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Chapter 1 

 
 

1. General Introduction 
 

This chapter briefly introduces surface modifications using self-assembled monolayers 

and gives an outline to the various chapters of the thesis.  
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1.1. Self-assembled monolayers  

 

The functionalization of silicon surfaces through self-assembled monolayers (SAM) is 

an important way to introduce new surface characteristics to be used for different 

applications such as biosensing, wettability and molecular electronics. Self assembled 

monolayers become more valuable and interesting when dealing with nano-devices 

such as silicon nanowire field effect transistor (Si-NW FETs) devices because of the 

high surface to volume ratio of these structures and the possibility of tuning 

characteristics of a device by surface amendments. It is a very exciting and emerging 

field to integrate molecular based devices and solid state inorganic structures with 

biologically active interfaces as well.1  These SAM layers have a number of advantages 

and applications: i) low leakage current and tunneling current density (10-8 A cm-2) 2 

for a thin well packed monolayer as compared to a conventional 3 nm Si/SiO2; ii) the 

ability to improve carrier mobility and the transconductance of silicon nanowires; 3 iii) 

ability to further conjugate biomolecules for biosensor applications 4 and iv) wettability 

control.5 Figure 1.1 shows a schematic diagram of a SAM on a substrate with the 

different parts indicated. 

 

 

 

Figure 1.1 Diagram of SAM showing substrate (grey) linking group (orange), backbone 
chain (black) and terminal group (R).6 
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The use of organic molecules as a precursor for SAM fabrication usually involves two 

functional groups at the both ends of the molecule having different preferences for 

reaction. Silanes, thiols and alkenyl groups also known as the head groups or linking 

groups can be used for bonding to silicon oxide, gold and hydrogen terminated silicon 

surfaces, respectively. The amine (-NH2), aldehyde (-COH) and carboxylic acid 

(COOH) groups are known as tail or terminal groups, at the top of the monolayer that 

can be used to conjugate biological entities.6 The most commonly reported precursor 

molecule for a self assembled monolayer on silicon oxide surfaces is 3-aminopropyl 

triethoxy silane (APTES). A monolayer fabricated on a bare silicon or hydrogen 

terminated silicon surface by UV irradiation, heating or sonication reaction bonded via 

the Si-C bond directly has a number of advantages as compared to monolayers 

fabricated on conventional silicon oxide or native oxide interfaces: i) intervening oxide 

undermines the real potential of SAMs to tune surface characteristics for electronic 

devices in terms of mobility, recombination velocities, flat band potentials, but these all 

can be much improved with the help of Si-C or silicon-alkyl monolayers; ii) 

unexpected surface density, polymerization and degradation in acidic or basic 

environments and short life times of silane based monolayers can be replaced by 

stoichiometric, one to one silicon bonded, highly stable and resistant to boiling, acidic 

and basic environments and crystalline in nature monolayers can become a real 

nanotechnological advancement; iii) selective functionalization of nanowires and 

nanostructures with the help of monolayers on bare silicon is possible in addition to 

others, increasing the sensitivity of a biosensors;4 iv) acceptor-ligand couple comes 

closer to the sensor surface due to a thin monolayer (2 nm) without any intervening 

oxide layer (10-20 nm) thus improving the extent of the field-effect and Debye length 

constraints which are well known and limit the performance of silicon biosensor 

devices.  
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1.2. Aims of the Thesis 

 

In order to utilize emerging functionalization strategies involving a direct Si-C bond to 

silicon nanowires surfaces, research was carried out to answer the questions: 

1. Are the claims made by so many scientific reports regarding Si-alkyl 

monolayers on planar silicon samples true in terms of their stability and 

resistance to oxidation? Are these layers workable truly for an electrical based 

label free biosensor? 

2. Is it possible to improve nanowire device characteristics by using thinner 

monolayers (1-2 nm) as compared to a thick oxide layer (10-20 nm)?  

3. What are the optimized conditions and possibilities to use Si-alkyl monolayers 

as a tool to selectively functionalize the active gate regions of silicon nanowire 

biosensors? 

4. Is there a better approach to make well packed functional monolayer on silicon 

nanowires without involving a protecting group to avoid steric hindrances and 

degradation of the monolayer quality? 

5. Is it possible to use commercially available relatively short chain (C1 to C6) 

functional precursor molecules such as vinly phthalimide, tert butlyl allyl 

carbamate, etc., to get good functional monolayers without doing lengthy 

synthesis in an organic laboratory?  

 

1.3. Thesis Outline 

 

The thesis is divided into eight chapters including an introductory chapter. The 

following is a brief description of the different chapters. 

Chapter 2: This chapter introduces silicon nanowire field effect transistors configured 

as biosensors. In this chapter, an attempt was made to explore the potential of Si-NW 

devices to use as a sensor device for biological species such as DNA, proteins and 

viruses etc. Different factors that are involved in improving or deteriorating the 
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efficiency of detection are discussed. 

Chapter 3: The modification of nanowire surfaces is crucial for selective bimolecular 

conjugation as well as for enhanced electrical performances of the nanowire devices. 

Si-alkyl monolayers have the potential to address both factors due to the fact that they 

offer biomolecular conjugation at one side and improvement in the carrier mobility and 

transconductance values on the other side. Si-alkyl monolayers as a functionalization 

tool for nanosensors have been reviewed in this chapter. 

Chapter 4: Control of morphology of the silicon surface during etching and hydrogen 

termination is very crucial for the formation of high quality self-assembled 

monolayers. Surface roughness, adsorption of impurities and oxidation undermine the 

efficiency and usability of devices. X-ray photoelectron spectroscopy (XPS), Atomic 

force microscopy (AFM) and scanning electron microscopy (SEM) along with 

electrical measurements were used to characterize the surfaces and devices. 

Chapter 5: The selective functionalization of Si-NW FET via functional Si-alkyl 

monolayers was carried out using UV based hydrosilylation. XPS was used to 

characterize the modified surfaces. Bioconjugation was carried out and monitored with 

SEM. Electrical measurements showed enhanced device characteristics after 

modifications. 

Chapter 6: An analytical model is presented to demonstrate the improvement in 

detection sensitivity of alkyl and alkenyl passivated silicon nanowire biosensor 

compared to conventional nanowire biosensor geometries and silicon dioxide 

passivation layers as well as interface design and electrical biasing guidelines for 

depletion mode sensors. 

Chapter 7: Silicon nanowires were functionalized with a new, direct and efficient 

method by using Si-N bonded monolayer for the first time in solution phase by UV-

hydrosilylation. Modified surfaces were characterized fully by XPS and fluorescence 

studies and biosensing was demonstrated electrically by using electrolyte insulator 

semiconductor (EIS) sensor configuration in capacitance-voltage mode of operation.  

Chapter 8: This is a concluding chapter along with future recommendations. 
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Chapter 2 

 
 

2. Silicon nanowire biosensors 
 

The chapter reviews the silicon nanowire field effect transistor (Si-NW FET) biosensor 

for different biomedical applications. The aim is to understand the potential of Si-NW 

FET devices in screening biomedically important analytes such as disease biomarkers 

proteins, DNA and RNA etc. Si-NW FET biosensors are label free, sensitive, and 

responsive in real time because of a change in the electric field in the vicinity of silicon 

nanowire body by a charged analyte which modulates the current flowing in the body 

of the device. The detection process involves the transport of analytes to the surface of 

the sensor, binding of analyte with the surface bonded receptors and modulation in 

conductance and response. The detection sensitivity is dependant on the nanowire 

fabrication method, dimensions, doping concentration, functionalization procedure for 

receptors, mode of operation (i.e. accumulation, depletion and inversion), concentration 

of buffer and sample delivery system. In this chapter, a review of the technologies 

involved in nanowire fabrication, pros and cons in their operation in aqueous solution 

and their application will be made.  
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2.1. Introduction 

 

One and two dimensional nanostructures, namely carbon nanotubes and silicon 

nanowires, have gained attention due to their potential applications as highly sensitive, 

real time and label free sensors in aqueous solutions.1 Si-NWs have a unique place in 

biosensor research because silicon is one of the most characterized materials with 

structure, size and electronic properties reproducibly controlled.2 There are two 

principal driving forces that promote the exploration of Si-NWs for a sensitive detector. 

First, silicon nanowires are comparable in size with most biological entities, such as 

proteins, nucleic acids, cells and viruses, etc, making them good interfacial materials 

between biological molecules and scientific instruments. Secondly, due to their small 

size, Si-NWs have high surface to volume ratio and a major fraction of the atoms are at 

the surface, therefore, a binding event taking place at the surface can be fully sensed in 

the bulk.3 Being small in  size also provides fast response times because small areas 

have smaller electrostatic capacitances.4  

 

 
 

Figure 2.1 Size of several nano-materials is compared to the size of some biological 
entities, such as nucleic acids, proteins, virus, and cells.3 

 

Normally, Si-NW biosensors are configured as field-effect devices for their efficient 
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operation. In comparison with the conventional ion-selective field effect transistor 

(ISFET), the mode of operation of Si-NW FETs is simple as they do not require the 

formation of a conduction channel and have minimal leakage currents as they are 

formed on silicon-on-insulator (SOI) substrate. The Si-NWs having ultra small size and 

can be gated radially and symmetrically from all sides and have high surface to volume 

ratio which is a reason for their greater sensitivity compared to their predecessors.5 

SiNW-FET sensors exhibit a conductivity change in response to the variation in the 

electric field or potential at the nanowire surface. In a typical Si-NW FET device, a 

semiconductor such as p-type silicon (p-Si), is physically connected to metal source 

and drain electrodes through which a current is injected and collected, and the 

conductance of the semiconductor device is controlled by a third gate electrode 

capacitatively coupled through a dielectric layer. In the case of p-Si, applying a positive 

gate potential/voltage depletes carriers and reduces the conductance, while applying a 

negative gate voltage leads to accumulation of carriers and increase in conductance, see 

Figure 2.2.  

 

 
 

Figure 2.2 Changes in surface charge density on the surface of a p-type silicon nanowire 
change its conductivity in accumulation mode of gating.5 
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The dependence of the Si-NW FET conductance on gate voltage also enables direct, 

electrical sensing since the electric field resulting from binding of charged molecules 

on the sensor surface is analogous to applying a voltage using a gate electrode. The Si-

NW drain to source current (IDS) can be modulated by the interaction of ions like 

hydronium ion H3O
+ by varying the solution pH due to the presence of native oxide or 

thermally grown oxide coating as is known from the ISFET sensor. A selective sensor 

can be configured with Si-NW devices by linking receptor groups to the surface. The 

native silicon dioxide coating on silicon nanowires make it simple and straightforward 

since extensive data exists for chemical modification of silicon oxide or glass surfaces 

from planar chemical and biological sensor literature. When the sensor device, with 

surface receptors, is exposed to a solution containing a macromolecule such as a 

protein, which has a net negative (or positive) charge in aqueous solution, specific 

binding will lead to an increase (or decrease) in surface negative charge and an increase 

(or decrease) in conductance for a p-type nanowire devices.2 

 

 
 

Figure 2.3  Si-NW FET configuration for biosensing; a) SEM image of Si-NW FET19; b) 
measurement set-up. 
 
 

2.2. Application of Si-NW FET biosensors 

 

2.2.1. Protein detection 

Various types of proteins including biomarker proteins for different diseases have been 
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detected selectively, in real time, and label free by various groups using Si-NW FET 

biosensors. In the field of medical diagnostics, the detection of cancer biomarker 

proteins, which occur in blood or tissue associated with cancer and whose detection is 

very crucial for early diagnostics or clinical management is an excellent example of 

using Si-NW biosensors.6 For example, Lieber and co-workers have reported a highly 

sensitive and multiplexed detection of cancer marker proteins using Si-NW FET.7 

Modification of the Silicon nanowire arrays with cancer marker antibodies allowed 

real-time multiplexed detection of free protein specific antigen (f-PSA), PSA-a-

antichymotrypsin (PSA-ACT) complex, carcinoembryonic antigen (CEA) and mucin-1 

with good sensitivity down to the 50- to 100-fg/mL level. High selectivity and 

sensitivity to sample concentrations down to 0.9 pg/mL of the targeted cancer markers 

was achieved in undiluted serum samples. The incorporation of PSA antibody 

functionalized p- and n-type Si-NWs in a single sensor chip enabled discrimination of 

possible electrical cross-talk and/or false-positive signals in the detection of PSA by 

correlating the response versus time from the two types of device elements. Real and 

selective binding events showed complementary responses in the p- and n-type 

devices.6 Biotin-functionalized Si-NWs have been utilized for the label-free detection 

of streptavidin and monoclonal antibiotin (m-antibiotin) down to 10 pM.8 The use of 

Si-NW FET devices was extended to the detection of small molecules. For example, 

the detection of small molecular inhibitors of ATP binding to Abelson protein (Abl) 

was achieved by covalently linking it to Si-NWs. 

2.2.2. DNA detection 

Si-NW FET sensors have also been used for the direct detection of DNA. In the first 

case, the surfaces of the Si-NW devices were modified with peptide nucleic acid (PNA) 

receptors, and the identification of fully complementary versus mismatched DNA was 

carried out with a limit of detection in the tens of femtomolar range.9 In the second 

case, single stranded (ss) probe DNA was covalently immobilized on the Si-NWs for 

detection of up to 25 pM of label-free complimentary (target) ss-DNA in sample 

solutions.10 Many other examples of direct DNA detection using Si-NW FET biosensor 
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have been reported. 

2.2.3. Virus detection 

Viruses are among the most important causes of human disease and are of increasing 

concern as possible agents of bio warfare and bioterrorism. Lieber and co-worker have 

used Si-NWs for the real-time electrical detection of single virus particles with high 

selectivity.11 Measurements made with Si-NWs functionalized with antibodies specific 

to influenza A virus showed the detection of influenza A virus but not paramyxovirus 

or adenovirus. Further, they demonstrated the selective detection of multiple viruses in 

parallel with Si-NWs functionalized with antibodies specific for influenza virus or 

adenovirus. 

 

2.3. Silicon nanowire device fabrication 

 

 Si-NW-FETs used as biosensor have been fabricated by various approaches and 

resulted in different dimensions, doping concentration, surface crystal planes, contact 

resistances and contact doping, operating regime (accumulation, depletion and 

inversion), number density of addressable nanowires per unit area and all these 

variations have crucial effect on the performance of a biosensor system.3 The increase 

in sensitivity results from a decrease in diameter due to the fact that the surface to 

volume ratio becomes larger resulting into an efficient gating control of surface charges 

to conduction, It has been shown that a Si-NW having a diameter greater than 150 nm 

behaves like a planar sensor.12, 13 The device sensitivity dependence on the channel 

dimensions and doping concentration was also demonstrated in other studies.14 These 

studies favor the importance of small dimensions in order to achieve high levels of 

sensitivity to the environment necessary to detect the effects brought about by analyte 

binding. Several NW characteristics that can be altered during NW preparation, such as 

dimension and doping levels have been shown to control device performance. A 

decrease in the minimum amount of analyte necessary to get a sufficiently high and 
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detectable signal can be achieved by using Si-NW devices of less than 10 nm diameter 

as indicated by mathematical simulations.3 Moreover, impurity doping concentration 

plays a more crucial role for the detection sensitivity for Si-NW FETs sensors in 

aqueous buffer solutions as compared to doping type (p- or n- type).15, 16, 17 It was 

demonstrated experimentally that lightly doped silicon nanowires are expected to 

exhibit greater sensitivity than highly doped or undoped devices.14 In a large array of 

devices with very small diameter and with very low doping level, device to device 

reproducibility will be a challenge.17 Silicon-alkyl monolayers or silicon-carbon 

monolayers on surfaces behaving as molecular switches can overcome these challenges 

and fine tuning of device properties will be possible.18 

2.3.1. Top-down fabrication  

The top-bottom fabrication approach utilizes industrially available materials of high 

quality (e.g. silicon wafers) to etch, pattern and shape nanostructures.19 Clean room 

techniques such as photolithography, wet and dry etching, e-beam lithography and 

micromachining are used to configure nanostructures into working devices. Nanowires 

fabricated by top-down techniques are uniformly identical and well aligned. Top-down 

devices are easy to integrate into functional systems due to their high yield, well 

oriented and predetermined positions on a substrate. The control of device dimensions 

(diameter/channel depth and length) are very easy with top-down approaches which 

result into controllable biosensors as well.17 Usually the top down fabrication of Si-

NWs FET employs silicon-on-insulator (SOI) wafers as a substrate. Silicon on 

insulator technology refers to the use of a layered silicon-insulator-silicon substrate in 

place of conventional silicon substrates in semiconductor manufacturing, especially 

microelectronics/nanoelectronics, to reduce parasitic device capacitance and thereby 

improve performance. SOI-based devices differ from conventional silicon-built devices 

in that the silicon junction is above an electrical insulator, typically silicon dioxide or 

sapphire (These types of devices are called silicon on sapphire, or SOS, and are less 

common). The choice of insulator depends largely on the intended application, with 

sapphire being used for radiation-sensitive applications and silicon dioxide preferred 
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for improved performance and diminished short channel effects in 

micro/nanoelectronics devices. The insulating layer and topmost silicon layer also vary 

widely with application. The first industrial implementation of SOI was announced by 

IBM in August 1998. SOI is a three-layer substrate where the bottom silicon layer can 

be used as a gate electrode. The middle layer, a 50- to 200-nm-thick silicon oxide is 

commonly referred as the buried oxide (Box) layer. The Si-NWs are etched from a top 

layer (30–200 nm thick) made of single-crystal silicon. This top layer can be thinned to 

the desired thickness, typically the approximate thickness of the NWs, using oxidation 

and/or wet etching techniques. The Si top layer can also be doped by several 

techniques in order to produce n-type or p-type NWs. Presently, this technique has 

been used to fabricate only Si-NWs because of the ready availability of SOI wafers. 

Top-down techniques have been the preferred method for Si-NW production for 

biosensors. 

 

 

Figure 2.4 Top-down Si-NW microfabrication procedure (not to scale): (a) first lithography 
and etch steps for SiN layer patterning (BOX: buried oxide layer and Si DL: silicon device 
layer of the SOI substrate); (b) two dimensional top view; (c, & d) silicon device layer PDE 
and local oxidation; (e & f) second PDE and size reduction; (g, to i) gate oxidation and 
contact metalization.20 
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Electron beam lithography is a top-down approach used to fabricate Si-NW biosensors 

where an electron beam is used to pattern the substrate surface and dimensions of the 

resulting nanowire devices can be defined. The devices made by the e-beam 

lithography might have dimensions in the range down to 50 nm in diameter and up to 

several micrometers in length.13, 14, 10, 21 A combination of deep ultraviolet lithography 

with a size-reduction strategy (self-limiting oxidation) was used to produce Si-NW 

with widths smaller than e-beam NWs, ranging from 5 to 50 nm.19, 22 Figure 2.4 shows 

a simple method to produce highly reproducible Si-NW FET devices with all (111) 

silicon surfaces using conventional photolithography and plane dependant wet etchings 

(PDE).20 Another top-down technique is the supperlattice nanowire pattern transfer  

(SNAP) method used by Heath and coworkers.23, 24 This method uses molecular beam 

epitaxy to create a physical template for NW patterning on GaAs/AlGaAs superlattice. 

This pattern for NW is then transferred on a previously n- or p-doped SOI, resulting in 

the production of highly aligned, 20-nm-wide Si-NWs. 

2.3.2. Bottom-up fabrication 

The bottom-up approach involves preparing Si-NWs from molecular precursors, rather 

than starting with the bulk semiconductor. Bottom-up methods are used to produce 

both group IV semiconductor Si-NWs and metal oxide NWs. Bottom-up techniques 

can be used to produce high-quality Si-NWs; however, these Si-NWs grow with 

random orientation on the substrate and are characterized by a distribution of lengths 

and diameters.19 The variation in Si-NW dimension, relative to top-down-based 

devices, can impose limits on bottom-up sensors because of poor device uniformity and 

low fabrication yields.23 Bottom-up techniques allow the growth of Si-NWs on a wide 

range of substrates, limited only by the temperature of the process used to form the Si-

NWs, which is typically in the 800–1000 �C range. The most common substrate is a 

silicon wafer; however, the choice of substrates can be expanded to low-temperature 

materials by growing the Si-NWs on a thermally stable substrate and transferring them 

to a second, less thermally stable substrate, such as plastic or glass.25 NWs produced by 

bottom-up techniques for use in nano biosensing can be grouped into two main 
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synthetic approaches: vapor–liquid–solid (VLS) synthesis and laser ablation VLS. 

During VLS, Si-NWs are synthesized in an “atom by atom” fashion. Catalyst 

nanoparticles are uniformly dispersed on the substrate. A stream of carrier gas, 

containing the NW molecular precursors, is flowed over the substrate at elevated 

temperatures. These precursors (for instance, SiH4 to make Si-NWs) initially 

decompose on the catalyst nanoparticles and dissolve the molten catalyst, forming an 

alloy in liquid state. Continuous decomposition of the gas-phase precursors ultimately 

saturates the catalyst particle and the semiconductor precipitates, leading to the NW 

growth with a random orientation on the substrate surface. The catalyst defines the 

diameter of the growing NWs, which will retain the same diameter as the catalyst 

nanoparticle. An advantage of the VLS method is the possibility to selectively dope the 

growing NWs by adding dopant precursor. 

 

2.4. Biofunctionalization schemes 

 

Si-NW FETs are sensitive to local environment but non-specific in response without 

proper functionalization of their surfaces with appropriate biomolecular or chemical 

receptors. The selectivity for a particular analyte is typically achieved by anchoring a 

specific recognition group to the surface of the Si-NW. A bifunctional linker molecule 

with two chemically different termini is used to help anchor the receptor molecules to 

the Si-NW surface. In the case of Si NWs, the linker molecule of choice depends on 

whether or not the wire has an oxide coating. After covalent attachment of the receptor 

molecules, unreacted sites are usually deactivated with other highly reactive molecules, 

such as ethanolamine, butyl amine, or 2-mercaptoethanol. 

2.4.1. Functionalization of “oxidized-surface” silicon nanowires  

Si-NW surfaces might have a native oxide or a thermal oxide layer which can be used 

to functionalize these surfaces. A variety of linker molecules have been designed to 

bind to the native oxide coating on the Si-NWs. Alkoxy-silane derivatives are the most 
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widely used linkers. The Si-methoxide or Si-ethoxide reacts with the surface OH 

group, anchoring the linker molecule to the silicon oxide surface. A very common 

linker for Si/SiO2 NW functionalization is 3-(trimethoxysilyl) propyl aldehyde 

(APTMS). This linker produces an aldheyde-rich surface that can be directly used to 

covalently immobilize monoclonal antibodies.7, 26, 11 Another linker molecule is 3-

aminopropyl triethyloxy silane (APTES). 

 

 

 

Figure 2.5 Functionalization of silicon oxide surface by 3-amino propyl triethoxy silane 
(APTES). 

 

An amine terminated surface monolayer can be obtained by using APTES and results 

in surface exposed –NH2 (amine) groups that can be bioconjugated by using the proper 

coupling reagent like glutaraldehyde to produce a surface that is reactive toward amine 

groups present in the chemical structure of the proteins and antibodies like monoclonal 

antibody prostate-specific antigen (PSA) in order to immobilize the receptor on the 

surface. 14 Biotinylated PNA was immobilized on Si-NW surfaces having a layer of 

avidin which was already conjugated to silicon nanowire surface via biotinylated p-

nitrophenyl ester.9 Another useful linker is 3-mercaptopropyltrimethoxysilane 

(MPTMS) which makes thiol terminated monolayers on the oxide surface and is used 

to couple DNA probes modified with acrylic phosphoramidite at the 5’-end.10 This 

method placed the receptor molecule distant from the sensing surface. 
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2.4.2. Functionalization of “hydrogen terminated” silicon 

nanowires 

The intervening native oxide (1–2 nm thick) or a thermally grown oxide passivation 

layer (10-20 nm) on the Si-NW surfaces may limit sensor performance due to a number 

of reasons: i) interfacial trapped states causes hysteresis in response (native oxide); ii) 

receptor-analyte binding event takes place far way from Si-NW channel imparting only 

a small field effect for conductance modulation and small response (thermal oxide); iii) 

oxide surface chemistry (Alkoxy-Silane) is hydrolysable under different buffer pH 

ranges (thermal and native); iv) gate-oxide thickness is a major constraint in future 

devices in accordance to the Moore’s law.27 The etching of the silicon oxide layer with 

the help of HF or NH4F leaves silicon surface hydrogen terminated which is stable to 

air oxidation for tens of minutes, but is easily photo-dissociate able with UV light to 

generate surface radicals that react efficiently with �-functionalized 1-alkene or 1-

alkyne under inert atmosphere resulting into very stable and dense Si-Alkyl 

monolayer.28  

 

 
 

Figure 2.6 Silicon Functionalization via Si-alkyl Monolayer under UV reaction. 
 
This photochemical hydrosilylation treatment selectively functionalizes the Si NWs, 29 

but does not react with the underlying SiO2 layer (Box) of the substrate. Selectively 
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functionalized devices can detect analyte in trace amounts. Heath et al.23 used this 

photo-hydrosilylation treatment using an olefin derivative of an easily cleavable 

carbamate, followed by deprotection, which results in Si NWs coated with amino 

groups. The −NH2 groups can then be used to physically adsorb probe single-stranded 

(ssDNA) on the Si NWs, and attach several biotin derivatives, antibodies, 13 and probe 

ssPNA.22 

 

2.5. Si-NW biosensor: sensitivity in aqueous media 

 
The detection of a biological analyte needs a proper media for sending the analyte to 

the sensor surface. Appropriate pH buffers providing sufficient physiological 

conditions for sensing like phosphate buffer saline (1 x PBS) having pH 7.4 and 0.14M 

electrolyte concentration is used and it is similar to the human serum. Binding affinities 

of antibodies-antigen and DNA are the best under these conditions. Si-NW sensing, 

however, is dependent on the field-effect that is caused by the electrostatic charge of 

biological entities binding in the vicinity of Si-NW body and in the presence of high 

concentration of counter ions in the buffer, this electrical field might be screened and 

even nullified resulting into very weak or no sensing signal at all. Such a screening 

effect of counter-ions is known as Debye screening and the Debye length (�D) is the 

maximum distance at which an external charge can influence the NW carrier 

concentration to change signal. The value of Debye length (in nanometers) in water can 

be calculated with good approximation using the formula �D = 0.32(I)−1/2, where I is the 

ionic strength of the buffer solution in moles.30 In aqueous media, the accumulation of 

carriers inside the NW occurs when ligand-analyte binding takes place on the Si-NW 

surface within the Debye length �D set by the ionic strength of the solvent buffer; 

however, the Debye length decreases rapidly with an increase in the ionic strength and 

vice versa.31 Probe molecules must therefore be attached as close as possible to the NW 

surface, yet still retain their biological activity. The Debye length plays an important 

role during immunological experiments where “large,” relatively-low-charged 
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biomolecules, such as antibodies, capture their target proteins. When operating at the 

electrolyte concentration of serum, the �D � 0.7 nm is much smaller than the size of 

many antibodies (10–15 nm) and many proteins (5–10 nm). Therefore, at such a short 

�D, the electrolytes present in the buffer screen the charges carried by the analyte. So, 

pH and especially the electrolyte concentration are critical experimental variables to be 

considered see Figure 2.7. 

 

 

 

Figure 2.7 Effect of the buffer electrolyte concentration (Debye Length) on the sensitivity 
of Si-NW FET sensor shown for p-type Si-NW device and a negatively charged analyte 
molecule. (a) At high electrolyte concentration (1 x PBS, short Debye length), most of the 
charge carried by the captured analyte is screened by ions present in the buffer. This 
screening causes the analyte charge to have little effect on the accumulation that would 
provide an increase in device conductance. b) Operating at lower analyte concentration 
(0.01 x PBS), the charge carried by the analyte is poorly screened, and thus, a larger change 
in conductance can be observed, c) In very dilute buffers, charges located far away from the 
wire can still exert an influence on the carrier density of the wire, resulting in extreme 
sensitivities.3 
 
 Computational models for the response time of a nanobiosensor in a diffusion-capture 

regime were examined in order to study the effects of electrostatic screening caused by 

buffer solutions.16 These calculations predict that the sensor response varies linearly 
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with pH and logarithmically with electrolyte concentration and were in good agreement 

with data available in the literature, which indeed show that Si-NW FET sensors 

respond linearly to pH variation (which is crucial for protein detection) but nonlinearly 

to electrolyte concentration and concluded to develop analyte binding schemes at low 

ionic strength, in order to reduce the time taken to obtain a detectable signal change.3 

However, such a scheme might present problems related to the necessity of meeting 

certain minimum electrolyte concentrations in order to retain a strong binding affinity 

between probes and target molecules. Decreasing the salt concentration in the analyte 

solution allows for detection of larger biomolecules. At longer Debye lengths, charged 

residues on the analyte located several nanometers away from the NW will still exert 

an effect on the charge carriers in the NW. One way to ensure longer Debye lengths is 

to use dilute buffer solutions with low electrolyte concentrations. However, this 

practice could be problematic due to complications caused by the necessary dilutions 

when preparing the sample.3 A second problem with excessive dilutions is the fact that 

a minimum salt concentration is necessary to retain biological activity of some proteins 

and is indispensable for DNA hybridization.31 To demonstrate the effect of the Debye 

length on the nanosensor sensitivity, Stern et al. used the well-studied biotin–

streptavidin (SA) couple. Binding of this ligand–receptor system was monitored with 

p-type Si-NW FET sensors using different buffer ionic strengths, but at constant SA 

concentration.21 This system is ideal for this study, as the biotin–SA binding affinity is 

known to be unaffected by variations in buffer salt concentrations.21 A stable baseline 

signal was established with biotin immobilized on the NW surface in 0.01×PBS buffer 

(�D ~7.3 nm). Addition of 10 nM SA in the same buffer caused the negatively charged 

SA to bind to the biotinylated device and increased conductance with respect to the 

baseline.3 These results imply that the majority of the protein’s charge is unscreened 

and thus influences the carrier density in the NW. When the buffer ionic strength was 

increased tenfold (�D ~2.3 nm), the protein’s charge was partially screened by the 

stronger buffer and the conductance decreased due to a weaker chemical gating effect 

of the bound SA. A further tenfold increase (now, 1xPBS, �D ~0.7 nm) screened most 

of the protein’s charge, leading to a negligible change in device conductance with 
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respect to the initial baseline. A parallel experiment with a non-biotinylated device 

showed no response. This experiment clearly demonstrates that the electrolyte 

concentration of buffers is a critical variable influencing the sensitivity of these nano-

biosensors.3 This sensitivity dependence on the buffer composition is an important 

limitation for future applications of nano-biosensors when fast detection is required. 

Other immunological assays based on optical detection, such as enzyme linked 

immunosorbent assay (ELISA), can comfortably operate at serum’s electrolyte 

concentrations. In the Stern et al.’s study, it was demonstrated that by carefully 

choosing �D, it is possible to operate in such a way that only bound analytes would 

produce a signal while the presence of unbound molecules is screened, thus 

significantly reducing false positive results. For instance, at 0.05 x PBS, DNA-

modified devices were shown to respond only to the target DNA and to be insensitive 

to non-target DNA, whereas in more dilute buffers, false positives were observed.3 The 

relationship between the spatial location of charge and chemical gating effects was also 

investigated by Zhang et al.22 They used the hybridization of ssDNA to a ssPNA probe 

immobilized on the NW surface, at constant buffer ionic strength (constant �D) and 

fixed length of DNA (constant DNA charge). The only variable was the number of 

complementary DNA bases with respect to the PNA receptor.3 This number changed 

from fully complementary (22 nucleotides) to non complementary by decreasing three 

bases at a time. Using this strategy, the distance of the charge layer produced by the 

bound target DNA to the Si-NW surface was varied by controlling the location of the 

hybridization sites. The PNA–DNA hybrid and partial hybrid were assumed to stand 

normal to the NW surface. As the complementary segment became shorter and the 

DNA charge layer moved away from the sensor surface, the ability of the NW device to 

signal the hybridized DNA was progressively diminished. These results confirm that 

the detection sensitivity of Si-NW devices is strongly dependent on the location and 

strength of the electric field produced by analyte molecules on the NW surface.  
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2.6. Electrochemical cell and microfluidics 

 
An important factor to be taken into consideration is the system used to deliver the 

analyte solution. The analyte must reach the active sensing surface in order to interact 

with the capture agent. The time a receptor takes to capture its target molecule is 

affected by the delivery strategy. Since fast responses are highly desirable, rapid 

analyte delivery is crucial to the development of nanobiosensors. So far, two main 

methods have been utilized for such sample delivery: microfluidic channels7, 8, 19, 14, 23, 2, 

26, 11, 9 and mixing cells13, 10, 21, 22 each having its advantages and disadvantages. A 

microfluidics channel is usually made of molded elastomer such as 

polydimethylsiloxane (PDMS) with injection and drain channels (Figure 2.8).The 

microfluidics devices are placed on the top of the nanosensor so that the solution can 

be directed over the Si-NWs.  

 

 
 

Figure 2.8 Microfluidic channel on Si-NW chip.2 
 

A key benefit of a microfluidics device is that it allows the analysis to be conducted 

using exceedingly small samples, on the order of a nanoliter. The flow within the 

central part of the channel is laminar and has a higher flux than at the periphery. When 

a sample is injected into the channel, in order for the analyte to reach the sensor 

surface, the analyte has to diffuse normal to the flow, from the middle of the channel to 

the bottom where the Si-NWs are located. Laminar microfluidic flow thus partially 

restricts the ability of molecules to reach the nanosensor surface,32 especially for 
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molecules with high molecular weights (above 100 kDa) that are known to diffuse an 

order of magnitude slower than smaller biomolecules such as oligonucleotides.3 

Several computational models of the sensing phenomena suggest that the analyte 

delivery to the sensor surface might be the limiting step toward the detection of 

analytes at ultralow concentrations.17, 32 Simulations indicate that limits imposed by 

analyte transport in microfluidic systems will prevent nanoscale sensors from reaching 

detection in the femtomolar range, for assays performed in minutes, unless novel 

methods to actively direct biomolecules to a sensor surface are developed. Also, 

another disadvantage of PDMS channels is caused by the highly hydrophobic sidewalls 

present in these devices.3 Hydrophobic biomolecules with low solubility in buffers are 

likely to adsorb and deposit along the PDMS walls. A passivation strategy, using the 

protein repelling properties of polyethylene glycol, was developed by Wang et al., thus 

reducing undesirable, nonspecific adsorption of biomolecules.26 The other popular 

delivery method utilizes a mixing cell (also called solution chamber). This cell, 

typically a cone shaped, plastic sample holder, is placed over the nanosensor chip and 

allows the solution to be delivered from the top aperture. For simple cells, where there 

is no continuous flow, different solutions are delivered by replacement methods and the 

analyte diffuses isotropically until it reaches the sensor surface. A more advanced 

mixing cell setup, has been designed by Stern et al.13 In this setup, injection of the 

solution tangential to the Si-NW FET sensor significantly decreased the detection 

response times compared to those observed in Si-NW FETs that used microchannels 

for the detection of similar target molecules.23, 9 

 

2.7. Conclusion 

 
Si-NW FET biosensors have been used by many groups to detect bio-analytes of 

medical interests like disease biomarkers proteins, nucleic acids because these nano-

biosensors are cheap, efficient, highly sensitive, label free and give response in real 

time. Top-down fabrication approaches can produce these sensors in bulk however, 
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biofunctionalization of receptors, choice of biosensing buffers with appropriate 

concentrations, sample delivery system, and operation regime of the sensor are the 

factors which decide the ultimate sensitivity and selectivity of these devices.  
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Chapter 3 

 
 

3. Si-Alkyl monolayers: a 
functionalization tool for 
nanosensors 

 

 

The potential of highly stable, uniform and densely packed Si-C bounded Si-alkyl 

monolayers as a surface modification and biomolecular conjugation tool is reviewed 

here. Special emphasis apart from general considerations such as fabrication, reaction 

mechanism and characterization is given on their application for the surface bio-

modification of silicon based sensors such as the silicon nanowire field effect transistor 

(Si-NW-FET) devices and understanding their advantages (disadvantages) for the 

enhancement (deterioration) of device sensitivity and problems that might hinder their 

use as a modified surface of an electrical sensing device in solution. Various 

functionalization possibilities leading to near ideal surface passivation and bio-

immobilization are presented. Effects of precursor choice such as alkene or alkyne, 

impurity doping type (n- or p-) and effects of doping on tethering feasibility, heating 

and UV irradiation and mild approaches for fabrication have been considered. 

 

 

 

 



Chapter 3           Si-Alkyl monolayers: a functionalization tool for nanosensors 

 

 30 

3.1. Introduction 

 

3.1.1. Pros and cons for using oxide as a dielectric layer 

The most common way of functionalizing a silicon sensor is silane based chemistry on 

the silicon oxide surface. Most commonly 3-aminopropyl triethoxy silane (APTES) 

molecules are reacted with hydroxyl groups of silicon oxide under solution phase or 

vacuum desiccation and subsequent curing at elevated temperatures to induce cross 

linking 1, 2 results in amine (-NH2) terminated monolayers that are expected to be 

attached intermittently covalently to silicon oxide surface via silicon-oxygen bonds. In 

the case of silicon based biosensors such as Si-NW FET biosensor, receptors can be 

conjugated to amine terminated (APTES) monolayers of such kind by using different 

schemes for different type of biomolecules and many previous reports demonstrates 

APTES/Silane grafted platforms for the detection of biomolecules 3 however, there are 

several fundamental physical reasons that these modification schemes are not optimal 

for Si-NW sensors. That is why, exposure of silicon oxide surfaces to these ions should 

be avoided.4, 5 Higher electrostatic responses can be achieved from the sensor when 

insulator capacitance (Cins) is high enough, and however, silicon oxide layer is an extra 

dielectric layer between active channel and the receptors causing reduction in Cins.
5 The 

sensor response is also affected by the presence of interface traps. A silicon oxide 

surface which is functionalized can have these traps at oxide and silicon interface, 

within oxide or at the receptor-oxide interface. Such availability of interface traps at all 

oxide interfaces favors strongly to remove the oxide layer for better performance of the 

Si-NW sensor. Additionally, buffer solutions used in biosensing experiments usually 

have small ions such as sodium that are also mobile in silicon oxide layers.6 These 

mobile ions are the cause of major threshold shifts and hysteresis in electrical response 

which jeopardizes Si-NW biosensor performance. 
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3.1.2. Pros and cons for using Si-alkyl monolayer as dielectric 

layer  

A solution to the above problem is deposition of organic monolayers directly onto the 

bare silicon surface using silicon-carbon attachment chemistry. A variety of approaches 

including thermal, ultraviolet, free radical, and electrochemical methods have been 

demonstrated on single crystal (111) and (100) silicon surfaces as well as on porous 

silicon.7, 8, 9, 10 Many reports in the literature show successful covalent grafting of small 

aliphatic and aromatic species to silicon surfaces and have been characterized 

chemically. Etching of native silicon oxide layer in HF or NH4F leave the silicon 

surface terminated with hydrogen which is stable for some time but susceptible to 

oxidation in ambient conditions.11 Grafted alkyl monolayers of longer chain lengths 

have steric hindrances and full surface coverage with a densely packed monolayer 

passivating every surface site can not be achieved, however, each silicon site capped 

with a methyl group can provide nearly 100% passivation.12 In spite of lower surface 

coverage (50%), using capacitance and conductance measurements, interface trap 

densities as low as 3 x 109 cm−2 eV-1 and trap densities of 1.7 x 1011 – 3 x 1011 cm−2 

eV−1 have been measured from surface recombination velocity measurements from 

modified methyl and alkenyl modified silicon (111) surfaces in air respectively.13, 14 

Exceptional electrical passivation can be thus achieved with small alkyl molecules. 

Efficient grafting of high quality alkyl monolayers with the help of hydrosilylation on 

silicon surfaces and their substantial characterization by different physical techniques 

results into surfaces with low interface trap-density. Direct attachment of receptor 

molecules with linker aliphatic chains onto silicon nanowire biosensors is not favorable 

in many ways. Receptor molecules are usually very bulky and cause steric hindrance 

resulting into poorly packed monolayers with surface voids and holes and poor 

passivation. Problems that can arise from a non-ideal monolayer formation are shown 

in Figure 3.1. 
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Figure 3.1 Silicon surface in case of non-ideal monolayer formation. Steric hindrances do 
not let complete coverage of all active sites on the surface leaving many surface atoms with 
termination such as hydrogen. (a) & (c) non-specific interaction of surface with analytes (b) 
non-specific interaction of receptor with the surface (d) surface dangling bond (e) surface 
voids (uncovered surface) (f) sub-surface oxidation (g) surface oxidation.5 
 
The voids (Figure 3.1e) created by loose packing of bulky receptor groups might cause 

bio-fouling with the surface (Figure 3.1a) or uncovered sites get oxidized in ambient 

aqueous environment and both of these factors have deteriorating effects on nanowire 

biosensor electrical response. The selection and design of bio-receptor/ 

biorecognization groups should be such that they should only recognize/accept analyte 

molecules specifically and their bonding to the semiconducting surface should be 

strong enough to not to interact with surface non-specifically (Figure 3.1b). Formation 

of sub-surface oxide (Figure 3.1f) and surface dangling bonds (Figure 3.1d) should also 

be avoided in a perfectly covered surface.15, 16  

3.1.3. Improvement possibilities 

Characterization of an as-passivated surface that is going to be used for sensing is very 

crucial so that defects and their effects on the sensor response can be minimized. The 

most common method for immobilization of biomolecules onto the sensor surface is 

the sequential attachment of different components including formation of a well packed 

non-functional monolayer, generation of functional sites, attachment of a linker and 

subsequent attachment of bio-molecules. The resulting sensor surface can better 

achieve both chemical and electrical requirements for sensing as compared to direct 

functionalization and Figure 3.2 shows one possible example. 17, 18 
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Figure 3.2 a) Sequential functionalization of Si (111) surface: via hydrosilylation reaction 
with 1-Undecene; b) generation of surface functional groups with mild plasma oxidation; c) 
NHS/EDC chemistry to activate carboxylic acid groups; (d) attachment of receptor protein. 
 
Receptor molecules are the focus of biosensor functionality, however, the choice of the 

linker molecular layer (Si-C monolayer, Figure 3.2a) often plays a very crucial role in 

overall biosensor performance, which depends on packing density, bond stability and 

the electric and electrochemical properties. Intrinsic dipole moments of different kinds 

of linker molecules affect semiconductor band gap upon their interaction with 

semiconductor surfaces and can be used to tune electrical properties in a controllable 

way and can also be used to overcome doping difficulties for sensors with dimensions 
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below 10 nm.19 Bulky receptor groups when immobilized onto surfaces with 

inappropriate linker molecules result in poor packing and thus produce voids at the 

surface where small molecules in buffer can interact with exposed surface sites giving 

rise to spurious signals. Careful choice of the linker chain, however, can prevent “false 

positive” signals due to minimal steric hindrance, maximum surface coverage, and 

unavailability of non-reacted surface sites along with efficient bioimmobilization of 

bulky receptor groups. A clever approach to cope with surface voids and to cover most 

of reactive/dangling bonds and to still functionalize surfaces directly in a single step is 

to use a mixture of precursor molecules having both functional (bulky, -COOCH3, -

NH-CO-C(CH3)3, Phthalimide, Succinimidyl-) and inert (small, -CH3) terminal groups 

and selecting the ratio in such a way that small molecules cover most of the reactive 

sites but functional groups should also be there in a sufficient surface density. Another 

challenge is to solve degradation problems of bulky functional groups due to UV 

exposure or extensive heating (up to 200 0C) demanding extremely mild 

hydrosilylation methods. However, receptors such as DNA, antibodies, proteins, and 

carbohydrates have been attached to appropriate aliphatic modified silicon surfaces.20, 
21, 22, 23 Sensitive, label-free detection of biological material has also been demonstrated 

using oxide free silicon NW-FET structures.24, 25 Such devices showed improved 

sensitivity compared to oxide-based interfaces.26 

 

3.2. Si-alkyl functionalization methodologies 

 

3.2.1. Wet chemical methods 

3.2.1.1. Hydrosilylation via 1-alkene and 1-alkyne 

 
Si-alkyl monolayer can be prepared by using a number of different routes and the 

easiest and technologically important/promising method is probably the hydrosilylation 

of alkene/ alkynes on hydrogen terminated surfaces. Hydrogen terminated surfaces can 
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be efficiently prepared by dipping the silicon wafer with native oxide in a solution of 

(1-5) % HF or 40% NH4F in water. The prepared surfaces are stable and oxide free for 

tens of minutes and can be used in Schlenk flasks or in glove boxes for further reaction. 

Hydrosilylation chemistry involves 1-alkenes or 1-alkynes as precursor molecules 

grafted onto hydrogen terminated silicon which is also appropriate and a method of 

choice.9 

 

 
 

Figure 3.3 General scheme for Hydrosilylation reaction. 
 

Hydrosilylation while using hydrogen terminated surface can be carried out under UV 

irradiation, 27 free radical initiation, 7 heating, chemo mechanical scribing 28 and 

sonication.28 

3.2.2. Different approaches for biomolecular immobilizations 

through alkenyl chemistry 

 
In order to get functionalized surfaces which are densely packed, stable and provide 

sufficient chemical flexibility for further biomolecular conjugation different 

approaches have been made by different groups as summarized in Table 3-1. Yang et al. 

used a mixed monolayer approach to get a densely packed functionalized surface in a 

single step and were able to successfully immobilized biotin hydrazide onto as 

prepared surfaces,29 as shown in Figure 3.4. Monolayer fabrication by using a mixture 

of precursor molecules where one has functional bulky group and the other having a 

methyl terminal group is very handsome in the sense that i) Sterically hindered sites 

can be covered by small methyl terminated chains resulting into maximum surface 

coverage, ii) by controlling the ratio of both precursor molecules, the surface density  
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Table 3-1 Functionalization approaches suitable for Si-NW FET biosensors. 
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of functional groups (Succinimidyl groups) can be fine tuned, resulting in proportional 

number density of receptor groups on the surface, and iii) their functionalization 

scheme is a direct and single step and does not involve any extra deprotection step 

which can deteriorates monolayer quality by loose packing and non-uniformity. Streifer 

et al.25 functionalized their vapor-liquid-solid (VLS) grown silicon nanowires 

covalently by using tertiary butyloxy carbonyl (t-BOC) protected amine and 

subsequent functionalization of thiol terminated DNA after deprotection using a 

hetrobiofunctional cross linker known as SSMCC (sulfo-succinimidyl 4-(N-

meleimidomethyl) cyclohexane-1-carboxylate). Their functionalization scheme is 

shown in Figure 3.5.25 

 

 
 

Figure 3.4 a) Schematic representation of the formation of a mixed monolayer terminated 
with NHS-ester moities and b) subsequent substitution of the NHS-ester moiety by para-
trifluoromethyl benzylamine (TFBA) or c) biotin hydrazide.29 
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Figure 3.5 Schematic representation of selective functionalization of silicon nanowire 
biosensor using t-BOC protected amine (10-N-Boc-Amino-dec-1-ene), deprotection 
through trifluoroacetic acid (TFA) getting free amines, conjugation with hetro-bio-
functional cross linker (SSMCC) and thiol ended DNA, subsequent hybridization with 
complementary DNA with fluorescence tag for detection.26 

 
Bunimovich et al 34 developed a new method for the spatially selective 

biofunctionalization of silicon micro and nanostructures on single crystal silicon (111) 

or (100) surfaces. An electroactive monolayer of hydroquinone was formed on a 

hydrogen terminated electrode by hydrosilylation reaction using UV irradiation. Thiol 

ended biomolecules as well as cyclopentadiene can be preferentially and selectively 

immobilized in the regions where hydroquinone gets oxidized electrochemically. There 

reaction scheme is shown in Figure 3.6. 
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Figure 3.6 Electrically interactive monolayer for selective functionalization of micro and 
naoelectrodes. 34 
 

 
It has been realized that silicon wafer doping type, its concentration and crystal 

orientation has effects in the efficiency of monolayer assembly. The order of ease with 

which surface grafting takes place is highly doped n > lowly doped n-type > lowly 

doped p-type > highly doped p-type. Maximum contact angle achievable by 1-

Hexadecene monolayer was 109˚ and it was achieved in 5 hour for Si (111) surface and 

in 10 hours for Si (100) surface using same visible light intensity and wavelength and 

doping. Hydrogen terminated n-type surface is also more stable to oxidation as 

compare to p-type surface.36 

3.2.3. Alkylation via Grignard reagents (R-Mg-X)  

Another wet chemical strategy to obtain alkylated silicon surfaces is to use Grignard 

reagents such as (R-Mg-X) having methyl, ethyl or butyl moiety. Hydrosilylation by 

using hydrogen terminated surfaces and 1-alkenes/alkynes is preferable due to 

following reasons: i) Alkene and alkynes are environment friendly and are not toxic as 

compare to Grignard reagents; ii) The method is single step as reaction directly proceed 

on hydrogen terminated surface as compare to a double step procedure in case of 

Grignard chemistry where a chloride/ halogenated surface is first prepared in gas phase 
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under UV-irradiation 9 or a solution phase reaction with PCl5 
37 and resulting in 

chloride terminated surfaces are less stable to air/ambient oxidation see Figure 3.7.38, 39 

 

 
 

Figure 3.7 Two step hydrosilylation reactions through Grignard chemistry give nearly 
100% coverage. 
 
The methyl terminal is not more reactive/flexible for further molecular conjugations in 

case of biosensor applications however controllable air plasma oxidation can be used to 

generate functional groups on monolayer surface for further molecular 

immobilization.17  

3.2.4. Silicon nanowire surface modifications through 

Grignard’s chemistry 

Alkylation with the help of the Grignard’s reagent is beneficial due the fact that the 

smallest alky moiety is a methyl group (-CH3) can be attached to the halogenated 

surface and thus does not require a double bond involving at least two carbon atoms. 

The chlorination-alkylation route can give 100% surface coverage which is an ideal 

condition to study the effect of these monolayers on the electrical behavior of Si-NW 

FET devices.  
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Figure 3.8  Silicon nanowire surface modification via chlorination and alkylation.40 

 
Si-Alkyl monolayers on silicon nanowire surfaces have shown greater stability and 

resistance to oxidation in ambient environments as compare to corresponding planar 

when exposed for several weeks. Furthermore, single carbon groups attached to silicon 

have greater surface coverage �max-alkyl (%) as shown by the Figure 3.9.40 

 

 
 

Figure 3.9 XPS Studies: �max-alkyl (%) [�max-alkyl = (C-Si/Si2p) max-Alkyl / (C-Si/Si2p) max-Cl]  
versus alkyl chain length on n-type  Si-NWs and comparison with planar/ 2D Si (100) 
surface.40 

 
It is due to the fact that increasing the number of carbon atoms increases the van der 

Waal diameter from 2.5 Å (in case of C1) to 4.5-5.0 Å for longer chains resulting into 

lower surface coverage only up to 50%. Silicon surfaces in general and silicon 

nanowire surfaces in particular, covered by single carbon moiety have greater 

resistance towards oxidation due to the fact that attractive interactions between longer 

alkyl chains increases by 4.6 KJ/mol per methylene unit.40 Due to higher attractive 

forces, the probability is large for alkyl chains to make molecular domains and islands 

that leave voids and pin holes of nanometer diameters at the surface of silicon 
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nanowires. 

3.2.5. UHV (ultra-high vacuum) approach for Si-C bond 

formation  

Reactions under ultra-high vacuums provide experimental conditions which are well 

controlled even at the atomic level. At ultra-high vacuum (1x 10-10 torr) surfaces can be 

heated routinely up to 1000 K without oxidation and allow access to unusual and 

(thermally stable) reconstructions that are otherwise unattainable even under inert 

atmosphere. Working under ultra high vacuum permits the scanning tunneling 

microscopy (STM) imaging of the surface bonded molecules. 

 

3.3. Silicon nanowire modified with Si-alkyl 

monolayers 

3.3.1. Improvements in device characteristics  

Controlled doping of nanostructures is crucial for well defined characteristics and 

working domains as well as to utilize their high inherent sensitivities but uniformity 

and accuracy of doping profiles throughout the sensor body becomes difficult for small 

diameters.5 Electrical transport measurements show improved conductance after 

doping which can be fine tuned further by applying gating potential (Vg) but 

nanosensors need a robust solution.41 Surface modification of Si-NW FETs with carbon 

monolayers can be as important as the effect of its diameter and its orientation and 

impart dramatic improvements in device characteristics which can be fine tuned 

according to the intrinsic polarities of immobilized molecules provided that the surface 

coverage should be greater than 50% .42 Figure 3.10 a and b shows current-voltage (Ids-

Vds) characteristics of SiO2–Si-NW and butyl-Si-NW respectively. The 

transconductance of Si-NW FETs of different surfaces like oxide-Si-NW, butyl-Si-NW, 

1, 3-dioxane-2-ethyl-Si-NW and propyl alcohol-Si-NW (Figure 3.10c and d) indicates 

dependence of Si-NW characteristics on adsorbed molecules. 
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Figure 3.10 Electrical characteristics of Si-NW FETs: 1-Vds curves a) SiO2-Si-NW FET 
and b) butyl-Si-NW FET at different back gate voltages (Vg), c) Different surface groups 
which were immobilized on silicon nanowire surfaces , d) Transconduction (g) versus back-
gate voltage (Vg) in SiO2-Si NW FET, butyl-Si-NW FET, 1,3-dioxane-2-ethyl-Si NW FET, 
and propyl alcohol-Si-NW FET. The transconductance values were obtained at Vds= 0.2V.41 
 
A strong correlation of the transconduction data was observed with the corresponding 

change in work function �� with respect to that of an oxide surface. Haick et al. 

reported a surface modified Si-NW modified with a two step chlorination and 

alkylation which was stable in ambient atmosphere, having small surface-defect 

densities and configured as an FET device with an off/on ratio of 105 over a relatively 

small voltage swing (± 2V).43 These improvement in device characteristics is due to the 

fact that surfaces that are either hydrogen terminated or modified with methyl groups 

passivates surface defects near to the 100% and the probability of electron-hole pair 

recombination decreases causing an increase in the carrier mobilities. In response to 

changes in gate voltage, the same passivation of surface states allows for more 

effective movements of band edges in the channel compared to channels with SiO2 /Si 

interface or SiO2 surface states and thus increases the on/off ratio of FETs. The 
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presence of hysteresis in SiO2-Si-NW sample but not in freshly prepared H-Si-NW or 

CH3-Si-NW and the observation of gradual development of hysteresis in H-Si-NWs 

upon increasing exposure time to air support the effects of surface states on the 

electrical properties of Si-NW FETs.
43

 

3.3.2. Improvements in biosensing 

Heath et al. used non-oxidized silicon nanowire FETs for the detection of single 

stranded DNA and found two order of magnitude increase in sensitivity by using 

organic monolayer functionalization on nanowires surface as compared to silane based 

chemistry on native oxide in 1x SSC buffer (0.15 mM sodium citrate and 150 mM 

sodium chloride pH 7.5).26  

 

3.4. Reaction mechanism 

3.4.1. Photochemical irradiation (UV-Irradiation) 

Hydrosilylation under UV irradiation (~254 nm) is known to break the Si-H bond 

(homolysis) to create a surface free radical (dangling bond) on the silicon atop site, 

which reacts with �-carbon of precursor molecule in solution (1-alkene or 1-alkyne) 

creating a free radical at 	-carbon which in turn absorbs a hydrogen atom from 

adjacent hydrogen terminated silicon creating second surface radical and reaction 

proceed forward in a sustainable way see Figure 3.11.44, 45, 36 UV irradiation (254 nm, 9 

mW/cm2) reaction completes in about 2 hours.26   
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Figure 3.11 Mechanism of hydrosilylation under UV irradiation. 
 

3.4.2. Heating 

Hydrosilylation under heating at 170 - 200 oC undergoes a surface free radical reaction 

similar to as shown in Figure 3.11 for UV-based hydrosilylation. However, well 

packed, dense and very high quality monolayers have also been reported at 70 oC 

indicating some other reaction route for hydrosilylation.46 One possibility might be the 

initiation by trace atomic oxygen by abstracting hydrogen from the surface but 

activation energy for this reaction have been calculated to be 130 KJ/mol implying that 

this possibility is only for temperatures exceeding 100 oC. STM imaging of surfaces 

during the early stages of the reactions at 150 oC and by UV-irradiation proved that it 

proceed via free radical chain reaction.46, 48 However, the type of reaction vessel also 

plays a role in the hydrosilylation reaction for example reaction is fast but results in 

relatively poor quality monolayer in a Pyrex Schlenk tube at 150 oC is slow, but yield 

high quality monolayers in inert vessel like one made of PTFE indicating a side 

catalytic degradation of alkenes and alkynes on glass surfaces before reacting to silicon 

surfaces.47 Contradictions still exist in determining an exact mechanism for all kinds of 

hydrosilylation reactions.  
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3.5. Further functionalization of modified surfaces 

 

3.5.1. C-H bond activation of terminal methyl group 

Silicon-alkyl monolayers prepared through wet chemistry are robust and stable, 

passivate silicon surfaces well, reduce surface defects and interface traps and improve 

electrochemical characteristics of Si at one hand and provide a platform to do further 

surface-chemical changes to engineer sophisticated tasks like surface related assays, 

spectroscopic handles, heterogeneous catalysis and immobilization of biomolecular 

receptors onto sensing surfaces, on the other hand. A surface with packed monolayers 

with adequate number of bulky bio-receptors without any steric constraints is an ideal 

surface for sensing in aqueous solutions. Functionalized monolayers like amine 

terminated (-NH2), carboxylic acid terminated (-COOH) or aldehyde terminated (-

COH) can be prepared by using adequate protecting groups but a well packed 

monolayer is most often obtained via precursors having methyl terminal group.The 

methyl terminal is not able to conjugate biomolecular moieties directly and has to be 

activated first. The C-H bond can be activated by using different approaches having 

different efficiencies in term of density of surface generated groups available for bio-

conjugation. The C-H bond of the terminal methyl groups on grafted monolayer can be 

activated by illuminating the modified surface for 15 minutes with a light of � ~350nm 

in the presence of 4’-[3-trifluoro-methyl-3H-diazirin-3-yl]-benzoic acid N-

hydroxysuccinimide ester (TBDA-OSu) in carbon tetrachloride. The activation reagent 

is commercially available and results into a surface with amine reactive N-

hydroxysuccinimide groups. This method is fast but generates a low surface coverage 

(10%) of functional groups leaving most of the surface hydrophobic see Figure 3.12.48 

Another route is to use photo-induced chlorosulfonation of the alkyl chain generating 

highly reactive sulfonylchloride head groups and subsequent reaction with an amine 

terminated linker such as ethylene diamine for amide (sulfonamide bond formation). 

Air plasma treatment or UV-Ozone49 can produce carboxylic groups on the grafted 
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monolayer surfaces and bioimmobilization has been shown effectively.50 

 

 

 

Figure 3.12 Methyl group activation to produce N-hydroxyl Succinimidyl groups on the 
surface and further reaction with amine terminated molecule. 
 

3.5.2. Direct fuctionalization 

Carboxylic acid terminated monolayers have applications and importance in biosensor 

development. These monolayers have been made by using a methyl ester substituted 1-

Alkene/1-alkynes and yielded carboxylic acid groups on its deprotection. The ester 

protecting group was to avoid silyl ester formation with carboxylic group.30Another 

possibility is to use carboxylic functionalized 1-akene directly to make a monolayer as 

double bond reacts preferentially with surface under optimized reaction conditions.31, 51 

As prepared carboxylic terminated surfaces were reactive to amines and can be 

converted to amine reactive Succinimidyl groups by using EDC/NHS chemistry. 52  

 

3.6. Conclusion 

 
Silicon-alkyl monolayers grafted onto hydrogen terminated silicon by any wet 

chemical approach is promising in the sense that high quality interfaces become 

available to induce effects on both sides of the surface plane in the form of 

better/improved electrical characteristics due to better passivation of organic layers on 
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one side and availability of a very flexible interface handle for surface engineering and 

immobilizations on the other side. However, apart from the fact that improved 

nanowire characteristics due to grafted monolayers seems to be very ground breaking, 

realization of a robust biosensor need an ideal interface which should be void free and 

have least amount of leakages and imperfections due to the growth of oxide and sub-

oxide. The surface based hydrosilylation reaction is not mature yet and a lot remains 

unknown about the reaction mechanism, however, further research will open more 

prospects to utilize silicon-alkyl hetrojunction for novel applications.  
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Chapter 4 

 
 

4. Surface preparation of active gate 
regions for silicon field-effect 
devices 

 

Silicon surfaces play a key role in the operation and sensitivity of field-effect devices, 

especially when used for biosensing. Being a surface sensitive electrical device, silicon 

nanowire biosensors create many challenges on the laboratory-scale surface 

preparation modifications. Hydrogen terminated surfaces form ideal interfaces because 

they are reported to have low recombination velocities due to smaller interface state 

density as compared to native/thermal oxide, however, their stability remains a 

question mark. Top-down and bottom-up silicon nanowire fabrication approaches 

facilitate the production of well ordered devices but the opportunity of using 

conventional surface analysis techniques such as commercially available X-ray 

photoelectron spectroscopy (XPS), is not possible. Atomic force microscopy (AFM) 

and scanning electron microscopy (SEM) can be used to characterize morphological 

properties of the surfaces and reveal differences for different surface treatments. 

Electrical and electrochemical measurements characterize the efficiency of as-prepared 

surfaces and are crucial for the choice of working regime and calibrations. Hydrogen 

terminated surfaces can be used to do further surface modifications for biosensor 

applications; however, controlled environments are crucial for making surfaces 

reproducibly.  
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4.1. Introduction 

 

Silicon nanowire field-effect transistor (Si-NW FET) sensors hold significant promise 

as highly sensitive sensors for chemical and biological species.1 The high sensitivity 

characteristics are mainly due to the high surface to volume ratio where a large fraction 

of the overall atoms in the device are surface atoms and that is why can sense a minute 

change in surface physical, chemical or biological environment.2 A high surface to 

volume ratio on the other hand might offer restrictions towards the lateral growth of 

dielectric passivation layer around sensor surface in respect to its quality (purity, 

stoichiometry) and thickness as both factors that can significantly alter the device 

characteristics and its sensing capability.3 Native oxide or grown thermal oxide on 

silicon can have some charges imbedded deep inside the silicon shell or they might be 

present near the Si-SiO2 interface. The charges inside the silicon oxide shell are oxide 

trapped charges Qot and mobile oxide charges Qm where as those at, or in close vicinity 

of the Si-SiO2 interface, are the fixed oxide charge density QF and interface state 

density Qit which have a stronger influence on the electric properties of a silicon field 

effect devices by affecting the mobile charge density inside the silicon nanowire 

channel.4 Replacing the silicon oxide interface with an ideal interface (free of all sorts 

of charges and interface states) will greatly enhance the characteristics of the 

semiconductor devices in terms of carrier mobilities, recombination velocities and flat 

band voltage. The hydrogen terminated silicon surface is a chemically passivated 

surface where the native oxide has been removed by etching in aqueous hydrofluoric 

acid (HF) or ammonium fluoride (NH4F) solutions leaving the silicon surface 

covalently attached with hydrogen. Since all surface Si atoms are fully coordinated, 

hydrogen termination leads to enhanced stability in ambient environments unlike a 

“clean surface” having un-passivated surface atoms, or dangling bonds. Hydrogen 

terminated surfaces get oxidize in an ambient atmosphere. A hydrogen-terminated 

silicon surface has another excellent property: it can be flattened at the atomic level by 

etching. For example, to etch a hydrogen-terminated silicon (111) surface, ammonium 
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fluoride aqueous solution is usually used. Like other silyl groups of organic 

compounds, the H-Si groups on the surface react with molecules that have terminal 

unsaturated bonds or diazo groups. The reaction is called hydrosylilation. Many types 

of organic compounds with various functionalities can be introduced onto the silicon 

surface by the hydrosylilation reaction. Consequently, ideal hydrogen-terminated defect 

free surfaces are very crucial for the fabrication of defect free monolayers.5 Wet 

chemical surface preparations in an inert environment such as bubbling argon, Schlenk 

flasks and cannula based manupulations are preferable in comparison to ultra-high 

vacuum (UHV) techniques because they are inexpensive, fast and allow laboratory 

based preparations. In this chapter, AFM and XPS studies were used to characterize 

silicon surfaces prepared after etching with 1 % HF and nitrogen purged/non-purged 

40% NH4F solution in terms of surface morphology and chemistry. The hydrogen 

terminated surfaces of Si-NW FETdevices were characterized electrically in air by 

back gating the devices (Vbg-Ids) where as stability of hydrogen terminated surfaces 

were determined by front gating the device in an aqueous electrolyte solution using a 

reference electrode.  

 

4.2. Experimental  

 

Surface preparations involving cleaning and hydrogen termination of planar silicon 

samples as well as Si-NWs was carried out. X-ray photoelectron spectroscopy was 

used to verify the cleanliness and the chemistry of the surface of planar samples where 

as atomic force microscopy (AFM) was used to determine the morphology of as-

prepared planar as well as Si-NW sample surfaces. Hydrogen terminated silicon 

nanowire (H-Si-NW) device characteristics were monitored electrically after etching 

away the thermal oxide (10-20 nm) passivation layer with the help of 1% HF or 40% 

NH4F for one to two minutes of etching and rinsing with deionized (DI) water and 
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drying in pure compressed nitrogen. All experiments were performed in an ambient 

environment (room temperature and in air). 

4.2.1. Silicon samples 

Single side polished planar Si (111) samples were cut from 100 mm diameter wafers 

into a dimension of 1x1 cm2. Si-NW samples were fabricated in MESA+ clean room 

and a full description can be found in the published paper by Chen et al.6 

4.2.2. Chemicals  

HF and NH4F etching solutions used were of VSLI grade and were used as received. 

Milli-Q DI water (18.2 M
·cm-1 resistivity) was used to rinse the sample after each 

etch step. Sulfuric acid H2SO4 (98%), hydrogen peroxide H2O2 (30%) potassium 

chloride (KCl) was purchased from Sigma Aldrich.  

4.2.3. Surface etching 

The planar Si (111) samples were surface cleaned with the help of sonication with 

organic solvents such as acetone, ethanol, and iso-propanol, treated with piranha 

solution (3:1) H2SO4: H2O2 at 90 0C for 30 minutes while etching with HF and rinsing 

with DI water. The contact angle of the samples after cleaning / before final etch was 

less than 5˚. Silicon nanowire samples were UV-ozone treated for 5 minutes and were 

directly used for measurements. However, some silicon nanowire samples were noticed 

to have residual polyimide (passivation layer on the sensing windows) coverage at 

sensor sites which was removed by an air plasma treatment for 10 minutes.  

4.2.4. XPS characterization 

XPS studies/surface characterization has been conducted with a monochromatic X-ray 

beam (Al KR, 1486.6 eV, 100W, Quantera, Physical Electronics). Mapping was done at 



Chapter 4           Surface preparation of active gate regions of silicon field-effect devices 

 

 58 

3 x 10-9 Torr and detector angle of 45˚. Silicon (Si 2p 3/2) was taken as a reference. 

Data was analyzed and fitted with the help of the software PHI Multipak, and 

CasaXPS. 

4.2.5. Electrochemical measurements 

UV-Ozone (Procleaner™ plus Bioforce Nanosciences) was used for cleaning and 

surface treatments. A multimeter (2400, Keithley) with Software (Labtracer 2.0, 

Keithley) was used for electrical data acquisition. All measurements were done with 

the help of probe station (PM8, Karl Süss) inside a faraday cage. A platinum wire (0.25 

mm diameter, 99.99%, Sigma Aldrich) was used as a pseudo reference electrode where 

required.  

4.2.6. AFM imaging 

A Digital Instruments Dimension 3100 was used for AFM images. All AFM images 

performed in tapping mode with ultra sharp (average tip diameter ~2 nm) single crystal 

silicon tips (SSH-NCH-10, NanoandMore, Gmbh). Silicon nanowire devices used for 

etching studies were made by top-bottom approach involving two plane dependant wet 

etchings and two photolithography steps for defining sensor areas and contact pads see 

Figure 2.4.6  
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Figure 4.1 Silicon nanowire device configuration a) high resolution SEM image; b) 
schematic for electrical measurements with front gating Vref, back gating Vbg and drain-
source bias Vds; c) cross section of Si-NW showing height, thickness of buried oxide layer 
and of gate oxide. 
 

The nanowires were p-type boron doped (~ 1017-1018 cm-3), L= 20-40 �m, h= 100 nm 

and W= 150 nm, unless otherwise stated. 

4.3. Results and discussions 

Silicon nanowire devices were used to study the different surface treatments on their 

current-voltage (I-V) characteristics including UV-ozone cleaning/exposure, etching 

and hydrogen termination and re-oxidation where as XPS was used to study the planar 

samples etched via different etchants.  

4.3.1. Etching: SEM, AFM and XPS studies 

X-ray photoelectron spectroscopy was used to monitor the surface chemistry of Si 

(111) samples treated with different etchants for equal time intervals to determine the 

extent of oxidation on the surface for each surface treatment. All samples were etched 

for the same time and were analyzed with XPS after 10-20 minutes of ambient 

exposure. Figure 4.2a shows measured XPS results of a sample treated with piranha, 

which have a chemically grown native oxide that shows a peak at the binding energy of 

103 eV for silicon oxide. Figures 4.2b, 4.2c and 4.2d show silicon samples etched with 
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aqueous 40% NH4F solution purged with nitrogen, with aqueous 1% HF and a non-

purged NH4F solution respectively. The sample etched with nitrogen purged NH4F 

solution (Figure 4b) has the least amount of silicon bonded with oxygen where as a 

sample etched with non-purged NH4F solution (Figure 4.2d) has the highest amount of 

silicon as oxide. Etching with 1% HF solution (Figure 4.2c) however, has a less 

percentage of surface silicon oxide as compared to the sample shown in Figure 4.2d, 

but oxide is fully developed and is probably in the form of SiO2. 

 

 
 

Figure 4.2 Etching planar silicon samples with different etchants: a) piranha cleaned 
sample having chemically grown native oxide, b) silicon sample etched with nitrogen 
purged 40% NH4F solution, c) silicon sample etched with 1 % HF solution,  d) silicon 
sample etched with NH4F solution without nitrogen purge. The peak fits are shown in 
colors representing Si0 2p1/2 , Si0 2p 3/2, Si+4 2p etc. 
 
Etching with nitrogen purged NH4F is efficient for producing flat Si (111) hydrogen 

terminated surfaces where each silicon atom is terminated with a single hydrogen atom 

perpendicular to the surface. Purging of dissolved oxygen from the solution ensures the 

least oxidation of the surface and NH4F etch results in a smooth atomic plane with the 

least surface roughness. Oxygen rich NH4F solutions or even partially purged etchant 
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solutions can cause etch-pit generation in the silicon.7, 8 Figure 4.3 shows a SEM 

picture of silicon nanowire etched with an oxygen rich ammonium fluoride solution.  

 

 
 

 
 

Figure 4.3 High resolution SEM of Si-NW etched with oxygen rich NH4F solution. 
 

Figure 4.4a is a high resolution scanning electron microscopy image of a Si-NW after 1 

minute of HF etching. Figure 4.4b shows a high resolution AFM image of a Si-NW 

after etching with 1 % HF for 1 and 2 minutes. Striations on the side walls of the Si-

NW can be seen after 2 minute of etch which are AFM imaging artifacts as per 

confirmation by SEM studies. 
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Figure 4.4 Etched silicon nanowire a) high resolution SEM image after 1 minute etch b) 
AFM images of Si-NW before and after etching for 1 and 2 minutes with 1% HF. 
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Figure 4.5 AFM profiling of Si-NW surfaces before and after HF dip for different times. 
 
Figure 4.5 shows the profile plots of the Si-NW surface after etching with 1% HF for 
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different times. It can be seen that etching rate is higher for the triangular tip of the 

nanowire which is probably Si(100) as compare to Si (111) planes in accordance to the 

fact that etch rate is higher for Si (100) orientation. The top of the Si-NW becomes 

increasingly rounded for longer HF etch times. 

 

 

 
Figure 4.6 AFM profiles of NH4F etched Si-NWs a) before and b) after etching with 
nitrogen purged 40% NH4F solution showing deposition of residual crystals after a 
rinse/fast dip with DI water and drying with pure compressed nitrogen c) SEM image. 
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Figures 4.6a and 4.6b shows an AFM image of a Si-NW before and after etching with a 

nitrogen purged solution of 40% NH4F. Even after a fast rinse in DI water, residual 

crystals get adsorbed to the surfaces so a thorough rinse is recommended to get rid of 

heavy residual crystal content from 40% NH4F solution to use these surfaces for further 

modification (Solubility of NH4F in water is 45g/100 ml at 25 ˚C, nitrogen purging 

causes rise in the saturation). 

4.3.2. UV-Ozone surface treatment  

Figure 4.7 shows electrical characteristics of Si-NW FET devices before and after UV-

ozone treatment for 5 minutes. The treatment of Si-NW devices with UV-ozone is 

beneficial before measurements and ensures relatively clean surfaces and stable 

current-voltage characteristics free of capacitances due to extra charges by organic 

vapors and other impurities. UV-ozone treatment improves the characteristics in terms 

of working potential and sensitivity (Figure 4.7).  

 

 

 

Figure 4.7 UV-ozone treatment of Si-NW oxide surface, measured in air. 
 
Following the UV-Ozone treatment, the back gate “turn-on” voltage clearly shifts in the 

positive direction from Vbg= -7.5 V to Vbg= -2.5 V, which we interpret as a reduction in 

oxide surface charge due to contamination and UV irradiation anneals the oxide space 

charge; however, prolonged exposure to UV can degrade devices by creating surface 
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states at the Si/SiO2 
9 

4.3.3. Hydrogen termination 

Etching the Si-NW surface oxide with 1% HF for 1-2 minutes terminates the surface 

with hydrogen atoms and the resulting surface may be stable in laboratory environment 

for few minutes to few hours, especially hydrogen terminated Si-NWs which can show 

extra stability compared to planar samples.1 Figures 4.8a and 4.8b show Si-NW 

characteristics (Vbg-Ids) before and after etching in 1% HF. After etching a small non-

zero current showing a “normally on” device however, the maximum current dropped 

by more than two orders of magnitudes as compare to non-etched device which 

indicate the depletion of the channel probably due to positive surface charge density or 

increase in interface state density. It is reported that after an HF dip, hydrogen ions stay 

on the silicon nanowire surface depleting the p-type channel but after a week at room 

temperature or after heating the chip at 180 0C for a minute, hydrogen ion desorbs as 

H2 gas with the recovery of channel conductance, see Figure 4.9.10 

 

 
 

Figure 4.8 Silicon nanowire device a) before and b) after etching with 1% HF, measured in 
air. (Each data point in an average of 10 data points). 
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Figure 4.9 Schematic diagram of a p-doped nanowire with positive surface charges after 
etch and depleted region .10 
 

Lagally’s group11 have studied the effect of HF etching on the charge transport 

properties of ultrathin films and found that after the first 13 minutes of HF etching 

including a substantial rinse in water for 5 minutes, a thin sheet of silicon (as thin as 27 

nm, p-doped silicon 10-15 cm-3 SOI (001)) conductance increases nearly four times 

higher than as expected from estimated based on doping concentration. They showed 

that HF etching moves the Fermi level close to conduction band minimum, resulting in 

an inversion from the initially p-type to an n-type surface layer and this is the reason 

for a large drop in sheet resistance. By comparing their results to the extent of band 

bending caused by HF etch in thicker bulk samples; it is revealed that electronic 

properties of ultra thin films (less than 220 nm) are highly dependent and sensitive to 

the surface environments. We have measured similar effects as the Si-NW lateral 

dimensions are reduced below ~ 100 nm. Post etching species found on the silicon 

surfaces also include F and OH as well and their concentration exhibits a marked 

dependence of on both the HF concentration and the rinse time after the HF dip. The F 

and OH coverages are reduced and increased, respectively. Rinsing the samples in 

water after the HF treatment lowers the F coverage via substitution reaction Si-F + H2O 

 Si-OH + HF, consequently increasing the number of OH groups on the 

surface.11 Removal of moisture using a vacuum vessel during measurements was 

adopted serving two purposes. First, the oxidation rate of the surface is significantly 

reduced, allowing measurement of a large data set with only minor changes in the 
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surface condition. Second, a reduced pressure removes ambient water to allow 

comparison with the sheet resistance measurements that were taken in a dry 

atmosphere however, reduced the conductivity for n-type silicon which was otherwise 

high due to accumulation effect for carriers 11 where as it might substantially deplete a 

channel of p-type nanowire. A relatively more recent report shows that controlled 

adsorption of water under vacuum invert the p-type channel to n-type, however 

influence of HF treatment as well as pumping of moisture on conductivity is only 

prominent for thinner sheets/ Si-NWs and for low doping level. Figure 4.10 shows 

effects of different surface treatments on silicon nanowire characteristics in ambient air. 

It is noticed that measuring the Si-NW characteristics again and again on the same 

device also shifts the voltage to negative side due to charge build up in the long 

floating gate structure with no direct front gate electrode. It might be due to the effect 

of positive mobile oxide charges Qm gathering near the surface after repeated 

measurements. Etching of the surface reduces the drain current; however, after two 

days in the laboratory environment current reappears with reduced slope. Treatment of 

etched surface for 10 minutes with UV-ozone also shows nearly the same effect 

probably due to the oxidative passivation and increased interface states due to 

prolonged UV treatment.9, 12  
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Figure 4.10 Silicon nanowire back gating in air; effect of different surface treatments on 
the Si-NW characteristics. 
 
Figure 4.11 shows measured liquid front-gating (IdS-Vref) characteristics of a Si-NW 

device before and after etching in 1% HF solution for different times.  

 

Figure 4.11 Si-NW front gating in aqueous solution before and after etching for different 
times. 

 

Etching of Si-NW surface improves the characteristics in terms of drain-current (Ids) 

and the slope up to 100 seconds of etching and device starts working at Vref = 0V 

however, scanning at larger negative voltages, the current (Ids) suddenly drops probably 
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due to the breakdown of the hydrogen terminated surface and creation of unpassivated 

sites and dangling bonds or partial oxidation in aqueous solution.  

 

4.4. Conclusion 

 
Surface preparation of the active gate regions of Si-NW FET devices is a first step for 

further surface modification of the sensor. Hydrogen termination with etchants such as 

1% HF, oxygen rich 40% NH4F and nitrogen purged 40% NH4F induce different 

morphologies to the silicon surface that also affect the extant of stability of as- 

prepared surfaces and dictate the quality of further modification and sensing 

performance. SEM, AFM and XPS was used to characterize silicon surfaces. The 

current-voltage (Ids-Vds) characteristics of Si-NW devices were studied in air (back-

gating) and in aqueous solution (Front gating using a pseudo reference electrode). 

Different surface treatments such as UV-Ozone exposure and hydrogen termination 

affects device characteristics by altering the device working voltage as well as altering 

the slop of the curve. Surface etching of oxide depletes the Si-NW channel in air 

probably due to positive surface charges left behind on the surface. A controlled 

environment such as a glove box is recommended to make all surface preparation as 

clean and efficient as possible. 
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Chapter 5 

 
 

5. Selective biofunctionalization of all-
(111) surface silicon nanowires 

 

 

Here we demonstrate the utilization of carbon-silicon (C-Si) alkyl and alkenyl 

monolayers covalently linked to all-(111) surface silicon nanowire (Si-NW) for 

selective functionalization for biosensing. Commercially available protected amines 

were used for this purpose. Terminal amine groups on the functional monolayer 

surfaces were used for conjugation of biotin n-hydroxysuccinimide ester. The 

monolayer was characterized by contact angle and X-ray photoelectron spectroscopy 

(XPS). The selective functionalization on Silicon nanowires was demonstrated by high-

resolution scanning electron microscopy (SEM) of 5 nm diameter thiolated Au 

nanoparticles linked with streptavidin and conjugated to the biotinylated all-(111) 

surface Si-NWs. Electrical measurements of monolayer passivated Si-NWs show 

improved device behavior and performance. 1  

                                                        
1
This chapter has been modified from a published paper: 

 Masood, M. N.;Chen, S.; Carlen, E. T.; Van den Berg, A. ACS Appl Mater Interfaces, 

2010, 2,(12), 3422. 
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5.1. Introduction 

 
Si-NW FET biosensors have been reported extensively for the highly sensitive, 

label-free, and real time detection of biomolecular binding of ssDNA, proteins, and 

viruses.1, 2, 3, 4 The high detection sensitivity of Si-NW biosensors has been attributed to 

the large surface-to-volume ratio and the three-dimensional multi-gate structure; both 

contribute to the improved sensitivity compared to conventional planar devices.5 In this 

chapter, we present a new Si-NW biosensor platform consisting of our recently 

reported all-(111) surface Si-NWs 6 with a heterogeneous alkyl and alkenyl monolayer 

interfaces that are suitable for functionalization with any biomolecular moiety,7 and 

therefore, provides improved selectivity and sensitivity compared to conventional Si-

NW biosensors. Figure 5.1a shows an example of the Si-NW biosensor measurement 

configuration. The front-gate voltage Vfg with reference electrode and back-gate 

voltage Vbg control the operating point of the sensor. The Si-NW channel conductance 

is defined as Gc = ∂ids ∂vds V
fg
,V

bg

, where ids and vds are the NW drain-to-source current 

and applied voltage, respectively. Biosensing is achieved when molecular binding at 

the sensing surface induces a surface potential change ∆ψo that results in a measurable 

conductance change ∆Gc  via a field-effect across the dielectric layer (Fig. 5.1a). The 

transformation of a nanowire (FET) into a biosensor requires surface functionalization, 

such that biologically active ligands 8 are conjugated to the sensor surface.9, 10 

Conventional Si-NW biosensors have the ligand attached directly to the SiO2 sensor 

surface using silane-based attachment chemistry. However, conjugating to the SiO2 

layer reduces the sensor selectivity because the entire substrate surface is most often a 

homogeneous oxide surface. Figure 1b shows a cross-section (A-B, Figure.5.1a) of a 

triangular Si-NW with conventional non-selective functionalization as the ligands 

cover the entire homogeneous surface, which drastically reduces the number of analyte 

that are available to bind to the sensing surface. Figure 5.1c shows a selectively 
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functionalized Si-NW biosensor where the ligands are conjugated exclusively to the 

silicon surface and the entire surface is heterogeneously functionalized. 

 

 

 

 

Figure 5.1 Si-NW biosensor configurations. (a) Biosensor with control voltages and current 
measurement, (b) Conventional non-selective homogeneous surface, (c) Selective 
heterogeneous functionalization with ligands conjugated exclusively to the Si-NW sensor. 
 

It is well known that the Si (111) surface is preferred for the covalent alkylation of 

organic monolayers due to the surface atomic arrangement, which leads to densely 

packed layers and low density of dangling bonds.11, 12, 13, 14 However, existing reports of 

alkyl monolayer formation on Si-NWs have been conducted on a mixture of surface 

orientations due to limitations in fabrication technology.2 Figures 5.2a-5.2d show 

cross-sections of commonly reported Si-NW shapes and the corresponding surface 

crystal orientation of the exposed facets, which is dependent on the fabrication 

technology. Bottom-up vapor-liquid-solid (VLS) synthesis of Si-NWs has been 

reported to have hexagonal cross-sections consisting of a mixture of surface 

orientations (Fig. 5.2a).15 

 



Chapter 5           Selective Biofunctionalization of all-(111) surface silicon nanowires  

 

 75 

 

 

Figure 5.2 Ideal Si-NW fabrication dependent cross-section shapes (a-d). (a) Bottom-up 
VLS synthesized, (b) Top-down rectangular, (c) Top-down trapezoidal, and (d) Top-down 
triangular. Fabricated all-(111) surface Si-NWs (e-f). (e) High-resolution scanning electron 
microscopy (HRSEM) image of triangular Si-NWs (scale bar: 1 µm) (f) Tapping-mode 
atomic force microscopy image of single Si-NW (NW height: 90 nm) (g) High-resolution 
transmission electron microscopy image of Si-NW cross-section (scale bar: 20 nm). 

 

Direct covalent bonding of organic molecules to reconstructed silicon surfaces can be 

done using-ultra high vacuum (UHV) or via wet methods using hydrogen and halogen 

terminated surfaces.16 Carbon-silicon coupling reactions performed using wet 

chemistry methods are very attractive due to the simple apparatus required and the high 

reaction rates due to the presence of high reactant fluxes in solution; however, careful 

control of surface oxidation and cleanliness is required. The first step in forming a 

covalent C-Si bond is the formation of stable H-Si surfaces, which is most often done 

by removing the native oxide on the silicon surface with hydrofluoric acid (HF) and 

followed by ammonium fluoride (NH4F) etching the silicon surface. Once a stable H-Si 

surface has been formed, the C-Si monolayer can be formed with an appropriate 

precursor and a free radical initiation using ultraviolet (UV) irradiation, heating, 

electrochemical reaction, transition metal complexes, or Lewis acid catalysts.17 There 

are many reports of C-Si monolayer formation on H-Si surfaces using different 

methods, such as a refluxed precursor solution of 1-hexadecene in mesitylene,18 neat 

solution and UV-irradiation,19 and a two-step hydrosilylation reaction with Grignard 

reagents. Monolayers formed with Grignard reagents may impart unwanted metal 
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contaminants to the surface. Monolayers formed by Lewis acid catalysis involve lower 

surface coverage as compared to the coverage obtained by heating, photochemical 

irradiation and Grignard reaction schemes. 

 

5.2. Experimental 

 

5.2.1. Surface preparation and monolayer formation 

 The samples were first cleaned to remove organic and metal impurities. The p-type 

planar Si (111) samples were cleaned with acetone and sonicated (10-20 min) and 

etched in 1% HF (1-2 min) to remove the native oxide. Etched silicon samples were 

rinsed with deionized H2O and further cleaned with piranha solution (H2O2 30%, 

H2SO4 in 1:1 ratio) at 90 0C for 10 min and rinsed thoroughly with dH2O. This 

procedure was repeated three times. The contact angle of the resultant surface was 

found to be zero, for contact angle of different surfaces see Table 5.1. 

 

Table 5-1 Measured contact angles of Si (111) surfaces after various treatments. 
 

 

Surface Contact angle (
0
) 

piranha treated silicon ~0 
hydrogen terminated silicon 84±4 
alkyl-phthalimide monolayer 75±5 
amine terminated monolayer 60±4 

native oxide (new wafer) 50±5 
1-octadecene (C18) monolayer 109±2 

 

The p-type Si-NW samples were first cleaned with methanol, isopropanol, acetone and 

acetonitrile with low power sonication (5-20 min). The Si-NW samples were further 

cleaned with oxygen plasma (100 W, 10 min). Silicon nanowire and planar samples 

were etched with 1% HF and NH4F for 4-5 min and then rinsed thoroughly with 
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deionized H2O and placed into a custom-made vacuum vessel and the surface dried 

with a combination of vacuum (~1 mTorr) and heating with an infrared lamp (Scheme 

5.1a). The vacuum vessel, Figure 5.3 continuously purged with argon during the drying 

step. 

 

 

Figure 5.3 Monolayer reaction Apparatus. Glove box with positive pressure (N2). Upper 
inset: Vacuum Chamber backfilled with Ar for low oxygen content monolayer formation. 

A thin layer of precursor solution was deposited onto the samples and irradiated for 4 

hours with a UV lamp (4.4 mW/cm2 at 254 nm, Jelight Co., USA). The 40% NH4F 

etchant and 0.2 M precursor solution in mesitylene were bubbled with pure argon gas 

for 1 hour before the hydrosilylation reaction. After the hydrosilylation reaction, the 

samples were exposed to ambient air and sonicated with dichloromethane, chloroform, 

methanol, and acetonitrile. 
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5.2.2. AFM imaging 

A Digital Instruments Dimension 3100 was used for all AFM images. All AFM images 

performed in tapping mode with ultra sharp (average tip diameter ~2 nm) single crystal 

silicon tips (SSH-NCH-10, NanoandMore, Gmbh). 

5.2.3. XPS characterization 

XPS characterization has been conducted with a monochromatic X-ray beam (Al K�, 

1486.6 eV, 100W, Quantera, Physical Electronics). Mapping was done at 3×10-9 Torr 

and detector angles of 700 and 450. XPS spectra were taken just after monolayer 

formation or after storage in a dry nitrogen box. 

5.2.4. HRSEM imaging 

 For deprotection of the phthalimide groups, samples were placed in a 30% 

methylamine solution in ethanol for 3-6 hr (Scheme 5.1c). Following the reaction, the 

samples were rinsed with triethylamine and ethanol, and subsequently nitrogen dried. 

Activated biotin (Sigma Aldrich) was conjugated to the amine-terminated surfaces by 

placing the samples in a 3 mM solution of activated biotin/DMF for two hours at room 

temperature. After the reaction they were sonicated in DMF, ethanol, and acetone (5-10 

min.). Gold nanoparticles conjugated with streptavidin (0.25 ml streptavidin 

conjugated Au nanoparticles in solution (5 nm average diameter, Ted Pella, Inc. USA) 

was diluted to 100 ml of solution by adding 20 mM Tris buffer, 154 mM NaCl, and 

deionized H2O. The biotinylated surfaces were immersed with the labeling solution for 

12 hours at room temperature. Monolayers prepared by 1-octadecene do not include a 

deprotection step and biotinylation. 

5.2.5. Electrical measurements  

Si-NW devices were first encapsulated with a polyimide layer (thickness: 2 µm), 

followed by wire-bonding to a custom printed circuit board and finally all electrical 
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wires and contacts were sealed with an epoxy (Hysol, Henkel Corporation). Following 

encapsulation, the Si-NW oxide surfaces were cleaned with UV ozone (UV/Ozone Pro 

Cleaner, Bioforce, Inc.). The monolayers were formed as previously described 

following the removal of the gate oxide. Electrochemical measurements were done in a 

10 mM universal buffer mixture (UBM) (0.1 M citric acid, 0.1 M sodium dihydrogen 

phosphate, 0.2 M boric acid, and 0.1 M NaCl) at pH 2.8. The CV measurements were 

recorded with an impedance analyzer (Hewlett-Packard 4194A Impedance Gain-Phase 

Analyzer) at a frequency of 10 kHz and the front-gate voltage, using a reference 

electrode (REF200 Ag/AgCl, Radiometer Analytical) was swept from -5 V� Vfg � +2 

V. The IV characteristics of the Si-NWs was measured with a lock-in amplifier 

(SR830, Stanford Research Systems) with vds=50 mV, 30 Hz modulation frequency 

and Vbg=0. A reference electrode (REF200 Ag/AgCl, Radiometer Analytical) in 10 mM 

UBM at pH 2.8 buffer solution and the applied the front-gate voltage and was swept 

from -1.5 V�Vfg�0 V for oxide passivated devices and swept from -0.4 V�Vfg�0 V for 

the alkenyl monolayer passivated Si-NW devices.  

 

5.3. Results and discussion 

 
 Two types of C-Si monolayers on H-Si (111) surfaces were formed using 

photochemical UV hydrosilylation based on the high reactivity of the C=C bond to the 

hydrogen terminated silicon promoted by the cleavage of the H-Si at room temperature.  
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Scheme 5.1 C-Si (111) monolayer formation. (a) Si-H surface formation: remove native 
SiO2 with 1% HF (aq) followed by surface preparation with 40% NH4F (aq) (b) 
Hydrosilylation UV reaction forming C18 alkyl and phthalimide alkenyl monolayers (c) 
Deprotection of amine terminal groups (d) Conjugate biotin to amine groups. 

 

First, a C18 alkyl monolayer with methyl end groups was formed from a 1-

octadecene precursor. The second monolayer consists of amine-terminated (-NH2) 

alkenyl monolayer from an n-(5-hexynyl) phthalimide precursor. The H-Si surface is 
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first formed followed by the UV initiated hydrosilylation with 1-octadecene and n-(5-

hexynyl) phthalimide precursors to form the different monolayers. Following removal 

of the phthalimide groups (deprotection) with a methylamine solution, an amine 

terminal group (NH2) was released for further conjugation.  

 

 

 

Figure 5.4 XPS results. (a) Si 2p region (peak at 103 eV) shows oxidation of the silicon 
surface (b) Survey spectrum of phthalimide monolayer on Si (111) surface (red) and silicon 
reference sample (black) (c) C1s region of the spectrum showing a comparison before and 
after deprotection (d, e) C1s region shows fit for different functional bonds in the 
monolayer before and after deprotection (f) N1s region after deprotection.  
 
The quality of the as-prepared monolayers was verified by using sessile drop contact 

angle measurements Table 1, and XPS on planar samples. A measured contact angle of 

109º for the C18 alkyl monolayer indicates a high quality ordered monolayer on our 
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planar and Si-NW surfaces. The XPS spectra were taken just after monolayer 

formation or after storage in dry nitrogen. Figure 5.4 shows representative XPS data for 

experimental samples. An etched piece of silicon was used as a reference. Figure 5.4a 

shows that the oxidation (peak at 103 eV) of the silicon surface exposed to UV 

irradiation for monolayer formation (red) comparable to the H-Si reference (blue) and 

sufficiently lesser than native oxide of piranha treated sample (black) respectively. A 

survey spectrum of a phthalimide alkenyl monolayer on Si (111) (Fig. 5.4b) shows the 

expected elements (Si, C, N, and O) indicating a clean contamination free surface. The 

silicon reference shows a small amount of carbon deposited on the surface, however, 

not the N1s peak (at 400 eV) thus discriminating the Phthalimide monolayer. Figure 4c 

shows XPS spectra of the C1s region before and after deprotection where deprotection 

of the surface Phthalimide moieties exposes the NH2 functional groups for further 

conjugation (Fig. 5.4c). The monolayer following deprotection shows that the overall 

area percentage of C-N peak (286.57 eV) increases compared to the area of C-C 

(284.77 eV) as the carbon number decreased from 14 to 6 (Figs. 5.4d, before and 5.4e, 

after deprotection). The peak at 288.55 eV (C=O) is expected to disappear after 

deprotection, but shows a decrease in percent area due to partial deprotection or some 

physically adsorbed C=O moieties on the surface (Fig. 5.4e). Figure 5.4f shows XPS 

results from the N1s region of the spectrum following deprotection showing amine 

groups NH2 and in the ammonium form NH3+ from the monolayer. High resolution 

scanning electron microscopy was used to image the selective conjugation of thiolated 

Au nanoparticles coupled to the biotinylated Si-NW surfaces. 
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Figure 5.5 HRSEM images. (a) Blank Si-NWs (b) Si-NW surfaces following the 
conjugation of 5 nm diameter Au nanoparticles (scale bar: 100 nm) (c) zoomed image of Si-
NW surface (scale bar: 20 nm). (d) Si-NW surfaces following the conjugation of 15 nm 
diameter nanoparticles after an APTES (3-aminopropyl triethoxy silane) monolayer 
showing non-selective functionalization. 
 

As previously described, this step requires the removal of the phthalimide protection 

groups to provide access to the NH2 functional groups. Activated biotin was then 

conjugated to the NH2-terminated surfaces. Gold nanoparticles conjugated with 

thiolated-streptavidin were then coupled to the biotinylated surfaces. Figure 5.5a shows 

an HRSEM image of a non-conjugated Si-NW. Figure 5.5b shows the selective 

conjugation of the Au nanoparticles to biotinylated all-(111) Si-NWs, and Fig. 5.5c a 

zoomed image of the Si-NW surface. Figure 5.5d shows a silicon nanowire with 

thermally grown oxide conjugated with 3-amino propyl triethoxy Silane (APTES) 

monolayer. Amine terminal of APTES layer was further conjugated with activated 

biotin and streptavidin–gold (15 nm). Electrical characteristics have been measured 

using two different device configurations: capacitance-voltage (CV) characteristics of 

monolayer passivated electrolyte-insulator-silicon (EIS) structure with (111) surface 

planar silicon samples (Fig. 5.6a) and current/front-gate voltage (IV) characteristics of 
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Si-NWs with oxide and alkenyl monolayer dielectric layers (Fig. 5.6b). The high 

frequency CV measurements demonstrate that the monolayer surfaces are uniformly 

passivated with an estimated monolayer thickness tm≈3 nm20, where εm≈2 is the relative 

permittivity of the monolayer21 and Ac is the capacitor area. The most striking device 

performance improvement of monolayer passivated Si-NWs, compared to oxide 

passivated surfaces, is that the monolayer interfaces have improved electrical 

performance (Fig. 5.6b), where device conductance can be modulated with very small 

front-gate voltages for Na~1017 cm-3, which is not possible with the oxidized Si-NWs 

without back-gating. The monolayers do not completely eliminate the interface effects 

as the measured device current with Vfg=0 is ids≈2 nA, which is lower than the ideal 

current ids≈6 nA.22
 The alkenyl monolayer passivated devices also show improved 

transconductance of g ≈63 pA mV-1 compared to 36 pA mV-1 for a 10 nm oxide 

passivated Si-NW surface. The detection sensitivity is ∆G Go ≈0.32 for the alkenyl 

monolayer passivated Si-NWs with h=100 nm compared to 0.04 for the oxidized Si-

NW, a ~10× increase.22 

 

 

 

 

 

 

Figure 5.6 Electrical measurements (a) high frequency CV behavior of EIS structure with 
C18 monolayer passivation (b) IV characteristics of Si-NWs with oxide (blue) and alkenyl 
monolayer (red) dielectric layers. 
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5.4. Conclusion 

The selective functionalization of C-Si monolayers on all-(111) surface Si-NWs has 

been demonstrated, which offers a new Si-NW sensing platform with several 

advantages for biosensing compared to conventional Si-NW biosensor geometries and 

silicon dioxide (SiO2) passivation layers, which includes: 1. Ligands conjugated 

exclusively on the nanowire surface eliminates ligand conjugation in non-sensor 

regions, 2. Improved detection sensitivity due to selective functionalities, 3. Si-(111) 

surfaces support the highest quality C-Si monolayers. 4. Elimination of fixed SiO2 

charge, and 5. Si (111) surfaces can have low interface trap densities for H-Si and C-Si 

interfaces. 
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Chapter 6 

 
 

6. Mathematical modeling of thin gate 
dielectrical layers of silicon 
nanowires and their sensitivity 

 

An analytical model is presented to demonstrate the improvement in detection 

sensitivity of the alkyl and alkenyl passivated all-(111) Si-NW biosensors compared to 

conventional nanowire biosensor geometries and silicon dioxide passivation layers as 

well as interface design and electrical biasing guidelines for depletion-mode sensors. 

Mathematical analysis revealed that thin dielectric layers result in higher detection 

sensitivities and three important conclusions can be drawn from this analysis. First, 

thin (tf~1 nm) dielectric layers in combination with low channel doping (Na=1017 cm-3) 

results in the largest detection sensitivity, however, over a small range of surface 

potential ψo (or surface chargeσ o ), and therefore, requires precise front-gate biasing 

for full utilization. Second, thin dielectric layers and larger channel doping (Na=1018 

cm-3) results in slightly lower and more uniform sensitivities. Lastly, a reference 

electrode is important for providing a well-defined gate potential for device biasing and 

operation. It should be noted that higher sensitivities can be obtained by moderately 

accumulating the front surfaces.2  

                                                        
2
 This chapter has been modified: 

Masood, M. N.;Chen, S.; Carlen, E. T.; Van den Berg, A. ACS Appl Mater Interfaces, 2010, 

2,(12), 3422. 
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6.1. Introduction 

 

Silicon nanowire-field effect transistor (SiNW-FET) devices have been used as 

highly sensitive and efficient biosensors1,2 and interface between silicon nanowire 

and analyte solution (dielectric material, oxide) is the most crucial element in this 

regard. Silicon nanowires having diameter in nanometer ranges have very high 

sensitivity to surface charges as at such a nanoscale level most of the atoms are 

surface atoms due to high surface to volume ratios and all interactions are 

essentially surface interactions.3 Down scaling of silicon/semiconductor devices 

thus improves the sensitivity of detection but in order to improve the sensor 

performances further, addressing a good interface between active body of the 

sensor and aqueous environment is also very important. Detection sensitivity of 

ligand-analyte binding is dependent on the distance from the charged analyte to the 

silicon surface, which includes analyte, ligand, and linker (on an oxide in the 

conventional case).4 We have developed an analytical model of a depletion-mode 

Si-NW with triangular cross-section that is used to quantitatively estimate the 

detection sensitivity. The body of the depletion-mode Si-NW device (Fig. 6.1) 

doped with impurities results in a quiescent channel conductance Gc = µbL
−1

Qc , 

where µb  is the carrier mobility, L  the length, and Qc  the charge per unit length 

( Qc > 0 for p-type and Qc < 0 for n-type).5 

 

Figure 6.1 Biosensor with control voltages and current measurements. 
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6.2. Experimental 

 

2D finite element simulations were performed using commercial simulation packages 

Tsuprem-4 Version C-2009.06 and Medici Version A-2007.12, Synopsys, Inc. 

 

6.3. Results and Discussion 

 
We have developed an analytical model of a depletion-mode Si-NW with triangular 

cross-section that is used to quantitatively estimate the detection sensitivity. As 

previously described, a surface potential change ∆ψo on the sensing surface induced by 

an electrical charge density change ∆σo near the sensing surface during molecular 

binding results in the field-effect modulation of the conduction cross-sectional area Ac 

(red hashed region, Fig. 6.2), and the channel conductance is modulated Gc ± ∆Gc 

where Qc = qN a Ac , Na is the doping concentration, which is assumed to be uniformly 

distributed. 

 

 
Figure 6.2 Ideal cross-section with conduction area Ac (red hashed) used to estimate the 
depletion-mode p-type Si-NW transconductance and sensitivity. 
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The conduction cross-sectional area Ac as a function of ψo can be derived by 

considering the triangular Si-NW cross-section, shown in Fig. 6.2, with width w, 

height h, base angle α,  front oxide thickness tf, buried oxide thickness tb and 

depletion width fd, which is a function of the oxide surface potential ψo. From Fig. 6.2, 

Ac=w’h’/2, where w’=w-2wd and h’=h-hd. The distances wd and hd are related to fd 

using the geometry of the device cross-section: wd=fd/sinα and hd=fd/cosα. The 

conductance cross-sectional area can then be written as a function of the depletion 

distance Ac (fd)=(w-2fd/sinα)(h-fd/cosα)/2. The depletion function can be approximated 

assuming a flat surface and the depletion approximation. From Fig. 6.1, we can apply 

Kirchoff’s voltage law and sum the voltage drops across the device structure: 

Vfg=Vfb+Qs/Cd+ψs, where Vfb is the flatband voltage, which is the potential required to 

completely undeplete the silicon layer, Qs is the total charge in the silicon layer, Cd is 

the capacitance due to the dielectric layer on the silicon surface and ψs is the potential 

at the silicon surface. The depletion layer is fd=(2εsiεoψs/qNa)
1/2, which results in 

ψs=fd
2
qNa/2εsiεo. Since Qs=(2εsiεoqNa)

1/2, then we can write the general expression 

again as Vfg=Vfb+(εdεo/tf)( 2εsiεoqNa)
1/2+ fd

2
qNa/2εsiεo, which can be rewritten in terms 

of the depletion distance as fd
2+2(εsi/εd)fdtf=2(εsiεo/qNa)( Vfg-Vfb) where the solution to 

the quadratic equation results in the depletion distance as a function dielectric thickness 

fd=[(tfεsi/εd)
2+2εsiεo(Vfg-Vfb) /qNa]

1/2-tfεsi/εd. The front-gate Vfg (Fig. 6.1) is used to set 

the operating point of the sensor and Vfb is the flat band voltage necessary to achieve 

flat energy bands at the silicon surface. Note that the back-gate control voltage Vbg 

does not appear in the conduction expression because we have assumed that the lower 

surface of the NW is not depleted and not electrostatically coupled to the front-gate. 

The flat band voltage is V fb = Eref − φSi q −ψ o − Qi Ci − χ sol − ∆χ , where Eref is the 

potential drop due to the reference electrode, φSi is the silicon work function, Qi and Ci 

represent the insulator effective charge per unit area and capacitance, χsol is the 

surface dipole potential, and ∆χ represents various potential drops at the interface. For 
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this analysis, we assume that Vfg completely compensates for the various potential 

drops and V fg − V fb ≈ψ o and the effects of interface states have been neglected. 

Figure 6.3 depicts hole depletion contours from a two-dimensional finite element 

simulation as the oxide surface potential is varied ψo>0. 

 

 

Figure 6.3 2D finite element simulation result of depletion region contours (red dashed 
lines the edge of depletion region) as ψo > 0. 

 

Despite rounding of the potential contours near the sharp corners, the area modulation 

function Ac ( fd )  reasonably well approximates the triangular depletion shape. The 

surface potential transconductance can be estimated as gψ
o

= ∂Gc ∂ψ o v
ds

,V
fg
,V

bg

, which 

is used to determine the operating point ψ o
b

 (set with Vfg) where gψ
o

 is maximum. 

The commonly used relative detection sensitivity can then be 

calculated ∆G Go = G (ψ o
s
) − Go Go , where Go = G (ψ o

b

) , and ψ o
s

 is the surface 

potential following the sensing event.  This behavior has been previously described for 

depletion-mode silicon nanowires.6 

Figure 6.4 shows the normalized transconductance gψ
o

 7 as a function ψo for 

dielectric layer thicknesses tf=1 nm and 10 nm with Na=1017 cm-3 and 1018 cm-3. The 

tranconductance with a 1 nm layer is ~10x larger than the 10 nm thick layer for the 

same dopant concentration, however, only for small ψo and all transconductances 

become comparable for ψo > 100 mV. 
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Figure 6.4 Normalized transconductance-surface potential for tf =1 nm: Na=1017 cm-3 
(black, solid) and 1018 cm-3 (green, dot-dash); tf =10 nm: Na =1017 cm-3 (red, dashed) and 
1018 cm-3 (blue, dotted). 

 
The surface charge transconductance gσ

o
= ∂Gc ∂σ o v

ds
,V

fg
,V

bg

can also be estimated 

with use of the Grahame equation 8σ o = 8εwεokTco( )1/ 2 sinh[qψ o 2kT ], for small 

values of ψo, which relates the surface charge density to the surface potential in a 

monovalent electrolyte, where εw is the permittivity of water and co is the ionic 

concentration of the electrolyte. The surface charge detection transconductance has 

similar behavior (Figure 6.5).  
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Figure 6.5 Normalized transconductance-surface charge density for tf =1 nm: Na=1017 cm-3 
(black, solid) and 1018 cm-3 (green, dot-dash); tf =10 nm: Na =1017 cm-3 (red, dashed) and 
1018 cm-3 (blue, dotted). 
 

The | ∆G Go | can then be estimated, where Go = G (ψ o
b

= 0) . Figure 6.6 shows the 

characteristics of | ∆G Go | as a function of tf and Na for ∆ψo =10 mV, typical for small 

analyte concentrations. 9 

 

 

Figure 6.6 |∆G/Go| as a function of dielectric thickness for different Na with h=100 nm 
and ∆ψ o=10 mV. 
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Figure 6.7 shows the strong dependence of | ∆G Go | on h and Na for fixed tf =1 nm. 

The sensitivity behavior is similar to previously reported measurements. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 6.7 Contour map of |∆G/Go| for tf =1 nm showing the Na and h dependence. 
 

6.4. Conclusion  

 
Figures 4, 5, 6 and 7 clearly show that thin dielectric layers result in higher detection 

sensitivities and three important conclusions can be drawn from this analysis. First, 

thin (tf~1 nm) dielectric layers in combination with low channel doping (Na=1017 cm-3) 

results in the largest detection sensitivity, however, over a small range of ψo (or σ o), 

and therefore, requires precise front-gate biasing for full utilization. Second, thin 

dielectric layers and larger channel doping (Na=1018 cm-3) results in slightly lower and 

more uniform sensitivities. Lastly, a reference electrode is important for providing a 

well-defined gate potential for device biasing and operation. It should be noted that 

higher sensitivities can be obtained by moderately accumulating the front surfaces. 
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Chapter 7 

 
 

7. Multifunctional symmetric 
precursor: selective 
functionalization with Si-N bonded 
monolayer 

 

Multifunctional symmetric molecules having the same reactive groups on the both ends 

can avoid the use of bulky functional groups; can give well packed functional 

monolayers with reduced processing time. In this chapter ethylene diamine (C2H4 

(NH2)2) has been explored as a precursor compound to make functional monolayers via 

the Si-N bond. X-ray photoelectron spectroscopy (XPS) studies were carried out to 

check the bond formation and monolayer stability. Subsurface oxidation caused by the 

amine group on the silicon sub-surface retains the Si-N bond and free amine groups on 

the surface remain available for further functionalization. Selective bioimmobilization 

is demonstrated on Si (111) surface silicon nanowires using fluorescence spectroscopy. 

These monolayers were also been tested with biosensing experiments using 

capacitance-voltage measurements of biotin-streptavidin binding.1

                                                        
1 Manuscript in preparation. 
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7.1. Introduction 

 
Silicon based biosensors and biochips require surface functionalization of biomolecules 

onto the active inorganic areas of the sensors/chips, which necessitates the use of self-

assembled monolayers (SAM).1 Amine or carboxylic acid/aldehyde terminated 

monolayers on thermally grown silicon oxide using silane-based attachment chemistry 

are well established to immobilize biomolecules in a straight forward way, however, 

selectivity and reproducibility issues remain.2 Silicon-alkyl monolayers on hydrogen 

terminated silicon utilizing the Si-C bond are potential candidates for surface 

passivation of semiconductors for molecular electronics3 and bioimmobilization for 

biosensors.4 However, the long term stability of these layers under harsh acidic and 

basic environments, 5,6 surface oxidation7, the nature of the oxide formed after 

exposure to ambient, and its effect on surface quality remain active research areas. The 

main draw back with the silicon-alkyl monolayers is the number of atop silicon atoms 

remaining unsubstituted after the chemical process because of steric hindrance caused 

by long chain hydrocarbon and the surface coverage is typically only ~50%.8 However, 

while considering the remaining bonds on the surface, they are shown to be terminated 

with hydrogen and/or hydroxyl (-OH) groups. Consistently, no silicon oxide is 

detectable by surface sensitive XPS on such initially prepared alkylated Si surfaces. 

Although the rate of surface oxidation is sufficiently impeded, where core level XPS 

studies of the Si 2p region of the alkylated silicon surface has shown very small but 

detectable levels of oxide formation after a number of weeks in an ambient 

environment.9 Hydrogen terminated/alkyl surfaces get oxidized by the presence of an 

oxidant O2 (g) and a nucleophile i.e. H2O.10 Surface oxidation also involves insertion 

of an oxygen atom into the back-bond of silicon, i.e. Si-O-Si bond formation, also 

known as subsurface oxidation, which has been shown to enhance the stability of the 

Si-C bond in the case of Si-alkyl monolayers by relaxing the Van der Waals repulsion 

forces among the grafted alkyl chains as a consequence of an increased inter-silicon 

distance while the Si-alkyl monolayer remains intact. Apart from surface uniformity 
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and stability of the grafted monolayers, a more basic and practical issue is the 

possibility of further modification of these surfaces.11 Amine terminated groups 

attached to the Si-alkyl monolayer can be further conjugated with biomolecules.12 Such 

surfaces can be fabricated by using t-butyloxycarbonyl (t-BOC) protected �-

unsaturated aminoalkane, such as t-BOC (10-aminodec-1-ene),13,14 N-1-BOC-amino-3-

cyclopentene(BACP),15 tert-Butyl Allylcarbamate16 or a Phthalimide protected 

aminoalkane such as N-Vinyl Phthalimide17 and N-(5-hexynyl) Phthalimide12 using 

either a photochemical UV or a heating hydrosylilation reaction on hydrogen 

terminated silicon surfaces. Utilization of surface amine groups for further 

biomolecular conjugation in this case involves a deprotection step making the 

immobilization process longer and in many cases damaging to the monolayer.18 Steric 

hindrances due to bulky protection groups might involve lower surface coverage19, 

inefficient passivation and higher leakage current in electrical solution based 

measurements can lead to improper biosensor device operation.20 A �-unsaturated 

aminoalkane, if used without a protection group, results in non-uniform monolayers 

due to competition between head and tail groups towards the hydrogen terminated 

silicon. Higher amounts of surface oxidation have also been monitored on these 

surfaces.15 One  solution to the problem of covalently linking organic molecules to the 

silicon surface with an bio-active end group in a single step is to use multifunctional 

precursor molecules that can be grafted to the silicon surface at one end and can be 

reacted chemically at the other end provided that only end group reacts with the silicon 

surface.11 Symmetric bifunctional molecules are superior compared to asymmetric 

molecules in developing molecular assemblies where chemical disorder produced by 

two different groups is eliminated. Ethylene diamine reactivity with silicon (001) 

surfaces has been investigated under ultra-high vacuum (UHV).21 The preparation of 

the Si-N bonded alkyl monolayer on Si (100) has also been demonstrated via chemical 

vapor deposition and in solution at low temperatures using chlorine terminated silicon 

(Si-Cl).22 Silicon surface monolayers using the Si-N and Si-O bonds has already been 

reviewed.23 Successful Si-N bonded monolayers on hydrogen terminated silicon has 

also been demonstrated using vapor phase reaction under UV-irradiation.24 In this 
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chapter, we use a symmetric multifunctional molecule, such as ethylene diamine to 

form a functional monolayer on hydrogen terminated Si(111) surfaces and demonstrate 

the selective immobilization of biomolecules onto the surface of all (111) surface Si-

NW devices. Si-C bonded monolayers fabricated via 1-Octadecene and 1-Undecanoic 

acid are used as a reference to check the extent of sub-surface oxidation caused by 

carbon and/or carboxylic group to the silicon surface and the preferential reactivity of 

doubly bonded carbon atom towards silicon. We studied the prepared monolayer on 

planar surfaces by XPS and studied the biomolecular recognization ability of the 

surface by the Si-ethylene diamine monolayer (NH-(CH2)2-NH)-biotin 25 binding event 

using an electrolyte-insulator-semiconductor (EIS) sensor configuration.  

 

7.2. Experimental 

 

7.2.1. Materials 

All chemicals were used as received. Ethylene diamine (bioanalytical grade), 1, 10-

dodecane diamine (98%), biotin succinimidyl ester, Tween 20, sulphuric acid (98%), 

H2O2 (30%), HF (1%), NH4F (40%) and standard phosphate buffer saline tablets were 

purchased from Sigma Aldrich. Streptavidin Alexa Fluor 488 was purchased from 

Invitrogen. Silicon (111) wafers used were p-type with doping levels between 1015 and 

1018 cm-3 were used. Milli-Q deionized (DI) water (18.2 M
-cm) was used for rinsing 

glassware and for dilutions. A custom quartz reactor was made to carry out the 

hydrosilylation reaction under an inert nitrogen atmosphere. 

7.2.2. Surface preparation 

7.2.2.1. Cleaning and hydrogen termination of planar samples 

 
Single-side polished silicon chips were used once and discarded. Si (111) planar chips 

were cleaned by sonication for 15 minutes in a mixture of ethanol, acetone, isopropanol 
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and DI water and were dried under a stream of nitrogen. A few samples were further 

treated with air/oxygen plasma (100 W) for 20 minutes, or with UV-Ozone; a similar 

procedure used for surface cleaning Si-NW devices (section 7.2.2.2). These chips were 

then etched with 1% HF. Most of the chips were cleaned with a piranha solution (1:1) 

(H2SO4 (98%): H2O2 (30%)) at 90 oC for 30 minutes and subsequent etching of the 

chemically grown oxide with 1 % HF solution for 10 minutes  and followed by rinsing 

with DI water.  The solutions of 40% NH4F were purged with nitrogen for 1 hour. 

These chips were etched in 40% NH4F for 20 minutes under bubbling nitrogen and 

were rinsed with DI water and blown dry under nitrogen before further reaction.  

7.2.2.2. Cleaning and hydrogen termination of silicon nanowire devices 

 
Silicon nanowire biosensor devices are typically encapsulated in an insulating polymer 

layer to avoid contact between the metallic conducting material and ion-containing 

aqueous solutions. The Si-NW devices have windows opened in the polymer 

encapsulation layer (Durimide) leaving the Si-NW gate regions exposed. The exposed 

Si-NW gate regions were cleaned with UV-Ozone and air plasma for 10 minutes. The 

gate oxide was removed with 1% HF and thoroughly rinsed with DI water and nitrogen 

dried.  

7.2.2.3. Monolayer formation 

 

The clean solutions of ethylene diamine were purged with pure argon gas for at least 

one hour prior to use. Freshly cleaned samples of silicon or silicon nanowire devices 

were placed immediately, after etching, rinsing with water and drying with nitrogen, in 

a quartz reactor containing freshly deoxygenated ethylene diamine. The quartz tube 

was exposed with UV light (�= 254 nm, 4.4 mW cm-2) for two hours. After the 

reaction, the silicon chip was rinsed with methanol, ethanol, iso-propanol and DI water 

three times each in order to remove any adsorbed material. 1-Octadecene and 1-

Undecynoic monolayers were prepared using the same procedure. 
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7.2.2.4. Surface characterization 

 

XPS studies/surface characterization has been conducted with a monochromatic X-ray 

beam (Al KR, 1486.6 eV, 100W, Quantera, Physical Electronics). Mapping was done at 

3x10-9 Torr and a detector angle of 45˚. XPS spectra were taken just after monolayer 

formation or after storage in a dry nitrogen box. Either the carbon peak at 284.3 or 

silicon (Si 2p 3/2) was taken as a reference for peak fitting.  

7.2.2.5. Bioconjugation and fluorescence microscopy 

 

Prepared amine terminated surfaces were used as soon as possible for further bio-

conjugation. For the immobilization of biotin, biotin succinimidyl ester (Biotin-NHS) 

in dimethyl formamide (DMF) 3-9 mM/ml was used for two hours at room 

temperature. After curing, surfaces were rinsed three times with DMF (the solvent), 

methanol, ethanol, acetone and DI water to remove any physically adsorbed material. 

Samples were dried with nitrogen and were used further for either fluorescence studies 

or electrical measurements. Streptavidin conjugated Alexa-Fluor 488 (Invitrogen) was 

first diluted to 2 ml with a 1x PBS (pH 7.4) buffer. 100 �l of as-diluted stock was 

further diluted to 1 ml with the same buffer and was used to bind with surface 

immobilized biotin for one hour. After curing, the samples were washed thoroughly to 

remove physically adsorbed material with the same buffer for a number of times. For 

the samples used in electrical measurements, after biotin immobilization, samples were 

washed thoroughly with ethanol and DI water and were soaked in 0.1% Bovine 

Albumin serum in 1 x PBS pH 7.4 (0.05% Tween) buffer to prevent non-specific 

binding. 

7.2.2.6. Electrical measurements  

 

Capacitance-voltage (CV) measurements were recorded with an impedance analyzer 

(Hewlett-Packard 4194A Impedance Gain-Phase Analyzer) at an AC frequency of 10 
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kHz (amplitude 20 mV) and the front-gate voltage scan, using a platinum wire as a 

reference electrode. A custom cell was used for the measurements. EIS capacitors were 

prepared in the MESA+ clean room. Test devices have an active surface area of 1.96 x 

10-5m2. Back contacts were made in the clean room by aluminum (Al) e-beam 

evaporation and sometimes a drop of Gallium-Indium eutectic was used to make an 

electrical contact after scratching back side oxide layer. A parallel capacitance-

resistance model was used for data collection with a Labview program. 

 

7.3. Results and discussions 

 

7.3.1. XPS characterization 

Si-N bonded monolayers were fabricated using hydrogen terminated Si (111) surfaces 

as the substrate and ethylene diamine as the precursor molecule in solution phase under 

inert atmosphere and UV irradiation. XPS was used to characterize the sample surface 

regarding type of bond, nature of oxide formed and stability of the as-prepared 

monolayers. Figure 7.1 shows survey spectra of as-prepared monolayers consisting of 

conventional Si-C bonded layers (Figure 7.1a & 7.1b) and a Si-N bonded layer (Figure 

7.1c). Figure 7.1c shows a substantially higher amount of oxygen (532 eV) on the 

sample surface (Si-N bonded layer) as compared to the reference (Si-piece, blank) 

which was etched with 1% HF/40% NH4F prior to XPS measurements. The survey 

spectrums of 1-Octadecene and 1-Undecanoic acid modified surfaces are also 

compared with the reference under the same experimental conditions (Figures 7.1a, b). 

Substantially high amounts of oxygen shown in the survey spectrum (Figure 7.1c) 

might be due to two reasons: i) nucleophilic nature of amine groups which might act as 

a catalyst to oxidize the silicon surface utilizing traces of oxygen in solution, ii) 

physiosorbed (hydrogen bonded) water on the surfaces increase the oxygen content in 

XPS spectrum.  Probably both of these factors are involved here.  
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Figure 7.1 XPS Survey spectrum: a) 1-Octadecene (C18) modified surface prepared under 
the same conditions compared with Blank. b) 1-Undecenoic acid monolayer prepared on Si 
(111) surface. c) Ethylene diamine modified silicon surface compared with etched blank, 
showing substantial amount of oxygen present on the surface. Blank has higher content of 
non-specifically adsorbed carbon. 
 
The survey spectrum of the 1-Octadecene monolayer fabricated on planar Si (111) 

surface under nearly identical conditions as that of the ethylene diamine monolayer 

shows relatively small amounts of oxide which is approximately equal to that for 

freshly etched blank sample (Figure 7.1a). Figure 7.2a shows the Gaussian fitted Si 2p 

region of the XPS spectrum for the 1-Octadecene bonded monolayer where the oxide 

peak at 103 eV is nearly absent, however, in contrast, the O 1s region of the same 

spectrum (Figure 7.2b) shows sufficiently prominent oxygen peak.  
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Figure 7.2 High resolution (XPS) spectra of C18 monolayer a) silicon 2p region showing 
very small or negligible amount of silicon in the form of silicon oxide (SiOx) b) Oxygen 1s 
region of the high resolution spectrum showing negligible fraction of oxygen in fully 
developed oxide (SiO2) at 534 eV where as most of the oxygen (532 eV, 97%) is either 
from physically adsorbed moieties on the surface during washing or a small fraction from 
sub-surface oxidation. The colored peaks fits represent different oxidation states or duplets. 
 

Only a very small region of the oxygen peak at 534 eV might be due to the fully 

developed surface silicon dioxide where as a fit at 532 eV is probably due to a small 

amount of sub-surface oxidation,26 but mostly from the top surface impurities getting 

adsorbed onto the monolayer during wash process.27 The O 1s XPS signal could arise 

from a number of sources, including adsorbed solvent from the wet chemical 

preparation techniques, adsorbed pump oil vapor introduced in the quick-entry load 
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lock, or contaminating dust particles covered with oxygen-containing organic 

molecules that were not possible to avoid when working in standard laboratory 

conditions.28 Figure 7.3 shows the high resolution XPS Si 2p region of the octadecyl-

silicon surface before and after a month in ambient environment. Surface oxidation is 

substantially suppressed due to monolayer formation via the Si-C chemistry route even 

after a month. A small rise in the silicon peak (99.7 eV) as well as the silicon oxide 

peak (103 eV) can be observed indicating an increased surface oxidation.  

 

 
 

Figure 7.3 XPS Si 2p region of a Si (111) sample with a 1-Octadecene monolayer, 
comparing a fresh sample and the same sample after one month. 

 
Carboxylic monolayers can be prepared by using �-carboxylic-1-alkene without 

protecting the tail group (-COOH) under optimal reaction conditions. Figure 7.4 

compares the Si 2p regions of freshly modified silicon surfaces by 1-Octadecene and 1-

Undecanoic acid. The small amount of surface oxidation can be seen in the case of the 

undecylenic monolayer that might be due to the interaction of the carboxylic acid 

group with the silicon surface inducing small subsurface oxidation.  
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Figure 7.4 XPS Si 2p region for fresh Octadecyl and Undecanoic acid. 
 

That was why, while correlating the high resolution XPS spectra of Si-C bonded 

monolayers, it can be proposed that though the oxidation peak in survey spectrum for 

ethylene diamine monolayer (Figure 7.1c) is high but it is mostly due to; i) adsorbed 

water and oxygen congaing impurities attached to free pendant amine terminated 

surface; ii) extensive sub-surface oxidation caused by amine groups attached to silicon 

in the presence of trace aqueous oxygen where the back-bond of silicon is only 

oxidized and not the surface silicon atoms leaving Si-H bond or Si-N bonds intact and 

any functionality on the monolayer will remain available for immobilization2, 8 as 

proved later by XPS, fluorescence and biosensing measurements; and iii) a small 

amount of fully developed surface oxide. 

The ethylene diamine surface has more carbonaceous contents as shown by the survey 

spectra (Figure 7.1c) probably because of the fact that the amine terminated surfaces 

are more susceptible towards adventitious carbon impurities from the environment29 as 

well as over exposure to UV radiation might cleave the C-N bond in the amine groups 

of the ethylene diamine resulting in Si-C attachment.21 Figure 7.5 shows high 

resolution XPS spectra of planar Si (111) surfaces modified with the ethylene diamine 

precursor. The high resolution XPS spectra show two major peaks in the C 1s region 

(Figure 7.6a), one at 285 eV is most probably due to the Si-C attached chains21, 30 after 

cleavage of the C-N bond due to over-exposure with UV irradiation where as the 
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second and third peaks,  286 and 288 eV,  are carbon peaks representing carbon that we 

assume are attached to nitrogen atoms (-NH2, -NH-), which have two different 

chemical environments, the intensity of the peak at 288 eV  might be attenuated due to 

adventitious carbon.31, 32  The high resolution XPS spectrum of nitrogen (Figure 7.6b) 

shows two sets and types of nitrogen peaks due to their chemical states; one set is 

398.2 eV and 402.3 eV with a peak for the bond of nitrogen with silicon known as a 

dissociative bond  (Si-NH-C)21, 33, 34 and one for the protonated or dative bond (Si—

NH2
+—C)21, respectively. The peaks at 399.79 eV and 401.3 eV represent the free 

amines (—NH2)
35 and protonated free amines (C-NH3

+), 29, 32 respectively.   The peak at 

289 eV in the carbon 1s (Figure 7.5a) region represents some carbonyl groups from 

adventitious  

 

 

 

Figure 7.5 High resolution XPS spectrum of the ethylene diamine monolayer on planar Si 
(111) surface. 
 

contaminants.36 The Si 2p region of the spectrum (Figure 7.5c) shows a continuum 
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including fitted peaks at 99.7 eV, 100 eV, 103.8 eV and 104 eV.  The silicon oxidation 

state for the Si-N bond should be at 101.78 eV,33 however, it is difficult to distinguish 

in all samples from the Si-C and Si-O regions. The Si 2p region starting from 101 eV to 

104 eV can be fitted with two major peaks one at 102.76 eV due to (O3Si—N) 34 and 

the second at 103.5 eV representing the (O3Si—O) bond which is fully developed SiO2; 

and a third fit at 104 eV is most probably due to a Si-N dative bond (Si-+NH2) due to 

higher energy requirements to remove an electron. However, the Si-N remains intact, N 

1s in Figure 7.5b compared with N 1s21 and a monolayer of adsorbed ethylene diamine 

with free amine groups remain available for further conjugation of biomolecules on the 

sub-oxide (O3 Si) surface. Figure 7.6 shows the fits in the XPS N 1s peaks for a freshly 

prepared sample and after three days in ambient conditions.  

 

 

 

Figure 7.6 Ethylene diamine monolayer in ambient laboratory conditions: a) freshly 
prepared, b) after 3 days. 
 

The peak intensity at 398.3-398.7 eV becomes more than double after three days where 
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as peak at 402.3 eV (dative bond, Si-NH2
+) reduces nearly to zero most probably due to 

the transformation of all Si-NH2
+ bonds at the surface to Si-NH showing more stability 

for a Si-NH configuration and better stability of the monolayer. Figure 7.7 shows the 

comparison between the high resolution XPS plots of a freshly prepared ethylene 

diamine monolayer and the sample sample after three days in ambient laboratory 

conditions. An adventitious amount of carbon deposited onto the surface can be seen 

by the rise of the C 1s signal in Figure 7.7a. The N 1s signal from the amine was 

suppressed consequently as shown in Figure 7.7b where as surface oxide peak at 103 

eV and oxygen (O 1s Peak 532 eV) are suppressed probably due to the deposition of 

extra material.  

 

 

 

Figure 7.7 Stability of the ethylene diamine monolayer on planar Si (111) samples after 
three days in ambient laboratory conditions. 
 

Figure 7.8 shows a possible mechanism for subsurface oxidation during ethylene 

diamine layer formation. Oxidation of the silicon surface usually proceeds by the 

involvement of a trace amount of oxygen in the solution and availability of a 

nucleophile such as ethylene diamine.8 Few reports are available to date dealing with 
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the reaction of ethylene diamine with hydrogen terminated silicon in solution phase 

under UV exposure. Eves et. al. 24 carried out a UV reaction with an alkyl amine in gas 

phase and proposed that a hydrogen atom dissociates from the amine group creating a 

free dissociated amine radical that reacts with the hydrogen terminated silicon surface. 

According to their proposed reaction mechanism, a surface is not necessarily exposed 

directly for amine adsorption avoiding degradation of the monolayer by extraneous UV 

exposure.    

 

 

 

Figure 7.8 Proposed mechanism of subsurface oxidation for silicon with ethylene diamine 
monolayer.2, 8, 37, 38 
 

In contrast, most of the hydrosilylation reactions in solution phase involve creation of a 

dangling bond after Si-H bond cleavage and electrophilic attack of doubly bonded 

alkene to make a Si-C bond.39-42 In Figure 7.8a, under UV exposure and in solution 

phase, the reaction might proceed by the dissociation of a hydrogen atom from the 
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silicon surface which probably interacts with an ethylene diamine molecule resulting in 

a Si-N bond after another hydrogen atom cleaved from the amine group (-NH2),
30 or it  

might involve only the dissociation of the N-H bond. The electronegativity of the –NH 

group, in case of the Si-N bond, is high and renders the silicon atom positively charged, 

however, cannot be attacked directly by aqueous oxygen due to steric hindrance 43 but 

renders oxidation at the subsurface silicon atom favorable due to an inductive effect 

(Figure 7.8b). This attack is more favorable in the case of a dative bond (Si-+NH2) and 

leads to a weakening of the Si-Si bond, while increasing its length and makes the 

oxygen atom to bridge between two silicon atoms possible (Figures 7.8b & 7.8c). 

7.3.2. Fluorescence studies 

Despite the fact that the XPS studies show extensive sub-surface oxidation on the 

silicon surface of the ethylene diamine monolayer, the free (pendant) amine groups at 

the top of the Si-N bonded monolayer remain available for further functionalization of 

biomolecules. Selective biofunctionalization of silicon nanowires only onto the active 

nanowire area is important for better sensitivity of the detection as described in chapter 

2.12 In order to check the selective biofunctionalization of silicon nanowires via Si-N 

bounded monolayers, biotin was immobilized onto the nanowires by using 

succinimidyl ester derived biotin and was reacted subsequently with Alexa-Fluor 

conjugated streptavidin. The oxide on the surface of silicon nanowire was thin (~10 

nm) as compared to the oxide layer on the other parts of the chip. Si-NW surfaces were 

modified after etching the Si-NW surface oxide and by UV reaction with ethylene 

diamine. 
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Figure 7.9 Selective functionalization of silicon nanowire surfaces via Si-N bounded 
monolayers a) pair of silicon nanowire devices prepared in our lab44 b) fluorescence 
microscope image before modification (a control blank was also the same even after 
modification and subsequent bioimmobilization), c) modified silicon nanowire after 
modification and bioimmobilization. 
 
 Figure 7.9a shows a pair of Si-NW FET devices prepared and encapsulated in the 

MESA+ clean room, Figure 7.9b shows a fluorescence image of a pair of UV ozone 

cleaned Si-NWs before surface modification (a blank sample was similar) where as 

Figure 7.9c shows the selective bioimmobilization of the Si-NWs with biomolecules 

(biotin-streptavidin-Alexa Fluor 488 conjugate).  

7.3.3. Electrical measurements  

7.3.3.1.Biosensing by capacitance-voltage measurements  

 

EIS sensors were used to test the ethylene diamine monolayers for biosensing 

experiments in using C-V measurements. C-V measurements are routinely used in 

universities and in semiconductor industry for a number of applications including 

characterization of gate dielectric layers.45  
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Figure 7.10 Biosensing on surface modified electrolyte-insulator-semiconductor EIS 
structure in capacitance-voltage readout. 
 

It is due to the fact that the technique is simple and is able to characterize the device 

under test in an efficient way if properly used. On the other hand, can also be used in 

biosensing applications using the EIS sensor configuration as shown in Figure 7.10.46,  

47 Figure 7.10 shows the EIS biosensor configuration which was operated  by varying 

the DC bias in order to induce accumulation, depletion and inversion regions in the 

semiconductor body where as a small AC voltage of amplitude 15-20 mV was 

superimposed onto the DC bias to readout capacitance and resistance values at each 

portion of the C-V curve (accumulation, depletion, inversion).  Biomolecules are 

usually immobilized onto the surface of the EIS capacitor on oxide or Si-alkyl 

functional monolayer after etching and hydrosilylation reaction.12  In an ideal C-V 

measurement the capacitance in accumulation equals the insulator (oxide or 

monolayer/biomolecules immobilized) capacitance and hence thickness or dielectric 

constant of the insulator can be calculated via the well known formula: 

layerrlayer tAC /0εε=                           (1) 

Where Clayer is the capacitance of the layer �r is the dielectric constant of the layer, �0 is 

the permittivity of free space (8.85 x 10-12 F m-1), t is the thickness of the layer and A is 
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the surface area of the EIS capacitor. An increase in the thickness of the top layer 

causes a decrease in the capacitance provided that the surface charge remains constant. 

An EIS surface modified with an ethylene diamine monolayer, and subsequently 

immobilized with biotin succinimidyl ester, should be able to detect a streptavidin 

binding event by a change in capacitance in the accumulation region. The flat band 

voltage Vfb is another characteristic of a semiconductor which can be calculated from 

Mott-Schottky plots for thin insulators. Hence, binding events can be monitored by 

using capacitance change as well as shift in flat band voltage of the device. That is why 

C-V measurement technique can be very sensitive for detection of bioanalytes due to 

two dimensional responses in capacitance as well as in voltage by the changes in bio-

density, thickness and charge distribution. The basic principal of charge detection 

allows charged biomolecules to exert an electric field effect on the silicon substrate to 

create or modify a dense layer of charges already present in the silicon called depletion 

layer or “space charge region”. The depletion layer is created when a field applied near 

the surface of the semiconductor repels the majority carriers from the surface, resulting 

in a region that is depleted of majority carriers. This region contains a large portion of 

fixed immobile ions that appear as an added dielectric to the silicon dioxide/insulating 

monolayer. The overall capacitance is determined by combining the series capacitances 

of insulator and depletion layer capacitance. Since the insulator (oxide, monolayer) 

capacitance is a fixed quantity, the change in capacitance is determined primarily by 

the thickness of depletion layer (modulated by surface charges as biomolecules). The 

strength and density of biomolecules determines the strength of the field penetrating 

the insulator (oxide, monolayer), and therefore, the thickness of the underlying 

depletion layer. The capacitance is inversely proportional to the thickness of the space 

charge region (modulated by biomolecules). A thicker space charge region correlates to 

a smaller measured capacitance and vice versa.48   

Figure 7.11a shows the detection of a streptavidin binding event on APTES modified 

surface after subsequent biotin immobilization. There was no sufficient change in the 

capacitance after binding of streptavidin or shift in flat band voltage along x-axis. 

Figure 7.11b shows a blank measurement with an EIS capacitor processed entirely in 
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the same way as sample without an ethylene diamine monolayer on the surface and 

probably is covered with a native oxide. The small change in the capacitance is due to 

the field effect of streptavidin charges (negative at pH 7.4) non-specifically on the 

blank surface. There is a slight shift in the flat band voltage for the blank sample 

(Figure 7.11b) compare to the sample with SiO2 gate oxide (Figure 7.11a). Figure 7.11c 

shows the streptavidin binding on ethylene diamine modified surface where an increase 

in the capacitance �C� 35 nF and a shift in the curve to the positive side of x-axis after 

streptavidin binding. There is a significant increase in the accumulation capacitance to 

near 120 nF due to thin monolayer as expected. There is a substantial shift in the flat 

band voltage �Vfb � 0.5V. The reason for an increase in capacitance is due to the net 

charge that accumulates on the sensor surface as compare to the thickness of the 

adsorbed layer and therefore, the capacitance increases due to additional charge Q = C 

V for a fixed applied gate voltage. 
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Figure 7.11 Capacitance-voltage measurements for monitoring biotin-streptavidin binding 
event in 1 x PBS buffer a) biotin-streptavidin binding on native oxide-3-amino propyl 
triethylsilane (APTES)-biotin (streptavidin) b) Etched, UV irradiated (under argon, without 
ethylene diamine), and biotin adsorbed blank (streptavidin binding), c) Ethylene diamine 
modified surface after biotin immobilization and streptavidin binding. 
 
According to the equation (1) the thickness of the layer on the surface of the capacitor 

can be calculated as t � [3.9 x 8.85 x 10-12 (F/m) x 1.96 10-5 m2]/Clayer which is nearly 

equal to 6 nm with the APTES monolayer (Figure 7.11a) 

 

7.4. Conclusion 

 
Ethylene diamine molecules were used as a precursor compound to make Si-N bonded 

monolayers on hydrogen terminated silicon surface. XPS, fluorescence and electrical 

measurements were carried out on as prepared surfaces. It was realized by repeated 



Chapter 7             Multifunctional symmetric precursor: Selective functionalization with Si-N bonded monolayer 

 

 118 

experiments and with controls samples that the Si-N chemistry works well in selective 

functionalization of patterned surfaces such as silicon nanowires as well showed 

improved detection capability of biomolecules in electrolyte insulator semiconductor 

sensor configuration.  
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Chapter 8 

 
 

8. Conclusions and future 
recommendations 

 

This chapter covers the conclusions drawn from the research work done during the last 

four years and some future recommendations.  
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I. Conclusions 

Silicon-alkyl and Si-amine monolayers were fabricated selectively on (111) surfaces of 

triangular silicon nanowire field-effect transistor (Si-NW FET) devices to be used as 

biosensors after subsequent bioconjugations and immobilizations in aqueous solutions. 

Before tethering of monolayers of any kind on bare silicon surface, preparation of 

active gate regions of the devices was found to be a very crucial step because of the 

strong dependence of the monolayer qualities in terms of packing density, uniformity 

and ability to sustain the surface characteristics against surface oxidation and on 

surface morphology, and its chemistry and its stability for a reasonable length of time. 

After formation of the Si-C based or Si-N based monolayers, it was crucial as well to 

characterize the surface with the help of different techniques such as x-ray 

photoelectron spectroscopy, fluorescence spectroscopy, scanning electron microscopy, 

atomic force microscopy and electrical measurements. In chapters 2 and 3, the 

theoretical background of the work was described including an introduction to Si-NW 

FET devices, their fabrication, operation and different factors affect the detection 

sensitivity. Chapter 3 described Si-alkyl based monolayers, their fabrication procedures 

and effect on device operation. While reviewing these chapters it can be concluded that 

Si-NW FETs when used as biosensors can be very sensitive for cheap, efficient, label 

free, fast and real time screening of drugs, cancer biomarkers and viruses, and Si-alkyl 

monolayers can offer a substantial role in improving device characteristics by reducing 

limit of detection as a result of selective immobilization, strong field effect due to thin 

layers. 

Chapter 4 described different aspects of  cleaning and hydrogen termination of Si-NW 

FET with the help of different etchants have different resulting Si-NW surface 

morphologies as well as surface chemistries for planar samples which dictates the 

ultimate quality of surface modifications and sensing performances. 1% aqueous HF 

solution cleanly produce hydrogen terminated Si-NW surfaces however resistance to 

oxidation for a planar silicon surfaces is inferior most probably due to higher surface 

roughness as compare to nitrogen purged 40% NH4F etched surface but a thorough 
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rinse with DI water is strongly recommended in order to get rid of concentrated salt 

crystals remaining on the surface. Oxygen rich solution can cause pit formation.  

Chapter 5 described  the selective functionalization of C-Si monolayers on all-(111) 

surface Si-NWs has been demonstrated, which offers a new Si-NW sensing platform 

with several advantages for biosensing compared to conventional Si-NW biosensor 

geometries and silicon dioxide (SiO2) passivation layers, which includes: 1. Ligands 

conjugated exclusively on the nanowire surface eliminates ligand conjugation in non-

sensor regions, 2. Improved detection sensitivity due to selective functionalities, 3. Si-

(111) surfaces support the highest quality C-Si monolayers.  4. Elimination of fixed 

SiO2 charge, and 5. Si (111) surfaces can have low interface trap densities for H-Si and 

C-Si interfaces. 

Chapter 6 describes mathematical modeling that reveals that thin dielectric layers result 

in higher detection sensitivities and three important conclusions can be drawn from this 

analysis. First, thin (tf~1 nm) dielectric layers in combination with low channel doping 

(Na=1017 cm-3) results in the largest detection sensitivity, however, over a small range 

of ψo (or σ o), and therefore, requires precise front-gate biasing for full utilization. 

Second, thin dielectric layers and larger channel doping (Na=1018 cm-3) results in 

slightly lower and more uniform sensitivities. Lastly, a reference electrode is important 

for providing a well-defined gate potential for device biasing and operation. It should 

be noted that higher sensitivities can be obtained by moderately accumulating the front 

surfaces. Chapter 7 introduces a new multifunctional symmetric precursor that is used 

to form monolayers with a Si-N covalent bond and a pendant amine group for future 

bioimmobilization.  It was realized by repeated experiments and with control samples 

that Si-N chemistry works well in selective functionalization of patterned surfaces such 

as silicon nanowires as well showed improved detection capability of biomolecules in 

electrolyte insulator semiconductor sensor configuration. 
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II. Future recommendations 

A sensing platform constructed out of bottom-up molecular assemblies, crystalline in 

nature having perfect passivation of dangling bonds and interface states giving flexibly 

tunable surface properties and selective chemical handles is promising, however, 

dealing with conventional chemical labs and wet benches is cheaper at one hand and 

compromise surface qualities on the other hand. Treating surfaces in an nitrogen 

purged glove box is both cleaner and safe but makes manipulations difficult. Si-NW 

FET biosensor for detection of trace bioanalytes such as DNA, proteins and viruses 

need Si-C based monolayer interface for highly sensitive detections. The following 

recommendation can be made: 

1) A perfect hydrogen terminated interface free of native or sub-oxide is highly 

recommended for high quality monolayers. A thermal annealing step in 

hydrogen environment after etching removes the etch imperfection and non-

reacted sites resulting into a relatively stable hydrogen terminated surface. 

2) Functional monolayers fabricated out of precursor molecules without any 

protection group and capable of maximum surface coverage is needed. A 

mixed monolayer having small fraction of bulky functional precursor 

molecules and a large fraction of inert and small methyl terminated filling 

molecules is a clever approach.  

3) Creation/generation of functionalities on the surface of a well packed methyl 

terminated monolayer with the help of controllable air plasma oxidation and/or 

UV-Ozone treatment is fruitful as well. 

4) In-situ generation of hydrogen or chloride terminated surfaces along with 

exposure of small functional molecules such as azide ions can generate a 

surface with 100% surface coverage with ability to bind with linker groups and 

biomolecules.  

5) It will be interesting to try electrochemical fabrication of Si-alkyl monolayers 

with the help of diazonium ions. 
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9. Summary 
 

The research work was mainly focused on the surface modification/surface 

functionalization of active-gate areas of silicon nanowire field-effect transistor 

devices (Si-NW FET) using hydrogen terminated surfaces, Si-C and Si-N bonded 

monolayers and subsequent bioimmobilization for biosensor applications. 

Experiments were conducted on planar silicon samples for contact angle 

measurements and x-ray photoelectron spectroscopy (XPS) for the confirmation of 

step wise surface modification process. Efficiency of surface 

amendments/modification on Si-NW FET devices was tested and monitored by 

scanning electron microscopy (SEM), fluorescence spectroscopy, and atomic force 

microscopy (AFM) as well as electrical measurements by front and back gating the 

devices in air and in aqueous solutions. Contact angle measurements are very good 

to have an immediate idea of surface physical property in terms of hydrophobicity 

or hydrophilicity. Methyl terminated monolayers give a contact angle nearly equal 

to 109˚ where as functional monolayers involving deprotected surface amine 

groups or carboxylic acid groups show a decrease in contact angle  by 20-40˚ from 

the starting contact angle value of hydrogen terminated surfaces (84˚) after 

successful surface modification. X-ray photoelectron spectroscopy (XPS) is a very 

powerful surface technique and is very simple to interpret the chemical 

environment and chemistry of the different surface groups, their oxidation states in 

terms of their binding energies as well as comparisons can be made with different 

binding energy regimes to get a rough guess of the chemical species present on the 

surface. For example, if a surface involves a monolayer with carbon chain and an 

amine group, all sort of chemical bonds can be counter checked by comparing the 

C 1s region with the N 1s region of the spectrum. All monolayers were 

characterized using XPS and extent of surface oxidation and the stability of 

monolayer was determined. Si-alkyl monolayers proved to be stable and prevent 

surface oxidation for a reasonable length of times. Si-C bond can be reasonably 
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detected via fitted peaks at 283-284 eV range below C-C peak bond energy at 285 

eV, but more efficiently for alkyne head group. Well packed monolayers 

terminated with methyl groups are recommended for further bioimmobilization 

after generation of functional groups chemically or via UV-ozone or air plasma 

activation as compared to ones obtained via protected functional groups as bulky 

groups undermine the oxidative resistance of the surface due to steric hindrances. 

Mixture of monolayers is also good approach to obtain functional monolayers. 

XPS was able to reasonably characterize Si-N bonded layers as well. In contrast to 

ethylene diamine adsorption experiments on silicon under ultrahigh vacuum as 

reported in a few reports, where both amine groups get attached to neighboring 

silicon atoms in the form of a molecular staple, giving a single nitrogen peak at 

398.7 eV, our results are unique in the solution phase, showing both amine groups 

have different chemical environments indicated by more than one peak fits where 

one nitrogen group is shown to attach with the surface and another amine group is 

free or pendant and ready for subsequent  bioimmobilization as also confirmed by 

fluorescence and biosensing studies. Selective functionalization of Si-NW FETs 

after successful modification of surfaces and confirmation through contact angle 

and XPS studies was demonstrated by streptavidin-biotin binding where 

Streptavidin was conjugated either by gold nanoparticles or Alexa Fluor 488 label 

to see via SEM or fluorescence spectroscopy, respectively. Si-C and Si-N bonded 

monolayers showed successful selective bioimmobilization onto the Si-NW gate 

regions. Monolayers on Si-NW FET were characterized by electrical 

measurements and a mathematical model was proposed giving guidelines for 

improved sensitivity of Si-NW FET devices after modification via ultra thin layers 

and put light on the operation regime where maximum sensitivity can be obtained. 

Use of a reference electrode was shown to be crucial in order to control surface 

potential in a narrow potential window and to get perceivable results. Effect of 

doping level and uniformity of the response of the biosensor was taken into 

consideration and it has been shown that high sensitivity can be obtained in lower 

doped nanowires with thinner gate-dielectric films and operating the device at 
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smaller possible voltages, however, the sensor response is more uniform at higher 

doping levels. Biosensing via Si-N bonded monolayers was shown electrically in 

electrolyte-insulator-semiconductor (EIS) biosensor configuration and showed 

improved sensitivity of streptavidin-biotin binding event as compared to sensing 

on oxide surface via APTES based bioimmobilization. 
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