelter, “Molecular Modeling of 

Covalently Attached Alkyl Monolayers on the Hydrogen-Terminated Si ( 111 ) Surface,” 

Langmuir, vol. 17, pp. 2172–2181, 2001. 



References 

142 

 

[97] Y. L. Bunimovich, Y. S. Shin, W. 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., vol. 128, pp. 16323–16331, 2006. 

[98] I. Park, Z. Li, A. P. Pisano, and R. S. Williams, “Selective surface functionalization of silicon 

nanowires via nanoscale joule heating.,” Nano Lett., vol. 7, no. 10, pp. 3106–3111, Oct. 2007. 

[99] Y. Han, D. Mayer, a. Offenhäusser, and S. Ingebrandt, “Surface activation of thin silicon 

oxides by wet cleaning and silanization,” Thin Solid Films, vol. 510, no. 1–2, pp. 175–180, 

Jul. 2006. 

[100] M. Wipf, R. L. Stoop, A. Tarasov, K. Bedner, W. Fu, M. Calame, and C. Schönenberger, 

“Potassium Sensing With Membrane-Coated Silicon Nanowire Field-Effect Transistors,” in 

The 17th International Conference on Solid-State Sensors, Actuators and Microsystems 

(TRANSDUCERS & EUROSENSORS XXVII), 2013, 2013, no. June, pp. 1182–1185. 

[101] S. Roth, G. Bugnicourt, M. Bisbal, S. Gory-Fauré, J. Brocard, and C. Villard, “Neuronal 

architectures with axo-dendritic polarity above silicon nanowires.,” Small, vol. 8, no. 5, pp. 

671–675, Mar. 2012. 

[102] 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 (80-. )., vol. 313, no. 5790, pp. 1100–4, Aug. 2006. 

[103] T.-S. Pui, A. Agarwal, F. Ye, N. Balasubramanian, and P. Chen, “CMOS-Compatible 

nanowire sensor arrays for detection of cellular bioelectricity.,” Small, vol. 5, no. 2, pp. 208–

212, Feb. 2009. 

[104] P. R. Nair and M. A. Alam, “Design Considerations of Silicon Nanowire Biosensors,” IEEE 

Trans. Electron Devices, vol. 54, no. 12, pp. 3400–3408, 2007. 

[105] X. P. A. Gao, G. Zheng, and C. M. Lieber, “Subthreshold regime has the optimal sensitivity 

for nanowire FET biosensors.,” Nano Lett., vol. 10, no. 2, pp. 547–552, Feb. 2010. 

[106] S. Reza, G. Bosman, S. Member, M. S. Islam, T. I. Kamins, S. Sharma, and R. S. Williams, 

“Noise in Silicon Nanowires,” IEEE Trans. Nanotechnol., vol. 5, no. 5, pp. 523–529, 2006. 



 

143 
 

[107] F. V Gasparyan, A. Poghossian, S. A. Vitusevich, M. V Petrychuk, V. A. Sydoruk, J. R. 

Siqueira, O. N. Oliveira, A. Offenhäusser, and M. J. Schöning, “Low-Frequency Noise in 

Field-Effect Devices Functionalized With Dendrimer / Carbon-Nanotube Multilayers,” IEEE 

Sens. J., vol. 11, no. 1, pp. 142–149, 2011. 

[108] L. K. J. Vandamme and F. N. Hooge, “What Do We Certainly Know About 1/f Noise in 

MOSTs?,” IEEE Trans. Electron Devices, vol. 55, no. 11, pp. 3070–3085, 2008. 

[109] A. van der Ziel, Noise in Solid state Devices and Circuits. Willey, 1986. 

[110] J. Chang, A. A. Abidi, and C. R. Viswanathan, “Flicker noise in CMOS Transistors from 

Subthreshold to Strong Inversion at Various Temperatures,” IEEE Trans. Electron Devices, 

vol. 11, no. 41, pp. 1965–1971, 1994. 

[111] S. Yang, K. H. Yeo, D.-W. Kim, K. Seo, D. Park, G. Jin, K. Oh, and H. Shin, “Random 

Telegraph Noise in n-type and p-type silicon nanowire transistors,” 2008 IEEE Int. Electron 

Devices Meet., pp. 1–4, Dec. 2008. 

[112] F. Hou, G. Bosman, and M. E. Law, “Simulation of oxide trapping noise in submicron n-

channel MOSFETs,” IEEE Trans. Electron Devices, vol. 50, no. 3, pp. 846–852, 2003. 

[113] S. Villa, G. De Geronimo, A. Pacelli, A. Lacaita, and A. Longoni, “Application of 1/f noise 

measurements to the characterization of near-interface oxide traps in ULSI n-MOSFETs,” 

Microelectron. Reliab., vol. 38, no. 12, pp. 1919–1923, Dec. 1998. 

[114] G. Ghibaudo, O. Roux, C. Nguyen-Duc, F. Balestra, and J. Brini, “Improved Analysis of 

Low Frequency Noise in Field-Effect MOS Transistors,” Phys. Status Solidi, vol. 124, no. 2, 

pp. 571–581, Apr. 1991. 

[115] Z. Celik-Butler, “Low-frequency noise in deep-submicron metal-oxide-semiconductor 

field-effect transistors,” IEEE Proc. Circuits Devices Syst., vol. 149, no. 1, pp. 24–31, 2002. 

[116] J. B. Johnson, “Thermal agitation of electricity in conductors,” Phys. Rev., vol. 32, pp. 97–

109, 1928. 

[117] H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys. Rev., vol. 32, pp. 

110–113, 1928. 

[118] Y. M. Blanter and M. Büttiker, “Shot noise in mesoscopic conductors,” Phys. Rep., vol. 

336, pp. 1–166, 2000. 



References 

144 

 

[119] W. Schottky, “Über spontane Stromschwankungen in verschiedenen Elektrizitätsleitern,” 

Ann. der Phys., vol. 57, pp. 541–567, 1918. 

[120] R. Sarpeshkar, T. Delbruck, and C. A. Mead, “White noise in MOS transistors and 

resistors,” Circuits Devices Mag., vol. 9, no. 6, pp. 23–29, 1993. 

[121] N. B. Lukyanchikova and B. Jones, Noise Research in Semiconductor Physics. CRC Press, 

1997, p. 416. 

[122] A. van der Ziel, Noise. Sources, Characterization, Measurement. Prentice Hall, 1971, p. 

184. 

[123] V. A. Sydoruk, K. Goß, C. Meyer, M. Petrychuk, B. A. Danilchenko, J. Li, S. Pud, and S. 

Vitusevich, “Noise Properties of Carbon Nanotube FETs with Top- and Side-Gate 

Geometries : Effect of Gamma Irradiation,” in 2013 22nd International Conference on Noise 

and Fluctuations (ICNF), 2013, pp. 1–4. 

[124] N. Lukyanchikova, N. Garbar, A. Smolanka, M. Lokshin, E. Simoen, and C. Claeys, 

“Origin of the front-back-gate coupling in partially depleted and fully depleted silicon-on-

insulator metal-oxide-semiconductor field-effect transistors with accumulated back gate,” J. 

Appl. Phys., vol. 98, no. 11, pp. 114506–1 – 114506–11, 2005. 

[125] N. B. Lukyanchikova, M. V. Petrichuk, N. P. Garbar, E. Simoen, and C. Claeys, “Non-

trivial GR and 1 / f noise generated in the p-Si layer of SOI and SOS MOSFETs near the 

inverted front or buried p-Si / SiO2 interface,” Semicond. Sci. Technol., vol. 14, pp. 775–783, 

1999. 

[126] M. Haartman and M. Östling, Low-Frequency Noise in Advanced MOS Devices. Springer, 

2007, p. 216. 

[127] L. K. J. Vandamme and D. Rigaud, “1/f noise in MOS devices, mobility or number 

fluctuations?,” IEEE Trans. Electron Devices, vol. 41, no. 11, pp. 1936–1945, 1994. 
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