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Abstract 

Electrochemical biosensors have emerged as very powerful and profitable analytical tools, due 

to their striking features such as fast detection, high efficiency, portability to resolve central 

issues in many challenging areas including water and food quality control, biomedical 

diagnostics, and environmental monitoring. As an established porous material with desired 

properties to be used as sensing platform, such as the extensively tunable structure, versatile 

surface chemistry and large surface area (up to 800 m2/g), porous silicon (pSi) offers ample 

opportunities for biosensor design. However, the use of pSi to develop electrochemical 

biosensors has been limited because the unavoidable growth of the insulating SiO2 layer at the 

surface. Consequently, this thesis aims to understand the potential to utilize carbon-stabilized 

pSi nanostructures directly as electrochemical transducer in the effort to develop a novel 

biosensing system. 

In Chapter 3, the electrochemical performance of carbon-stabilized pSi is firstly investigated. 

PSi undergoes two thermal treatments via decomposition of acetylene gas at either 525 or 

800 °C, which results in hydrogen-terminated thermally hydrocarbonized pSi (THCpSi) and 

hydroxyl-terminated thermally carbonized pSi (TCpSi), respectively. Electrochemical 

characterization using cyclic voltammetry, chronocoulometry and electrochemical impedance 

spectroscopy (EIS) in the presence of several redox pairs, [Fe(CN)6]3-/4-, [Ru(NH3)6]2+/3+ and 

hydroquinone/quinone (HQ/Q), is used to demonstrate the versatility and high stability to 

degradation of carbon-stabilized pSi nanostructures and their excellent electrochemical 

performance. Added to the large surface area, adjustable pore morphology and tailorable 

surface chemistry of both THCpSi and TCpSi, these nanostructures demonstrate fast electron-

transfer kinetics, providing key advantages over conventional electrodes (i.e. glassy carbon 

electrodes, carbon-based screen-printed electrodes). The versatile surface chemistry of both 

THCpSi and TCpSi offers various possibilities to introduce multiple functional groups 
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depending on the nature of the bioreceptor to be immobilized. For proof of principle, the 

possibility to covalently immobilize anti-MS2 bacteriophage antibodies on a THCpSi surface 

previously hydrosilylated with undecylenic acid was demonstrated. This platform was then 

used to detect MS2 bacteriophage by means of EIS. The normalized charge-transfer resistance 

obtained with the MS2 immunosensor linearly increases with increasing concentration of MS2 

bacteriophage, and shows a detection limit (LOD) of 4.9 pfu mL-1. 

In Chapter 4, a robust and highly sensitive THCpSi single layer based voltammetric sensing 

platform for the detection of a specific bacterial biomarker, 16S rRNA from Escherichia coli, 

is successfully developed. A fast analysis time of 15 min and a LOD of 0.183 pM target 16S 

rRNA were achieved in buffer. The developed 16S rRNA sensor used carbon-stabilized pSi 

(i.e. THCpSi) as the electrochemical transducer to interpret the hybridization event between 

ssDNA probes and the target 16S rRNA. Various parameters involved in the fabrication and 

modification of the 16S rRNA sensor (e.g. nanochannel diameter, thickness of the porous layer, 

concentration of ssDNA probe, etc) were firstly optimized for the detection of the ssDNA 

sequence equivalent to the target 16S rRNA, achieving an excellent LOD of 2 fM in buffer.  

In Chapter 5, the potential for biosensing purposes of a unique and versatile carbon-stabilized 

pSi double-layer nanostructure is further explored. Carbon-stabilized surface chemistries were 

applied to pSi layers via stepwise thermal decomposition of acetylene gas under controllable 

reaction temperature. Specifically, a double layer nanostructure combining a top layer of TCpSi 

and a bottom layer of THCpSi was implemented. The hydrophilic TCpSi top layer featured -

OH termination that could be further functionalized via silanization. In contrast, the 

hydrophobic THCpSi bottom layer enabled further functionalization via hydrosilylation with 

alkenes. The TCpSi-THCpSi double layer platform retained the open pore structure, tunable 

pore size, large available surface area and the Fabry-Pérot fringe patterns, and in addition 
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featured excellent electrochemical properties such as fast electron-transfer kinetics. These 

properties were exploited here to generate a high performance DNA sensor with a LOD of 0.4 

pM based on a TCpSi-THCpSi double layer structure, showing two orders of magnitude lower 

LOD than those achieved by any pSi-based electrochemical DNA sensor previously reported. 

Compared to the LOD of 2 fM obtained using an optimized THCpSi-based DNA sensor, this 

LOD could be improved by proper optimization of the physical features of the double layer 

nanostructure (e.g. the combination of pore diameters, thickness of each porous layer,  

deposition of an external insulating layer, etc.) as well as the sensor working conditions (e.g. 

target incubation temperature and time, etc.). 

In Chapter 6, uniform gold-pSi (Au-pSi) composite nanochannel arrays were developed using 

metal-assisted chemical etching (MACE) combined with colloidal lithography and controlled 

deep reactive ion etching (DRIE). This fabrication process provides the ability to tune the pore 

dimensions and density of ordered Au-pSi composite nanochannel arrays. Straight and highly 

uniform channel arrays in silicon, ranging from 100 nm to several µm in diameter, with flat 

gold discs at the bottom were produced. The depth and density of nanochannel arrays were 

well controlled by selecting the proper template size and etching time. The excellent control of 

the dimensions of the Au-pSi composite nanochannel arrays, and the high uniformity and 

regularity featured by the channel arrays, could be exploited in the future to suit the use of these 

platforms for electrochemical biosensing.  

Finally, Chapter 7 concluded this thesis by summarizing the main findings of this research and 

providing an outlook of the promising development of such carbon-stabilized pSi working as 

electrochemical biosensors.
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Chapter 1. Introduction 

1.1 Introduction 

Food and water are both essential resources for human life, but they are also a potential source 

of harmful microbes and chemicals.1-2 Food and water contaminated with harmful chemical 

compounds, bacteria, viruses or toxins, lead to numerous diseases. Viruses are small acellular 

microorganisms with diameters of 20 to 300 nm, each containing only one type of nucleic 

acid.3-4 They can produce a wide range of diseases in plants, animals or humans. Every year, 

an estimated 4.7 million cases of viral infections occur in Australia.5 As an example, the 

common Norovirus is reported to be responsible for 1.6 million cases, corresponding to 18% 

of the foodborne illnesses.5 Foodborne or waterborne viruses cannot replicate by themselves in 

food or water, so they are always present in very low numbers. Viruses have a very low 

infective dose, just a few infectious food particles or a little volume of infectious water is 

sufficient to produce illness.6 Besides, it is difficult to detect viruses in food and water because 

the current culture systems are not suitable for all virus types. Conventional methods for virus 

detection in food and water are culture and colony counting methods, immunology-based 

methods and polymerase chain reaction (PCR).6 The culture and colony counting methods 

involve counting of viruses via electron microscopy (EM). The immunology-based methods 

rely on antigen–antibody interactions and the PCR method involves nucleic acid analysis. 

While these techniques can provide qualitative as well as quantitative results of the tested 

microbes, most of them are greatly restricted by the assay time, high cost, initial enrichment of 

the sample with cell culture systems or intensive labor. Moreover, many viruses have a low 

infectious dose, rendering the accurate determination of whether or not a food item or water 

sample poses a health risk challenging.7 Therefore, fast, reliable and highly sensitive diagnostic 

methods are necessary to ascertain and implement proper treatment of virus infections. 
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Medical diagnostics is the most common and necessary process to recognize patient’s 

symptoms and signs so that a medical practitioner can make accurate medical decisions in 

relation to the appropriate treatment.8-9 However, diagnostic errors such as inaccurate or 

delayed diagnosis are hampering the treatment and recovery of an unacceptable number of 

patients (Figure 1.1).10 There is an increasing demand of highly efficient compact devices for 

improving medical diagnosis as getting the right diagnostic procedure is a key aspect of 

healthcare. Biomarkers in medicine have gained an increasing research interest. As biological 

indicators of disease, biomarkers produced by the diseased organ or by the body in response to 

disease provide a powerful approach to obtain vital information in medical diagnosis.11-15 A 

biomarker can be specific cells, molecules, enzymes, genes or gene products, etc..11 The 

biomarkers are often present in very low concentrations and also complexed with proteins or 

other molecules which make difficult to identify and detect them.16 Different biomarker 

detection methods have been applied to diagnose many infectious diseases as well as cancer, 

such as enzyme-linked immunosorbent assay (ELISA), immunofluorescence, 

immunodiffusion, PCR, flow cytometry and many other techniques.17-20 Most of these 

techniques are time consuming, labor intensive, complex, expensive or consume large volumes 

of samples. To overcome limitations of biomarker detection in medical diagnostics, there is an 

immediate need for simple, rapid, low-cost and portable diagnostic systems and methods. 
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Figure 1.1 Diagnostic errors in medical diagnostics. Picture source: VisualDx 
(https://medcitynews.com/2016/05/diagnostic-errors-infographic/) 

 

Biosensors have emerged as a very powerful and profitable analytical technique due to their 

striking features such as fast detection, high efficiency, and potential portability to resolve 

considerable number of central issues in many challenging areas including the quality control 

of food and water, and medical diagnostics.21-23 From the global view, the significance of 

biosensors has been reflected by the dramatic increase in biosensor global market from the 

value of US$14.8 billion in 2015 to a remarkable expected value of US $ 22.6 billion in 2020.24 

In the development of biosensors, the sensitivity, selectivity, linear and dynamic ranges, limit 

of detection (LOD) and reproducibility are key parameters on account of the essential 

requirement for the practical applications to effectively recognize and quantify the target 

analyte.23, 25-26 

Electrochemical biosensors have attracted a growing attention and have been widely 

recognized as promising candidates for portable, easy-to-use detection devices in view of the 

high sensitivity, fast response, high signal-to-noise ratio and relative simplicity.27 Apart from 

the high sensitivity of electrochemical transduction, electrochemical biosensors also provide 

https://medcitynews.com/2016/05/diagnostic-errors-infographic/
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the specificity of biological recognition reactions. As an integrated sensing system, 

electrochemical biosensors harness the affinity of a biological recognition species (such as 

enzymes, antibodies, DNA) to react selectively with specific targets.28 Consequently the 

interaction or binding event is transduced to an electrical signal, which is in line with the 

concentration of the target analyte.29 

As for commercial applications, in order to fabricate biosensors with sufficient sensitivity and 

specificity, fast detection speed, simplicity of operation, portability and low cost, intensive 

attention has been primarily paid to two directions: (i) improvement of the biorecognition 

elements 30; (ii) exploitation of new nanostructured materials as electrochemical transducers 

(such as nanowires31-32, carbon nanotubes33-35, graphene36-39, metal nanoparticles31, 40, porous 

materials41-42). Among these candidate materials being developed for various applications in 

bionanotechnology, porous silicon (pSi) is a very promising one, due to its potential integration 

with silicon technologies, the extensive tailoring of its structural properties (pore diameter and 

depth), high surface area, easy and cheap fabrication and biocompatibility.43 Not surprisingly, 

pSi has attracted widespread interest not only in optical sensing but also in electrochemical 

sensing. Especially, the combination of advantages of electrochemical techniques and the 

promising properties of pSi enables the design of novel sensing platforms with high selectivity 

and sensitivity for a wide range of practical applications. 

1.2 Porous silicon (pSi) 

1.2.1 Fabrication 

PSi is an inorganic semiconductor that can be generated by etching crystalline silicon in 

aqueous or non-aqueous etchant in the presence of hydrofluoric acid (HF). In order to 

controllably fabricate nanostructured architectures, a wide range of approaches have been 

explored such as electrochemical etching43-44, MACE45-46, stain and galvanostatic etching47. 
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One of the most common and popular pSi fabrication methods is electrochemical etching. This 

anodic process comprises of an etching cell, silicon wafer (anode), a constant current source, 

platinum wire (cathode) and an electrolyte (Figure 1.2).44 The etching solution generally 

consists of aqueous HF as an etchant and a surfactant or wetting agent like ethanol, which 

lowers the surface tension of the etching solution and helps HF to access to the surface. It is 

possible to control the pore size, porosity, pSi layer geometrical features as well as the number 

of layers by fine-tuning properly selected variables (such as the current density, HF 

concentration, the ratio of HF to surfactant, the type of silicon, the dopant and the doping level). 

 

Figure 1.2 Schematic of a two-electrode electrochemical cell used to fabricate pSi.48 The 
silicon chip is the working electrode. In this case, the silicon is an anode as an oxidation 
reaction occurs at its surface. The cathode counter-electrode is a platinum electrode. 

  

MACE is another intriguing and controllable way to develop pSi nanostructures without the 

requirement of electrical bias. By proper metal-induced chemical etching, silicon substrates are 
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able to be etched into not only pillar arrays but also ordered pore arrays.49 Depending on the 

catalytic ability of the noble metal, the final morphology of the pSi nanostructures is usually 

defined by the pattern of the metal catalyst used because the silicon under the metal catalyst is 

etched much faster by HF than the silicon without metal coverage. Instead of electrical bias, 

the reduction of an oxidant such as hydrogen peroxide (H2O2) catalyzed at the surface of the 

noble metal is the power supply.45 The holes generated from the reduction are injected into the 

surface of silicon which is specifically oxidized and partially dissolved at the silicon-metal 

interface by HF.   

In a typical MACE process, silicon partly coated with a noble metal is subjected to an etchant 

that contains HF and an oxidative agent, H2O2.45-46 Depending on the catalytic activity of the 

noble metal, the noble metal-coated area is etched much faster than the uncoated area. After a 

certain time of etching, the noble metal sinks into the bottom of the substrate and relevant 

morphology is formed according to the initial morphologies of noble metal coverage. The 

processes in MACE are described in Figure 1.3: (1) The oxidant is preferred to be reduced at 

the surface of the metal catalyst and holes (h+) are generated as a result of oxidant reduction. 

(2) The injection of holes takes place subsequently from the metal surface to the silicon beneath 

the metal. (3) The noble metal-coated silicon has a high local hole concentration and is 

preferentially oxidized and dissolved at the silicon-metal interface by HF. At the same time, 

generated byproducts, such as SiF6
2-, diffuse along the silicon-metal interface as well. (4) With 

an increasing concentration of holes at the interface between silicon and noble metal, the noble 

metal-coated silicon is etched in a much faster speed by HF than the bare silicon surface. (5) 

The diffusion of holes occurs from the metal-coating area to bare silicon area or to the wall of 

the pore when the rate of hole consumption at the silicon-metal interface becomes lower 

compared to the rate of hole injection. 
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Figure 1.3 Scheme of processes involved in MACE.45 

 

1.2.2 Surface stabilization 

The freshly etched surface of pSi is terminated primarily with hydride species, which are highly 

reactive and prone to oxidation both in water and air.44, 50-51 This limitation makes pSi 

unsuitable for biosensors with expected long-term stability in view of the fact that aqueous 

medium is inevitable in most biosensing applications. There have been several methods to 

stabilize the surface by means of either directly modifying freshly etched surface or further 

chemical transformations on purposely oxidized pSi. Silanization, hydrosilylation and carbon-

stabilization are the most common surface modification procedures not only because their 

capability of surface passivation but also they allow the incorporation of desired chemical 

functionalities across the pSi surface and hence enable further immobilization of specific 

recognition biomolecules.52-60 

Silanization reactions involve the silanol-based coupling with alkoxy or chloro silane 

compounds (Figure 1.4).61 This type of reactions can attach various compounds with terminal 

functionalities including amines, thiols and polyethylene glycol to a pre-oxidized hydroxyl-

terminated pSi surface.62-64  
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Figure 1.4 Silanization reaction on oxidized pSi surface.65 

Hydrosilylation reactions yield stable Si-C bonded surface species by attacking a hydrogen-

terminated pSi surface with an alkene or alkyne (Figure 1.5).56, 59, 66-72 Hydrosilylation 

reactions are also able to incorporate a wide variety of chemical groups, including carboxylic 

acids, thiols, polyethylene glycol, alcohols and esters that then allow further chemical 

modification.73-75  

 

Figure 1.5 Hydrosilylation of alkenes and alkynes on freshly etched pSi surface.66 

 

Carbon-stabilization via thermal decomposition of acetylene gas is another useful method to 

modify pSi surface, which was introduced by Salonen and coworkers.76 This method produces 

a thin carbon coating on pSi surface from the reaction with gas phase acetylene at high 

temperature (Figure 1.6), which is very stable in harsh environment like in solutions with 
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extreme pH values such as in KOH, NaOH, HF etc..55, 77  In detail, this carbonization reaction 

is based on the adsorption of acetylene molecules first onto the pSi surface and then into the 

nanostructures, eventually generating a nonstoichiometric SiC layer. These acetylene 

molecules adsorbed at room temperature undergo dissociation above 400 °C. Depending on 

the temperature of thermal reaction, thermal hydrocarbonization (THC) takes place at lower 

temperature (400-600 °C), and as an additional step, thermal carbonization (TC) is induced at 

a higher temperature (600-900 °C). Apart from providing carbon coverage and high chemical 

stability, THC and TC tune the hydrophobicity/hydrophilicity of the pSi surface, which can be 

used to introduce distinct chemical functionalities on the outer and inner part of the pSi 

structure. This carbon stabilization treatment has also been found to be non-toxic both for in 

vitro and in vivo applications.78 Besides, THC and TC treatments increase the conductivity of 

pSi, which enables pSi to offer ample opportunities for novel electrochemical biosensors 

design. 

 

Figure 1.6 Carbon-stabilization via thermal decomposition of acetylene gas on the surface of 
freshly etched pSi. 
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1.2.3 Building a biorecognition interface 

Building a biorecognition interface with a diverse range of functional groups plays a key role 

in the development of a highly specific biosensor, not only because its capability of providing 

selectivity to the biosensor towards a specific target analyte of interest but also its capability of 

preventing interactions with other interfering non-specific species.27-28, 79 These non-specific 

binding events can either result in a false positive signal or degrade the key performance of 

biosensors like sensitivity and selectivity due to the fact that the reactions between pSi and 

interfering species change the chemical composition of pSi.61 Numerous bioconjugation 

techniques to couple various specific molecules ranging from antibody,64, 80 oligonucleotides,81 

to enzymes,82-83 onto a functionalized surface have been well documented.30 For instance, 

carbodiimide, click or maleimide chemistries can be used to build a biorecognition interface 

with specific bioreceptors such as antibodies and ssDNA. 

1.3 Biosensors 

A biosensor is an analytical device which can detect analytes and translate the biological 

response into a readable signal.84 A biosensor consists of two key components, a bioreceptor 

and a transducer (Figure 1.7).85 The bioreceptor provides selectivity through its affinity 

towards the analyte. The analyte binding to the bioreceptor is converted by the transducer into 

a measurable signal. The output can be in the form of current or a change in optical properties.85 

Biosensors have several advantages as analytical tools, such as high sensitivity and selectivity, 

simplicity, cost-effectiveness and short analysis time.86 They can be easily miniaturized 

enabling their use as portable point-of-care devices.86 According to their biorecognition 

element, biosensors can be classified as immunosensors, DNA sensors, enzymatic sensors, 

tissue-based sensors, etc.. According to the transducing mechanism, biosensors can be also 

classified as electrochemical, optical, piezoelectric, etc. biosensors. 
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Figure 1.7 A typical representation of a biosensor.87 

1.4 Electrochemical biosensors 

As shown in Figure 1.8, electrochemical transduction interprets the binding events to a 

measurable current (amperometry), charge accumulation or potential (potentiometry), change 

in resistance (impedance) or in the conductive properties of the medium between electrodes 

(conductometry).28, 88 According to the detection technique, electrochemical biosensors can be 

divided into four types: amperometric/voltammetric, potentiometric, impedimetric and 

conductometric. 

 

Figure 1.8. Schematic of an electrochemical biosensor.28  
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1.4.1 Amperometric and voltammetric biosensors 

Amperometric and voltammetric techniques measure the current that flows between the 

working and auxiliary electrodes, when a potential is applied. On the one hand, if the change 

of current is monitored over time at a constant potential, it is termed as amperometry.28, 89 On 

the other hand, if changes in current are measured during a set potential range, this is termed 

as voltammetry. Amperometric/voltammetric biosensors mainly focus on monitoring the 

changes in current due to the redox reactions at the working electrode when the target molecule 

is recognized by the bioreceptor. A label is usually required if the analyte of interest is not 

electroactive. These labels can produce electroactive products by catalytic conversion, then 

undergo the oxidation or reduction and result in current changes that are quantitatively related 

to the concentration of target analyte. Electroactive species can also be introduced into the 

electrochemical system, then the charge transfer takes place at the partially blocked 

electrode/solution interface, with a magnitude that is quantitatively proportional to the amount 

of bound analyte. 

1.4.2 Potentiometric biosensors 

The measured parameter in potentiometry is the potential difference between the working and 

reference electrodes in electrochemical devices with negligible current flow.90-94 

Potentiometric biosensors are promising in practical applications as many of them are 

commercially available such as those developed by glass electrodes and metal oxides.95 

1.4.3 Impedimetric biosensors 

Electrochemical impedance spectroscopy (EIS) is a widely utilized technique to measure 

resistive and capacitive properties of materials through the application of a small sinusoidally 

varying potential 28. By adjusting the excitation frequency of the applied potential, the complex 

impedance can be calculated, including real impedance (resistance) and imaginary impedance 
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(capacitance and inductance). Due to the ability of directly probing the interfacial properties of 

a modified electrode, EIS has rapidly been developed to monitor biorecognition events at the 

electrode surface. EIS can work as a label-free sensing system, where changes in the electrical 

properties of the surface (e.g. capacitance, resistance) can be measured from the solely presence 

of target molecules. Besides, labels can also be introduced into impedimetric sensing systems 

as to increase selectivity and enhance sensitivity. A major drawback of EIS is the potential 

interaction of other substances at the electrode surface.96 Due to the high sensitivity of EIS, 

non-specific adsorption can have an effect on the monitored signal and thus cause interference.  

1.4.4 Conductometric biosensors 

Conductometric biosensors monitor the changes in conductivity upon analyte detection. 

Conductometric biosensors often include enzymes whose charged products result in ionic 

strength changes, and thus increased conductivity. Conductometric biosensors have been 

widely used in different applications such as environmental monitoring, clinical analysis and 

the detection of foodborne pathogens.28 

1.5 Thesis aims, tasks and research methodology 

1.5.1 Thesis aims 

PSi has demonstrated its advantages and versatility in biosensor applications since Sailor and 

coworkers first reported the use of oxidized pSi as optical transducer to investigate basic 

biological systems.51 Its pore morphological parameters (e.g. pore size, pore depth and 

porosity) can be easily adjusted by simply varying the electrochemical anodization parameters 

(i.e. current density, etching time, HF and ethanol ratio) used to fabricate pSi.97 The ease of 

controlling pore morphology has implications in its sensing capabilities and has driven 

advances in the detection of a large range of chemical and biological species.81, 98-101 Other 

features of pSi, such as the large available internal surface area and excellent biocompatibility, 
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have also been harnessed to develop high performing biosensing platforms.102-106 Of particular 

interest for biosensing purposes is the versatile surface chemistry of pSi, allowing a wide range 

of functionalization routes (e.g. hydrosilylation,56, 59, 67-72 silanization62-64) to attach functional 

groups further used to covalently immobilize diverse biomolecules as bioreceptors (e.g. 

antibodies,64, 80 oligonucleotides,81 enzymes82-83). However, the use of pSi to develop 

electrochemical biosensors has been limited even though this type of biosensors is able to offer 

a promising way to detect target analytes featuring ease of use, rapid and robust detection, low 

cost, miniaturization potential and hence portability.107-108 The main challenge of using pSi as 

electrochemical transducer is the unavoidable growth of an insulating SiO2 layer at the surface. 

Additionally, the area and geometry of the porous electrode surface strongly affect the double-

layer capacitance, which can cause significant capacitive effects.109 In order to limit the growth 

of SiO2 on the pSi and render pSi fit for the purpose of electrochemical sensing, researchers 

have reported various pSi modifications to preserve the semiconductor properties of silicon or 

to introduce conductive coatings (e.g. metal110-113 or conductive polymeric layers67, 114) with 

the aim of developing pSi-based electrochemical biosensors. To indirectly overcome the 

limitations in using pSi for electrochemical sensing purposes, Reta and coworkers recently 

explored the use of hydrosilylated pSi membrane-modified gold electrodes to develop label-

free immunosensors based on voltammetric detection.115 

The aim of this thesis is to explore the potential to directly use carbon-stabilized pSi 

nanostructures as electrochemical transducers to create the next generation of highly sensitive, 

cost-effective and label-free electrochemical biosensors for target analytes of potential interest 

in viral detection for water quality control, and bacterial 16S rRNA detection for medical 

diagnosis. Specifically, this thesis aims to:  

(a) Design, fabricate and characterize electrochemical transducers based on pSi 

nanostructures  
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(1) Engineer pSi nanostructures. Fabricate pSi single and double layer nanostructures via 

electrochemical anodization. Additionally, design and fabricate uniform Au-pSi composite 

nanochannel arrays using MACE combined with colloidal lithography and DRIE. 

(2) Improve the conductivity and chemical stability of pSi nanostructures. Employ carbon-

stabilization process via thermal decomposition of acetylene to render pSi and Au-pSi 

nanostructures suitable for electrochemical transduction, leaving the pore structure intact, 

while providing high chemical stability, controllable hydrophilicity, and versatile surface 

chemistry.  

(3) Investigate the electrochemical performance of carbon-stabilized pSi nanostructures 

(including THCpSi and TCpSi single layers, TCpSi-THCpSi double layer and Au-THCpSi 

composite nanochannel arrays) and demonstrate their suitability for electrochemical transducer 

design. 

(b) Develop electrochemical biosensors for label-free detection of analytes  

(1) Design, fabricate and functionalize various impedimetric and voltammetric biosensors 

using the previously optimized carbon-stabilized pSi single and double layer nanostructures. 

Apply nanochannel blockage as sensing mechanism, based on measuring the partial blockage 

caused upon analyte binding to the immobilized bioreceptor, for the label-free detection of 

analytes of interest including MS2 bacteriophage, ssDNA and Escherichia coli 16S rRNA.  

(2) Optimize the sensing performance of the developed biosensors including selectivity, 

sensitivity and limit of detection by properly tuning the pore dimensions of these 

electrochemical transducers (i.e. carbon-stabilized pSi nanostructures) and suitably choosing 

the functionalization strategy. 

1.5.2 Tasks and research methodology 

In order to achieve the aims, the project is divided into 4 tasks: 



16 
 

Task 1:  Fabrication of pSi nanostructures. Depending on the size of the target analytes to 

detect, different morphological features (such as diameter, length) of the pSi nanochannels 

ranging from single layer to multi layers were fabricated either by electrochemical anodization 

or MACE.  

Task 2: Carbon-stabilization of pSi surface. The freshly etched pSi nanostructures were 

immediately carbon-stabilized via thermal decomposition of acetylene gas.116-117 Then SEM 

was used to characterize the morphology (such as diameter and depth) of carbon-stabilized pSi 

nanostructures. The surface chemistry and chemical composition of carbon-stabilized pSi (both 

THCpSi and TCpSi) was analyzed by FTIR, XPS and Raman spectroscopy. Electrochemical 

characterization techniques such as cyclic voltammetry (CV), chronocoulometry (CC) and EIS 

were used to investigate the electrochemical performance of carbon-stabilized pSi 

nanostructures (both THCpSi and TCpSi) directly working as electrochemical transducers.  

Several redox pairs, [Fe(CN)6]3-/4-, [Ru(NH3)6]2+/3+ and hydroquinone/quinone (HQ/Q) were 

used during these electrochemical analyses.  

Task 3: Biorecognition interface development of carbon-stabilized pSi. Different chemical 

functionalities (such as carboxyl groups) were further introduced onto the surface of carbon-

stabilized pSi via hydrosilylation or silanization.116, 118 Bioreceptors such as antibodies and 

ssDNA, were conjugated onto the surface to develop a biorecognition interface for specific 

detection. Conjugation methods, such as carbodiimide chemistry, were used to build the 

biorecognition interface.59, 115 

Task 4: Electrochemical detection of target analytes. The bio-inspired carbon-stabilized pSi 

nanostructures (e.g. single and double layers) were used as electrochemical transducers to 

design sensors for detection of various analytes based on the sensing mechanism of 

nanochannel blockage.22, 115 EIS and DPV were used as electrochemical detection techniques 
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to quantify the partial nanochannel blockage caused upon analyte binding.115 The sensing 

mechanism based on nanochannel blockage for label-free detection of a target is shown in 

Figure 1.9. When the target is captured by the probe immobilized at the surface of the 

nanochannels, the specific binding event causes partial blockage of the nanochannels. And this 

partial nanochannel blockage hinders the diffusion of a redox species added in solution, such 

as [Fe(CN)6]3-/4-, towards the transducer surface, resulting in a decrease in the intensity of peak 

current monitored by DPV or an increase in the value of charge transfer resistance measured 

by EIS.  

 

Figure 1.9 Sensing mechanism based on nanochannel blockage for label-free detection of 
target analytes.  
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Chapter 2. Literature review: porous silicon-based electrochemical 

biosensors 

2.1 Introduction 

As an established porous material with desired properties to be used as sensing platform, pSi 

offers ample opportunities for biosensor design.1 The pore morphological features (e.g. pore 

size shown as an example in Figure 2.1, depth and porosity) of pSi can be easily adjusted by 

the fast fabrication process of electrochemical anodization in the presence of HF and ethanol 

by simply varying etching parameters (e.g. current density, etching time, etchant ratio).2 The 

easy controllability of the pSi morphology greatly enhances its sensing capabilities for a large 

range of chemical and biological species in various sizes.3 Along with its good biocompatibility, 

the large available internal surface area of pSi permits the immobilization of a great number of 

biological receptors within the porous matrix. Control over surface functionalities to 

incorporate desired bioreceptors is of great importance in the design of biosensing systems.4-6 

Benefiting from the convenient surface chemistry of pSi, a diverse range of bioreceptors can 

be easily incorporated on the pSi surface upon introduction of the required functional groups 

via hydrosilylation or silanization. 

 

 
Figure 2.1 Top view SEM images of pSi with different pore diameter by varying the current 
density using 1:1 HF/Ethanol etchant: (a) 27 ± 9 nm and (b) 117 ± 23 nm. Current density: 
(a) 18.9 mA cm-2, (b) 71.9 mA cm-2. 
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The major drawback of freshly etched pSi is its unstable surface in atmospheric or biological 

media because of the reactive hydrogen termination, which makes pSi unsuitable for biosensing 

experiments in aqueous environments. Surface stabilization of pSi is crucial for improving its 

low chemical stability and a range of different methods have been well explored such as 

oxidation7-8, silanization9-10, hydrosilylation3-4, 11-12 and thermal carbonization13-15. Thanks to 

these stabilization techniques and the unique properties of pSi, this material has been shown as 

a highly sensitive optical biosensing transducer. Indeed, pSi-based optical biosensors have 

been well discussed in several recent reviews.16-17 Compared to these reports using pSi as 

optical transducer, it has been challenging to use pSi as electrochemical transducer due to the 

growth of an insulating SiO2 layer on freshly etched pSi and the fact that the charge transfer is 

limited to the pore tips where the high radius of curvature is responsible of generating a region 

of enhanced electric field.18 

Electrochemical biosensors offer a wide range of striking features such as high sensitivity, 

selectivity and robustness at low cost.19 The combination of electrochemical biosensing 

strategies and pSi provides an attractive approach to design novel sensing platforms with 

improved selectivity and sensitivity for a range of practical applications. Specifically, the 

remarkable physical and chemical properties of pSi make it extremely attractive for a wide 

range of electrochemical biosensors ranging from enzyme sensors and immunosensors to DNA 

sensors. However, currently pSi-based electrochemical biosensors mainly take advantage of 

pSi’s semiconductor characteristics and large surface area. The electrical properties of pSi are 

highly influenced by its morphological features (e.g. porosity) and the initial resistivity of the 

bulk silicon wafer used for producing pSi.20  In order to stabilize the surface of freshly etched 

pSi and allow further functionalization, the surface of pSi has typically been passivated by 

oxidation. However, because of the insulating property of the SiO2 layer, it has been 

challenging to use pSi as electrochemical transducer. Apart from preserving the semiconductor 
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properties of Si, researchers have reported various pSi modifications to introduce conductive 

coatings (e.g. metal21-24 or conductive polymeric layers25-26) with the aim of developing pSi-

based electrochemical biosensors. The electrochemical transduction mechanisms employed for 

pSi mainly focus on amperometry (monitoring current change), potentiometry (monitoring 

charge accumulation or potential), impedance (monitoring change in resistance) and 

conductometry (monitoring the conductive properties of the medium between electrodes).19, 27 

Here, pSi-based electrochemical biosensors are classified according to their bioreceptors and 

transduction mechanisms. 

2.2 pSi-based electrochemical enzyme sensors 

Electrochemical enzyme sensors combine the bioselectivity of the enzyme with the high 

sensitivity of the electroanalytical techniques.19 Enzymes not only provide selectivity to 

biosensors but also catalyze biochemical reactions involving detectable electroactive species.  

As an example of a pSi-based amperometric enzyme sensor, Song and coworkers developed 

an array of four sensors to detect various liver disease biomarkers: cholesterol, bilirubin and 

alanine and aspartate aminotransferases.28 All the enzymes are oxidases and all related 

enzymatic reactions produce H2O2. The sensors were based on platinum electrodes modified 

with a pSi layer generated by electrochemical anodization of p-type Si. The enzymes used as 

bioreceptors were covalently immobilized onto a pSi-modified working electrode previously 

silanized with (3-aminopropyl)triethoxysilane (APTES). The amperometric detection of 

cholesterol, bilirubin and aminotransferases was carried out at a fixed potential, suitable for the 

electrochemical oxidation of the H2O2 generated when the enzymatic reaction occurs. 

Compared with flat platinum electrodes, the pSi-modified biosensors were able to achieve 

higher sensitivity for the detection of these four biomarkers. By adhering pSi to a platinum 

working electrode a three-dimensional structure was introduced, greatly enlarging the active 

surface sensing area, thus enabling high levels of sensitivity: the sensitivity of the cholesterol 
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sensor was 0.2656 µA/mM and that of the bilirubin sensor 0.15354 mA/mM. The measured 

current increased linearly with cholesterol concentrations from 1 to 50 mM and the 

amperometric response covered a bilirubin concentration range from 2 to 20 µM. Besides, good 

stability of these pSi-modified electrodes was demonstrated: the sensors remained stable 

without loss in enzymatic activity for at least 120 days. This can be attributed to the minimized 

enzyme loss and deactivation achieved by the porous environment where the enzymes were 

immobilized. The same authors also confirmed that the Pt-coated-pSi working electrodes 

present larger effective surface area (0.5054 cm2) than that of Pt-coated-planar-Si working 

electrodes (0.1608 cm2).29 Agreeing with the larger effective surface area of the Pt-coated 

porous electrode, its sensitivity (0.2656 µA mM-1) was over 3-fold larger than that of the planar 

electrode (0.08567 µA mM-1). 

PSi-based potentiometric enzyme sensors have also been reported. The concept of using pSi-

based potentiometric biosensors to monitor the enzymatic process was first investigated by 

Thus and coworkers in 1996.30 Enzymatic reactions can cause a change in the pH of the 

electrolyte solution because of the formation of an acid or base. These designed pSi-based 

potentiometric biosensors monitor the potential difference between a cathode (usually Pt) and 

anode (pSi electrode) caused by the enzymatic reaction in terms of capacitance-voltage (C-V) 

changes. The enzyme penicillinase was immobilized on an oxidized pSi surface via physical 

adsorption. A linear potentiometric response for penicillin G ranging from 0.5 to 20 mM was 

demonstrated with a sensitivity of ~40 mV per pH decade using p-type pSi. No significant 

degradation of the sensor output signal was observed for up to 50 days of storage. Instead of 

using p-type pSi, the same sensor designed from n-type pSi showed similar sensitivity of ~50 

mV per pH decade. Following this work, Reddy and Setzu published a series of papers aimed 

at developing pSi-based potentiometric enzyme sensors for triglycerides.31-32 Lipase enzyme, 

which catalyzes the hydrolysis of triglycerides, was immobilized within oxidized pSi layers 
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through physisorption. Enzymatic hydrolysis of triglycerides resulted in a decrease in pH  due 

to the formation of fatty acids. pH changes were monitored during the hydrolysis process of 

tributyrin as a shift in the C-V characteristics, achieving a sensitivity of 30 mV per pH decade, 

a LOD of 6 mM, a good stability over a period of 6 months at 0-5 °C and excellent 

reproducibility (± 2 %).31 Alternatively, Setzu and coworkers recorded a time evolution of the 

open circuit potential (OCP) value to monitor the changes in pH as a result of tributyrin 

hydrolysis.33 A LOD of 0.3 mM of tributyrin was achieved and a stability over a period of 2 

months was demonstrated (total 17 working h within 2 months corresponding to about 70 

separate measurements). 

Additionally, another type of potentiometric sensor reported by Basu and coworkers, an 

electrolyte-insulator-semiconductor capacitor (EISC), was designed using planar silicon or pSi 

as substrate and silicon nitride as the sensing dielectric to monitor triglycerides based on their 

enzymatic hydrolysis.34 The change in pH of the electrolyte due to the production of acid/base 

from the hydrolyzed triglyceride was measured by C-V. The EISC sensor using pSi as substrate 

achieved a 34.5-fold larger accumulation capacitance than that of planar Si, because of the 

larger surface area provided by the former. The advantage of using the large surface area of 

pSi to design the EISC sensors was also demonstrated by Schoning and coworkers.35 Two kinds 

of penicillin EISC sensors, one based on oxidized pSi and the other one on a non-porous 

oxidized planar silicon substrate, were designed simultaneously. An increase in hydrogen ion 

caused by the hydrolysis of penicillin decreased the pH value, which was detected by the C-V 

measurements. A sensitivity of 54 mV per pH decade was achieved by the EISC using pSi as 

the substrate, being 30-fold larger than that of the EISC sensor using planar silicon as the 

substrate.   
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Conductometric biosensors have also been strongly associated with enzymes whose charged 

products lead to ionic strength changes and increased conductivity.19 These biosensors can 

monitor changes in the conductivity of the solution caused by the charged species involved in 

the enzyme reaction that modify the ionic strength. Alternatively, changes in conductivity can 

also be directly monitored when binding events happen at the electrode surface. A 

conductivity-based sensor for quantitative detection of catechol by physically adsorbing the 

enzyme tyrosinase onto oxidized p-type pSi was reported by Tembe and coworkers.36 

Conductivity measurements were initially performed for characterization purposes, to confirm 

the adsorption of the enzyme in the porous structure, and later for detection, to quantify the 

response to catechol. A LOD of 50 µM and a response time of 120 s were achieved for catechol 

detection, showing a linear response in the concentration range from 50 to 100 µM. The porous 

structure helped to retain almost 90% of the enzymatic activity of the adsorbed tyrosinase for 

20 days. Moreover, as previously discussed for sensors with enzymes adsorbed on pSi, 

tyrosinase molecules were protected inside the pores from leaching out, contributing to a high 

mechanical stability. 

2.3 pSi-based electrochemical immunosensors 

Prabhakar and coworkers developed a pSi-based voltammetric immunosensor capable of 

detecting goat anti-human IgG as antigen, with a LOD of 10 ng mL-1 (equal to 6.7 nM).37 Nano-

pSi was prepared by electrochemical anodization using p-type silicon wafers, followed by the 

immobilization of the capture probe (human IgG) onto the APTES-silanized pSi surface. The 

detection of the antigen was done by CV, based on the effect caused on the electron transfer of 

the redox couple [Fe(CN)6]3-/4- added in solution. The authors concluded that this sensing 

system could detect the antigen in the ng mL-1 range, supporting the high sensitivity enabled 

by the large surface area of pSi. However, a more thorough study should be done to accurately 

assess the performance of this kind of sensors, using a quantitative electrochemical detection 
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technique rather than the semi-quantitative CV, and testing a wider range of antigen 

concentrations.  

Das and coworkers investigated the effect of the pore morphological features (e.g. pore depth) 

on the sensitivity of a pSi-based impedimetric immunosensor for bacteria (E. coli O157) 

detection.38 The electrode was fabricated by deposition of two metallic contacts (Al and Au) 

onto the macroporous silicon surface, and the change in impedance caused by the antibody-

antigen binding event was monitored. Three different thicknesses (3, 8 and 12 µm) of 

macroporous silicon with a porosity of 55% were fabricated and then thermally oxidized and 

silanized with mercaptopropyltrimethoxysilane (MPTMS) to allow anti-E.coli O157 antibody 

immobilization. Briefly, the thiol group from MPTMS reacted with the maleimide group from 

the 4-maleimidobutyric acid N-succinimidyl ester, used as hetero bifunctional crosslinker, 

providing succinimide groups for direct binding to the amino groups of the anti-E. coli 

antibody. By incubating these biosensors with serially diluted E.coli O157 solutions in PBS 

ranging from 103 to 107 colony-forming units (cfu) mL-1 at 37 °C for 10 min, the biosensor 

fabricated with the macroporous silicon with 8 µm thickness achieved a LOD of 1000 cfu mL-

1, because of optimum current lines confinement. Another example of impedimetric 

immunosensor utilizing nanoporous silicon structure with 100 nm pore diameter prepared by 

electrochemical etching of p-type silicon was reported by Ghosh and coworkers for the 

detection of aflatoxin B1, a food toxin.39 The nanoporous silicon structure was thermally 

oxidized to enable silanization and further uniform immobilization of antibodies. This 

immunosensor achieved a LOD of 1 fg mL-1 aflatoxin B1 in buffer by monitoring the change 

in impedance, as well as the shift in peak frequency. 

Additionally, a pSi-based conductometric immunosensor for the detection of bacterial 

fragments of E.coli was reported by Recio-Sanchez and coworkers.40 The electrochemical 
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etched pSi was firstly oxidized in air, then silanization with APTES was conducted prior to 

attachment of the anti-E. coli antibody. In order to use such pSi to monitor the current-voltage 

change by exposing these antibody-functionalized electrodes to various concentrations of 

E.coli fragments from 10 to 100 µg/mL, metallic contacts were previously introduced by 

depositing Au and NiCr on the top surface and Al on the back-side of the pSi to form a Au-

NiCr/pSi/Si/Al structure. An increased conductivity was observed along with the increasing 

concentration of the bacteria fragments in buffer. The authors didn’t mention the LOD and 

further work is required with real samples. 

In 2016, Reta et al. reported an immunosensor using pSi membranes for the label-free 

voltammetric detection of MS2 bacteriophage.11 Capture of MS2 bacteriophage by the 

antibody immobilized into the membrane caused the partial blockage of pSi nanochannels and 

hindered the diffusion of the electroactive species added in solution towards the gold working 

electrode attached to the backside of the pSi membrane, observed as a decrease in the intensity 

current measured by DPV. The oxidation current decreased with increasing bacteriophage 

concentrations, and the sensitivity of detection was optimized by selecting the adequate 

nanochannel diameter, as shown in Figure 2.2. The device was capable of detecting MS2 

bacteriophage spiked in reservoir water samples with very little matrix effect (less than 3%) 

from interfering species and an impressive LOD of 6 pfu mL-1. This pSi membrane-based 

immunosensor also showed excellent stability. Another pSi-based electrochemical 

immunosensor for MS2 bacteriophage detection reported by Brodoceanu et al. using pSi in 

biosensors based on nanochannel blockage provided the proof of the versatility in pSi 

structures.41 Densely packed pSi straight nanochannels with flat bottoms and high aspect ratio 

enabled a highly sensitive detection of MS2 bacteriophage at concentrations as low as 0.9 

pfu/mL. The bottom of the pSi nanochannels with gold discs was selectively modified with 
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anti-MS2 antibody. The capacitance measured at the antibody-modified working electrodes 

decreased with increasing phage concentration, as shown in Figure 2.3. 

 

Figure 2.2 (a) Sensing principle of the pSi membrane-modified immunosensors for the label-
free detection of MS2 bacteriophage and corresponding DPV trace (left) prior and (right) after 
bacteriophage interaction; (b) DPV plots for increasing concentration of MS2 in PBS for the 
anti-MS2 antibody-modified immunosensors with membranes of an average diameter of (left 
to right) 85, 57 and 40 nm; (c) dose response curves for all immunosensors functionalized with 
either MS2-specific antibodies or nonspecific antibodies (control) in buffer; (d) dose response 
curve obtained for the detection of MS2 spiked in river water (orange) and buffer (blue) using 
the immunosensor modified with a pSi membrane featuring 85 nm nanochannel diameter.11 
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Figure 2.3 (a) Top view SEM image of silicon pore arrays fabricated via MACE. Insert cross-
sectional SEM; (b) plots of normalized charge-transfer resistance values as a function of MS2 
bacteriophage concentration obtained by using substrates modified with MS2-specific 
antibodies (●) and BSA (■).41  

 

2.4 pSi-based electrochemical DNA sensors 

In a typical DNA sensor, a ssDNA probe sequence is usually immobilized within the 

recognition layer to hybridize the target DNA taking advantage of the DNA base-pairing 

interaction.42 Electrochemical detection of DNA hybridization has gained an increasing 

popularity in biotechnology, diagnostics and clinical analysis since Millan and Mikkelsen 

introduced the first electrochemical DNA sensor in 1993.43-44 This type of sensors combine the 

use of nucleic acids as bioreceptors with electrochemical transducers to provide a specific, 

accurate and robust detection in biosensing applications.45 

In the frame of pSi-based electrochemical DNA sensors, Zhang and Alocilja reported a pSi-

based voltammetric DNA sensing system for pathogen detection, Salmonella enteritidis, with 

a LOD of 1 ng mL-1 (equal to 0.13 nM). They used CV to quantify the current intensity changes 

caused by the difference in electrostatic repulsion between ssDNA and dsDNA, and a 

negatively charged redox indicator ([Fe(CN)6]3-/4-).46 pSi was fabricated from p-type silicon 

wafers using electrochemical anodization, and silanization was used to facilitate DNA probe 

immobilization. The authors also performed characterization studies (based on biotinylated 
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DNA probes binding to streptavidin-horseradish peroxidase (HRP) conjugates, and subsequent 

colorimetric detection) that prove that pSi-based electrodes feature an electrochemically active 

surface area 4-fold larger than that of planar Si. It was demonstrated that pSi can provide higher 

sensitivity for DNA sensing than planar Si. Lugo et al. developed another pSi-based 

voltammetric biosensor capable of detecting DNA hybridization through chemical oxidation 

of guanine using ruthenium bipyridine (Ru(bpy)3
2+) as a redox indicator.47 PSi was fabricated 

from p-type silicon by electrochemical anodization, and surface stabilization was performed 

by thermal oxidation. A DNA probe, complementary to the target DNA, was immobilized onto 

a pSi surface previously modified with 3-glycidoxypropyltrimethoxysilane. This DNA probe 

was engineered to minimize the oxidation signal produced upon reaction with Ru(bpy)3
2+. Such 

a sequence contains inosine instead of guanine and is thus less reactive to oxidation. The LOD 

achieved with this system was an impressive 0.05 nM due to the large internal surface of pSi, 

as well as to the tunability of pore size only allowing the penetration of molecular compounds 

of similar size to the analyte. 

Vamvakaki et al. employed electrochemically etched pSi as a substrate to detect a 21-mer 

oligonucleotide sequence by monitoring the electrical impedance.48 The DNA probe was 

immobilized at the oxidized pSi surface via physical adsorption, then the DNA probe 

functionalized pSi was exposed to detect a complementary sequence. The hybridization 

reaction led to a lower interface charge density and thus a reduced capacitance and an increased 

impedance. pSi fabrication was optimized to achieve pore structures with an average pore size 

close to that of the target DNA. By monitoring the large and reproducible impedance changes 

at the interface, hybridization efficiency was demonstrated. Archer and coworkers developed 

a pSi-based impedimetric DNA sensor from p-type silicon, which afforded label-free and real-

time detection of DNA hybridization.49-50 Macroporous silicon containing pore diameters of 1-

2 µm, was oxidized then functionalized with poly-L-lysine before the DNA probe was 
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immobilized via electrostatic interaction. Hybridization of the complementary DNA to the 

capture probe was monitored as a reduction in impedance, and a LOD of 100 nM was achieved. 

Their research concluded that hybridization of the target DNA sequence can be detected 

because of localized enhancement in charges, a decrease in impedance of pSi substrate and a 

shift in the phase angle. The impedimetric detection was enabled by the metallic contacts (Al 

coating or Ag paste) on the backside of the pSi substrate.  

2.5 Conclusion 

PSi-based electrochemical biosensors have been successfully applied to the detection of a large 

number of biomolecules, but most of them rely on pSi’s semiconductor characteristics, which 

are greatly affected by its morphological features and the resistivity of the bulk silicon. Non-

conductive free-standing pSi membranes have been used in some sensing platforms to increase 

the surface area of a conductive electrode (e.g. Au, Pt) in order to improve the sensing 

performance, because pSi’s large surface area has high loading capacity of bioreceptors. 

Instead of using free-standing pSi membranes to modify the electrodes, the possibility to 

modulate the electrical properties of pSi has also been exploited by introducing electrical 

contacts at the backside of pSi. In these pSi-related electrochemical biosensors, the stabilization 

methods of the active surface of freshly etched pSi mainly focus on oxidation. However, the 

insulating property of the oxide layer limits the use of pSi as electrochemical transducer. An 

interesting method that can overcome this drawback and render pSi suitable for electrochemical 

biosensor design is the carbon-stabilization process via thermal decomposition of acetylene, 

which has not been sufficiently explored in the literature.   
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Chapter 3. Porous silicon nanostructures as effective Faradaic 

electrochemical sensing platforms 

3.1 Introduction 

PSi has attracted considerable attention as a promising sensing platform for label-free detection 

of a wide range of chemicals and biomolecules.1-6 Some of the advantages derived from using 

these pSi structures are the extensive tailoring of their structural and optical properties, large 

surface area and well-established surface chemistry.7-14 An example combining all these 

advantages is a pSi platform reported by Sailor and co-workers with two porous layers of 6 and 

100 nm pores designed to monitor enzyme activity in real time by combining size exclusion 

and optical reflectivity sensing.15 Control over pore morphology is a crucial aspect of designing 

bespoke biosensing systems, where each specific target generally requires appropriate pore size 

(from micropores, mesopores to macropores), depth (nano- and micro-sized) and porosity.2, 8, 

16-19 The pore morphology of pSi is adjustable by simply varying etching conditions such as 

current density, etching time or etchant ratio. Moreover, the large surface area of pSi (up to 

800 m2 g-1) provides the ability to immobilize a high density of receptors (e.g. antibodies, 

DNA) within the porous matrix over a small geometrical area, thereby facilitating the number 

of receptor-target interactions.20-24 Along with a fast fabrication process, pSi possesses a 

versatile surface chemistry that allows the incorporation of the desired chemical functionality 

into the porous material, mainly but not exclusively by hydrosilylation or silanization 

reactions.14, 18, 21, 25-32  

The combination of various architectures and convenient surface chemistry makes pSi 

conducive to both optical and electrochemical transduction mechanisms, which offer ample 

possibilities to design pSi-based sensing devices. Indeed, optical transducers based on pSi have 

been widely explored to develop biosensors since 1997 when Sailor and co-workers reported 

on the first pSi biosensor that investigated basic biological systems.33 However, the use of pSi 
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to develop electrochemical biosensors has been limited even though this type of biosensors is 

able to offer a promising way to detect target analytes featuring ease of use, rapid and robust 

detection, low cost, miniaturization potential and hence portability.34-35 Firstly, the main 

challenge of using pSi as electrochemical transducer is the unavoidable growth of an insulating 

SiO2 layer at the surface, due to the fact that the freshly etched surface of pSi is terminated 

primarily with hydride species, which are highly reactive and prone to oxidation both in water 

and air. Secondly, the area and geometry of the electrode surface strongly affect the double-

layer capacitance, and thus, in the case of pSi, its large effective surface area can cause 

significant capacitive effects.36 As a consequence, the charge transfer is limited to the pore 

tips.36 In order to limit the growth of SiO2 on the pSi and render pSi fit for the purpose of 

electrochemical sensing, several thin film coatings, such as metal or conductive polymer 

coatings, have been explored.37-40 However, strategies that leverage pSi’s unique physical and 

chemical features for electrochemical sensing are elusive to date.  

Recently, thermal decomposition of acetylene on pSi to create an ultrathin carbon layer was 

introduced by Salonen and coworkers.41 A stable thin carbon layer was formed in situ on the 

pSi surface without changing the structural features of pSi. The carbon layer enables the 

incorporation of specific functional groups across the pSi surface, which then can undergo 

further chemical reactions to incorporate biorecognition elements.25, 42-44 Furthermore, this 

carbon stabilization treatment renders pSi suitable for electrochemical transduction. Carbon-

based nanomaterials such as carbon nanotubes and fullerenes show remarkable electrical 

performance and thus present salient benefits in electrochemistry (i.e. increased current signals, 

improved heterogeneous electron-transfer rates).45-46 Therefore, the combination of pSi 

features with a highly conductive ultrathin carbon coating would provide not only a large 

surface area-to-volume ratio but also an excellent surface for electron transfer, which could 

result in high sensitivity and fast electrochemical responses. Selectivity can be added to the 
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carbon-stabilized pSi by crafting functional groups on its surface. Thus, the selectivity is not 

only driven by the electrochemical transducer (redox selectivity), but also by the recognition 

element (target specificity) immobilized on it. The combination of structural features of pSi 

and the excellent electrochemical properties of carbon-based nanomaterials leads to the design 

of novel electrochemical transducers. 

In this chapter, the versatility of THCpSi and TCpSi as electrochemical transducers for 

Faradaic processes and biosensing applications is demonstrated. The surface morphology and 

chemical composition of the carbon-stabilized pSi structures were characterized by 

microscopic and spectroscopic techniques. The electrochemical performance of carbon-

stabilized pSi at two different temperatures (THCpSi and TCpSi) was investigated in the 

presence of redox species differently charged (negative, positive and neutral). Additionally, 

their performance was benchmarked against flat silicon carbon-stabilized following the same 

treatment as the pSi substrates, and commercial electrodes such as glassy carbon and carbon-

based screen-printed electrodes. Finally, an impedimetric immunosensor, based on the 

bioconjugation of anti-MS2 bacteriophage antibody onto a THCpSi structure, was developed, 

showing the feasibility to detect MS2 bacteriophage over a large range of concentrations, from 

1 to 106 pfu mL-1. The results demonstrate that carbon-stabilized pSi is a promising 

electrochemical transducer for biosensing applications.  

3.2 Experimental section 

Reagents: Potassium ferricyanide K3[Fe(CN)6], potassium ferrocyanide K4[Fe(CN)6], 

hexamine ruthenium chloride (III) [Ru(NH3)6]Cl3, hydroquinone, undecylenic acid, N-

hydroxysuccinimide (NHS), N(3-dimethylaminopropyl) N-ethylcarbodiimide hydrochloride 

(EDC), phosphate buffered saline (PBS) tablets and 2-(N-morpholino)-ethanesulfonic acid 

(MES) were purchased from Sigma-Aldrich (Australia). Hydrofluoric acid (48%) was 

purchased from Scharlau (Australia). The acetylene gas cylinder (1 m3 industrial grade, 
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dissolved) was purchased from BOC (Australia). Monoclonal antibody (produced in mouse) 

against MS2 bacteriophage was purchased from Tetracore (USA). All solutions were prepared 

in ultrapure water (18.2 MΩ cm) from a Milli-Q system. 

pSi fabrication: 6 inch, boron doped (p++ type) silicon wafers (100) with 0.00055-0.001 Ω cm 

and 1.1 – 1.8 Ω cm resistivity were purchased from Siltronix (France). pSi layers prepared with 

the highest resistivity were only used for IR transmission measurements to characterize surface 

modification. A whole 6 inch p-type silicon wafer was anodically etched in an electrolyte 

solution containing 1:1 (v:v) HF and absolute ethanol to produce a first pSi layer, using a MPSB 

wet etching system (A.M.M.T). Firstly, the sacrificial layer produced with a current density of 

60.6 mA cm-2 for 30 s was removed with 1 M NaOH.47 Then the etching cell was rinsed with 

water, absolute ethanol and dried with N2 gas. This layer is critical to inhibit the formation of 

a parasitic layer during further etching of the proper pSi sensing layer. Next, a current density 

of 53 mA cm-2 was applied to obtain a pSi single layer with an average pore diameter of 72 ± 

15 nm. The depth of the pSi layer was controlled by the etching time, 50 s and 200 s for 1.2 ± 

0.1 µm and 2.9 ± 0.1 µm thickness, respectively. The 2.9 µm-thick pSi layers were used for 

SEM imaging while the 1.2 µm-thick pSi layers were used for most electrochemical 

characterization and sensing studies. Additional pSi samples with varying pore size and 

thickness were fabricated in 1:1 etchant by changing the current density and time to study the 

effect of the morphological features on their electrochemical performance. The freshly etched 

pSi was rinsed with ethanol and then immediately used for carbon stabilization. 

pSi single layer carbon stabilization by acetylene gas: To improve the stability and 

conductivity of pSi single layer nanostructures, the freshly etched pSi substrates were thermally 

hydrocarbonized (THC) and carbonized (TC) by acetylene decomposition as described by 

Salonen et al 48-49. a) Thermal hydrocarbonization of freshly etched pSi (THCpSi). Briefly, the 
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freshly etched pSi was placed into a quartz tube under N2 flow at 2 L min-1 for 45 min at room 

temperature. A 1:1 N2-acetylene mixture flow was introduced into the tube at room temperature 

for 15 min after the purging step, then the quartz tube was placed into a preheated tube furnace 

at 525 °C for another 15 min under the continuous mixture flow. Finally, the tube was allowed 

to cool down back to room temperature under the N2 flow. b) Thermal carbonization of freshly 

etched pSi (TCpSi). TC treatment is a two-step carbonization process that starts with THC at 

525 °C followed by annealing at 800 °C. After THC process, the tube was left to cool down 

under N2 flow. For the second step of TC, without opening the quartz tube, a mixture of 1:1 

N2-acetylene was flown for 10 min at room temperature, followed by annealing at 800 °C for 

10 min only under N2 flow (2 L min-1).  Finally, the tube was left to cool down back to room 

temperature under N2 flow.  

Fourier-transform infrared spectroscopy (FTIR): IR spectra were recorded on a Bruker 

Hyperion 1000 IR microscope using transmission and reflectance modes.  Boron doped (p-

type) Si, (100)-orientated with 1.1 – 1.8 Ω cm and 0.00055-0.001 Ω cm resistivity was used 

for IR transmission and reflectance measurements, respectively. All the spectra were recorded 

as an average of 64 scans at a resolution of 4 cm-1 over the range of 650 to 4000 cm-1. A clean 

flat silicon substrate was used as background and all the spectra were analyzed using Opus 

software.  

Water contact angle measurements. A custom-built goniometer with a Panasonic CCTV 

camera (WV-BP550/G) was used to conduct water contact measurements of the pSi structures. 

After dropping 1 µL ultrapure water with a 10 µL syringe onto the surface, a photograph was 

immediately taken. ImageJ software (drop Analysis plugin) was employed to determine the 

contact angle of the water drop in contact with the surface. Contact angle values reported here 

represent the average of triplicate measurements. 



54 
 

Scanning electron microscopy (SEM): SEM was carried out on a FEI NovaNanoSEM 430, 

accelerating voltage of 5 kV. 

X-ray photoelectron spectroscopy (XPS): XPS analysis was performed using an AXIS Nova 

spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα source 

at a power of 180 W (15 kV × 12 mA) and a hemispherical analyzer operating in the fixed 

analyzer transmission mode. The total pressure in the main vacuum chamber during analysis 

was typically between 10-9 and 10-8 mbar. Survey spectra were acquired at a pass energy of 

160 eV. To obtain more detailed information about chemical structure, oxidation states etc., 

high resolution spectra were recorded. Each specimen was analyzed at an emission angle of 0° 

as measured from the surface normal. Since the actual emission angle is ill-defined in the case 

of rough surfaces (ranging from 0º to 90º) the sampling depth may range from 0 nm to approx. 

10 nm. Data processing was performed using CasaXPS processing software version 2.3.15 

(Casa Software Ltd., Teignmouth, UK). All elements present were identified from survey 

spectra. The atomic concentrations of the detected elements were calculated using integral peak 

intensities and the sensitivity factors supplied by the manufacturer. Binding energies were 

referenced to the C 1s peak at 285 eV (aliphatic hydrocarbon).  

Electrochemical measurements. All the electrochemical measurements were performed on an 

electrochemical analyzer (CH Instruments, model 600D series) using a three-electrode 

electrochemical cell. Data acquisition and analysis were accomplished using CH Instruments 

software (CH Instruments, Inc., Austin, TX).  SPEs employed in this study were supplied by 

DropSens (150BT) and consisted in a three-electrode system with a 4 mm diameter working 

carbon-based electrode, a platinum counter electrode and a silver pseudo-reference electrode. 

GCEs were from CH Instruments (CHI 104), 3 mm diameter. The flat silicon and pSi electrode 

area was delimited by an O-ring (internal diameter, 7.5 mm) used in an in-house built three-
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electrode Teflon cell. GCE, flat silicon and pSi electrodes were employed together with an 

external Pt electrode (counter electrode) and a Ag/AgCl electrode (reference electrode). All the 

potentials are provided versus Ag/AgCl. Cyclic voltammetric measurements were performed 

by scanning the potential in a potential range that depends on the redox species used, at a scan 

rate of 0.1 V s-1. EIS measurements were performed under open circuit potential conditions, 

scanning frequencies from 100 kHz to 0.1 Hz in logarithmic scale, with an ac amplitude of 5 

mV. 

MS2 bacteriophage immunosensor preparation and electrochemical detection protocol: 

Firstly, COOH groups were introduced on the THCpSi surface (72 ± 15 nm average pore 

diameter, 1.2 ± 0.1 µm thickness) by thermal hydrosilylation with undecylenic acid. The 

substrates were immersed in pure undecylenic acid at 150 °C for 10 h under inert atmosphere 

(N2). After cooling down to room temperature, the samples were rinsed with absolute 

dichloromethane and then ethanol. Secondly, the COOH groups were activated by incubating 

the functionalized substrates in 10 mg mL-1 EDC and 15 mg mL-1 NHS in 0.1 M MES buffer, 

pH 5.5, at room temperature for 30 min, to produce succinimidyl ester groups. Thirdly, 

immediately after carbodiimide activation, 25 µg mL-1 monoclonal anti-MS2 bacteriophage 

antibody in 10 mM PBS was added and incubated overnight at 4 °C. The same concentration 

of a non-specific antibody was used to prepare the sensors used as control. The remaining ester 

groups were deactivated with 0.1 M ethanolamine in 10 mM PBS buffer for 45 min. Various 

MS2 bacteriophage solutions from 1 to 106 pfu mL-1 prepared in 10 mM PBS buffer were 

incubated on the biosensor surface for 30 min. After each incubation, the biosensor was 

thoroughly rinsed with PBS. Prior and after MS2 bacteriophage incubation EIS measurements 

were performed in a 2 mM [Fe(CN)6]3-/4- solution prepared in 10 mM PBS, pH 7.4. EIS 

measurements were performed using three immunosensors.  
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3.3 Results and discussion 

3.3.1 Fabrication and carbon stabilization of pSi single layers 

As described in the introduction, pore size, morphology and depth of pSi can be easily 

controlled and adjusted by tuning the anodization conditions. SEM was used to determine the 

pore size and depth (Figure 3.1) of the pSi structures fabricated by electrochemical anodization 

of crystalline silicon (100) in the presence of HF. To stabilize the pSi surface and increase the 

electrical conductivity of the semiconductor, freshly etched pSi samples were subjected to 

thermal treatment at 525 °C (THC) and at 800 °C (TC). Figure 3.1 presents the SEM images 

of pSi, THCpSi and TCpSi surfaces. Under the etching conditions employed, the average pore 

diameter of pSi single layer was 72 ± 15 nm, whilst the layer thickness was 3.8 µm. As shown 

from the top and cross-sectional SEM images of carbon-stabilized pSi, both THCpSi and 

TCpSi retain the features of pSi. Compared to pSi, neither THCpSi nor TCpSi alter the 

nanostructured morphology and dimensions (pore opening, diameter and depth). However, 

differences in their respective water contact angles provide evidence of the changing surface 

chemistry. THCpSi substrates presented a contact angle of 125 ± 4° whilst TCpSi showed a 

significantly lower contact angle of 29 ± 4°, which are in agreement with a hydrophobic 

behavior of the surface caused by the CHx present at the THCpSi, and a hydrophilic behavior 

for TCpSi as a result of its thin oxide layer.50 
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Figure 3.1 Top SEM images and water contact angle photographs (insets), and corresponding 
cross-sectional SEM images of (a,d) freshly etched pSi, (b,e) THCpSi and (c,f) TCpSi. pSi 
single layers were electrochemically etched by applying a current density of 53 mA cm-2 for 
200 s in 1:1 HF/EtOH. Water contact angle standard error is ± 4° from 3 replicated 
measurements. 
 

Fourier transform infrared (FTIR) spectra recorded for freshly etched pSi, THCpSi and TCpSi 

structures, revealed changes of the chemical composition of these substrates (Figure 3.2). As 

expected, freshly etched pSi displays bands characteristic of Si-H and Si-H2 stretching 

vibrations at 2087 and 2114 cm-1 with an additional band associated with the Si-H deformation 

mode at 905 cm-1 (Figure 3.2a).51 The characteristic bands of freshly etched pSi are not shown 

in the FTIR spectra of both THCpSi and TCpSi (Figure 3.2b-c) indicating chemical coverage 

of these Si-Hx moieties after the carbon stabilization process at 525 and 800 °C, respectively. 

After both thermal treatments, new vibration bands associated to stretching vibrations of 

saturated C-H appeared at 873, 1436, 2920 and 3047 cm-1, unsaturated carbon double bond 

stretching at 1600 cm-1, and CH3 symmetric deformation mode of Si-CH3 at 1250-1260 cm-1.52 

Furthermore, peaks in the FTIR spectra of both THCpSi and TCpSi found between 1000 and 

1150 cm-1 are assigned to the oxidation caused by the carbonization process at high temperature 

in the presence of oxygen traces left after the purging process.  
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Figure 3.2 Transmittance FTIR spectra of (a) freshly etched pSi, (b) THCpSi and (c) TCpSi. 
pSi single layers were electrochemically etched in 1:1 HF/EtOH with a current density of 100 
mA cm-2 for 300 s using p-type silicon wafers with a resistivity of 1.1 -1.8 Ω cm. 
 

X-ray photoelectron spectroscopy (XPS) was performed to further characterize the surface 

chemistry of the THCpSi and TCpSi surfaces. The XPS C 1s spectra in Figure 3.3 and 

elemental analysis shown in Table 3.1 verify the formation of a carbon layer during the carbon 

stabilization treatments, agreeing with the previously discussed FTIR results. The carbon 

content of THC-flat silicon (26%) and TC-flat silicon (22%) is significantly higher than that of 

flat silicon (13%). Similarly, the high carbon content characteristic for the carbon stabilization 

treatments is also observed in both THCpSi (42%) and TCpSi (50%) surfaces, where minor 

contribution from the C-Si species at ca. 283.6 eV and major contribution from hydrocarbons 

at ca. 285 eV are evident. These higher carbon percentages for THCpSi and TCpSi compared 

to their corresponding flat counterparts, THC- and TC-flat Si, respectively, agree with the 

increased surface area provided by the porous structures. From Table 3.1, THCpSi and TCpSi 

demonstrate a high carbon-to-silicon ratio (C/Si) of 1.02 and 1.62, respectively. These values 

are significantly higher than those of the respective THC- (0.44) and TC-flat silicon (0.47) 
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surfaces. Furthermore, the C/Si ratio of TCpSi is significantly higher than that of THCpSi, 

indicating TCpSi carbon coverage is higher than that of THCpSi. The large surface area of 

THCpSi and TCpSi coupled with the presence of a carbon layer is of particular relevance from 

an electrochemical point of view. Hence, further investigation of the potential to use these 

nanostructured films as electrochemical transducers for biosensing applications is discussed. 

 

Figure 3.3 XPS high resolution C 1s spectra of (a) flat Si, THC-flat silicon and THCpSi, and 
(b) flat Si, TC-flat silicon and TCpSi. XPS high resolution C 1s spectra curve-fits of (c) 
THCpSi and (d) TCpSi were calculated using five components of C-Si, sp2 (C-C, C-H), C-O, 
C=O and O-C-O, O-C=O groups. 
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Table 3.1 Average elemental composition obtained from XPS survey spectra of various 
silicon and pSi structures before and after undergoing two cyclic voltammograms in a 2 mM 
[Fe(CN)6]3-/4- solution in 10 mM PBS, pH 7.4.  
 

Elemental  
composition  Flat Si THC-

flat Si THCpSi 
THCpSi 
after 
CV 

TC-flat 
Si TCpSi 

TCpSi 
after 
CV 

  
Element 
(at%) 

C 13.05 25.61 41.99 41.40 22.38 49.72 49.08 

O 30.31 15.27 14.50 23.20 30.35 18.22 23.89 

Si 55.73 58.45 41.17 34.53 47.23 30.76 26.38 

F 0.32 0.60 2.06 0.79 0.05 1.30 0.39 

N 0.61 0.07 0.27 0.08 0.00 0.00 0.27 

Si 
species 
(at%) 

Si(0) 42.12 51.94 26.59 15.24 27.41 12.27 8.30 

Si-C 0.01 0.84 5.08 3.45 0.32 4.01 2.57 

SiOx 13.61 6.51 14.58 19.29 19.82 18.49 18.08 

Ratio 
C/Si 0.23 0.44 1.02 1.20 0.47 1.62 1.86 

SiOx/Si(0) 0.32 0.13 0.55 1.27 0.72 1.51 2.18 

 
 

3.3.2. THCpSi and TCpSi electrochemical characterization via CV 

CV is a useful characterization technique for the investigation of electrochemical events. The 

evolution of oxidation and reduction reactions are monitored by changes in current intensity, 

as well as by the shift of redox potentials, when the potential applied between the working and 

reference electrodes is cycled. The carbon-stabilized surfaces (THC or TC) were 

electrochemically characterized in the presence of model redox electroactive pairs via CV as 

this technique can provide insights into their performance as electrochemical transducers and 

their intrinsic surface properties. Firstly, to evaluate the differences in the electrochemical 

behavior of flat Si, THCpSi and TCpSi, CV characterization in the presence of a common 

anionic inner-sphere redox pair was investigated. Using a 2 mM ferrocyanide and 2 mM 
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ferricyanide solution ([Fe(CN)6]3-/4-) in 10 mM PBS at pH 7.4 (Figure 3.4), the electrochemical 

performance of THCpSi and TCpSi was evaluated through their potential to measure Faradaic 

currents. Carbon-stabilized (THC and TC) flat boron doped silicon semiconductor (Figure 3.4, 

black lines) showed poor performance as electrochemical transducer to evaluate redox events 

(-0.2 to 0.6 V vs Ag/AgCl), as shown by the low oxidation and reduction peak currents and 

large peak-to-peak potential difference (ΔEp = |Eoxi - Ered|). THCpSi and TCpSi (Figure 3.4, 

red lines) showed fast and reversible electrochemical response to [Fe(CN)6]3-/4-: ΔEp were 58 

and 66 mV, respectively, representing near ideal reversible electron-transfer reactions (Table 

3.2). These ΔEp values, very close to the expected theoretical value of 59 mV at 25 °C for one-

electron transfer reactions, indicate that both THCpSi and TCpSi transducers possess the 

required surface structure and electronic properties to enable rapid electron transfer of the 

[Fe(CN)6]3-/4- redox system.53 These data demonstrate the improvement in the performance of 

carbon-stabilized pSi as electrochemical transducer by simply varying the crystal structure 

(nanocrystal) of the material (Si) in combination with its surface stabilization by introducing a 

thin carbon layer, which is responsible for the significant increase in the charge carrier 

mobility.
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Table 3.2 Summary of peak currents ip(oxi) and ip(red), peak current ratio ip(red)/ip(oxi), peak-to-peak potential difference ΔEp, and half-wave 
potential (E1/2), extracted from the cyclic voltammograms obtained using GCE, SPE, THCpSi and TCpSi, measured in 2 mM [Fe(CN)6]3-/4-, 
[Ru(NH3)6]2+/3+ and HQ/Q solutions in 10 mM PBS, pH 7.4. 
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Figure 3.4 Cyclic voltammograms using (a) THC-flat silicon and THCpSi (black and red 
lines, respectively) and (b) TC-flat silicon and TCpSi (black and red lines, respectively), as 
working electrodes. XPS high resolution silicon 2p spectra of (c) THCpSi and (d) TCpSi 
before (black lines) and after (red lines) two cyclic voltammograms. Electrochemical 
measurements were performed in a 2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS. 
 
 
Cyclic voltammograms for THCpSi (Figure 3.4a) and TCpSi (Figure 3.4b) show an initial 

decrease in current at potentials higher than +0.4 V which stabilizes after three consecutive 

cycles. This effect may be attributed to the self-oxidation of a small percentage of unmodified 

pSi. XPS characterization of the surfaces illustrates a decrease in elemental silicon species and 

an increase in silicon oxide species after two consecutive cyclic voltammograms (Figure 3.4c-

d): a 2.3- and 1.4-fold increase in the silicon oxide-to-elemental silicon ratio (SiOx/Si(0)) of 

THCpSi and TCpSi, respectively (Table 3.1). The smaller change in SiOx/Si(0) for TCpSi 
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after having undergone two consecutive cyclic voltammograms compared to that of THCpSi 

points toward higher chemical stability of the former which may be explained by its higher 

initial SiOx/Si(0) of 1.51 compared to that of THCpSi (0.55), thus experiencing less pSi self-

oxidation when an oxidizing potential is applied. The superior electrochemical performance of 

TCpSi, underpinned by anodic currents that are larger than those measured with THCpSi, is 

consistent with both its higher chemical stability and carbon coverage as observed earlier from 

XPS analysis (Table 3.1). Hence, the advantageous nature of this carbon layer for 

electrochemical sensing purposes was exploited.  

 

3.3.3 Electrochemical properties of THCpSi and TCpSi-based electrodes vs 

conventional carbon-based electrodes 

Figure 3.5 summarizes the cyclic voltammograms obtained for the redox pair [Fe(CN)6]3-/4- (2 

mM in 10 mM PBS, pH 7.4) using various carbon-based transducers, including glassy carbon 

electrode (GCE) and carbon screen-printed electrode (SPE), THCpSi and TCpSi. The 

voltammograms of pSi platforms without carbon stabilization, and thus without carbon coating, 

are not presented here as those materials are highly reactive in air and aqueous media and as a 

result quickly oxidize and degrade. 
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Figure 3.5 Normalized current density from cyclic voltammograms using various working 
electrodes: GCE, SPE, THC flat Si, THCpSi, TC flat silicon and TCpSi. Measurements 
performed in a 2 mM [Fe(CN)6]3/4- solution in 10 mM PBS, pH 7.4. Note that the current 
density was calculated using the geometric diameter of the GCE (3.0 mm), SPE (4.0 mm) and 
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the O-ring (7.5 mm) which delimits the silicon (flat or porous) area exposed for electrochemical 
analysis. 
The well-defined redox peaks shown for [Fe(CN)6]3/4- by both THCpSi and TCpSi electrodes 

(Figure 3.5 and Figure 3.6 black lines) clearly indicate the fast electron transfer kinetics of 

this quasi-reversible redox system at both electrode surfaces. This is further supported by the 

ΔEp values shown by both THCpSi (58 mV) and TCpSi (66 mV) electrodes, which are lower 

than those shown by GCE (86 mV) and SPE (213 mV) under the same conditions (Table 3.2). 

The voltammetric analysis of THCpSi and TCpSi platforms suggests that they are suitable to 

elucidate oxidation and reduction processes in a similar manner to commercial GCE without 

altering the nature of the redox process (i.e. electron transfer mechanism and kinetics). 

However, in contrast to GCE or SPE, the electrode surface area of THCpSi and TCpSi can be 

easily tuned by changing the etching conditions. This is important since the current measured 

in voltammetry is directly proportional to the surface area (Figure 3.7). Therefore, one of the 

main advantages of carbon-stabilized pSi over conventional carbon electrodes is that the 

sensitivity of the sensing platform can be improved by increasing the pSi thickness and 

adjusting the pore dimensions to the desired application. However, it is worth noting that such 

electrode surface area increase can result in a significant rise of the capacitance which could 

be a benefit (e.g. in the case of supercapacitors) or pose a limitation depending on the 

application. Capacitive effects are further discussed further below.  
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Figure 3.6 Cyclic voltammograms using various working electrodes, (a) GCE, (b) SPE, (c) 
THCpSi and (d) TCpSi. Measurements performed in 2 mM [Fe(CN)6]3-/4- (black line), 
[Ru(NH3)6]2+/3+ (blue line) and HQ/Q (red line) solutions in 10 mM PBS, pH 7.4. 
 

 

Figure 3.7 Plot of normalized area, calculated via CC, vs pSi thickness of various THCpSi 
electrodes. Each plot corresponds to THCpSi structures of a specific average pore diameter 
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(20, 80 and 100 nm). Measurements were performed in a 2 mM [Fe(CN)6]3-/4- solution in 10 
mM PBS, pH 7.4. 

3.3.4 Electrochemical behavior of carbon-stabilized pSi nanostructures exposed to three 

model redox species 

Apart from [Fe(CN)6]3-/4-, [Ru(NH3)6]2+/3+ and hydroquinone/quinone (HQ/Q) were selected as 

alternative redox species with different electrode kinetics, to study the electrochemical 

performance of THCpSi and TCpSi. Each one of these redox systems behaves differently 

depending on the electronic properties, and surface structure and chemistry of the working 

electrode. As previously described, [Fe(CN)6]3-/4- is an anionic inner-sphere redox probe. 

[Ru(NH3)6]2+/3+ is a cationic outer-sphere redox active complex and finally HQ/Q is a neutral 

aromatic organic compound which is proton sensitive. PBS solutions of these three redox pairs 

at 2 mM concentration were electrochemically analyzed using THCpSi and TCpSi as working 

electrode (Figure 3.6) in an attempt to recognize possible structural defects and 

physicochemical properties that can impact the electron transfer of each redox pair at the 

electrode surface. The magnitude of the oxidation and reduction current intensity values, ΔEp 

and half-wave potential (E1/2) extracted from Figure 3.6 are summarized in Table 3.2. 

In the case of [Fe(CN)6]3-/4-, both THCpSi and TCpSi transducers possess the required surface 

structure and electronic properties to enable rapid electron transfer. The ΔEp values for 

[Fe(CN)6]3-/4- using THCpSi (58 mV) and TCpSi (66 mV) electrodes agree with the ideal 

behavior of a quasi-reversible redox system. 

[Ru(NH3)6]2+/3+ is known to be relatively insensitive to the surface microstructure and 

chemistry of carbon electrodes. But the electronic properties at the electrode interface, namely 

the density of the electronic states near the formal potential, play a key role in affecting the 

reaction rate for [Ru(NH3)6]2+/3+.54 The low ΔEp for THCpSi (66 mV) and TCpSi (81 mV) 

along with their low formal potential values (i.e. E1/2), -163 mV and -165 mV, respectively, 
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demonstrate that the density of the electronic states on both THCpSi and TCpSi electrodes is 

sufficient to support the rapid electron transfer of [Ru(NH3)6]2+/3+. 

The electron transfer reactions involving HQ/Q generally undergo a reversible two-electron 

redox reaction. HQ/Q is proton sensitive, its redox potential strongly depending on pH.55 

Reactions involving protons might slow down the electrochemical kinetics and ultimately 

increase the charge-transfer resistance.56 At the conditions used in this study (i.e. PBS at pH 

7.4), the ΔEp for HQ/Q using THCpSi (304 mV) and TCpSi (335 mV) electrodes were similar 

to that of a GCE (282 mV), and even lower than that of a commercial SCE (494 mV), 

demonstrating the suitability of both THCpSi and TCpSi as Faradaic platforms to support 

HQ/Q redox processes. 

To summarize, the data shown in Table 3.2 demonstrate the potential of carbon-stabilized pSi 

electrodes as an alternative to conventional carbon-based electrodes, as in all cases the ΔEp 

values for THCpSi and TCpSi are lower than those of SPEs, which indicates improved electron 

transfer at these electrodes. Carbon-stabilized pSi electrodes show low surface interactions 

with the three redox probes under oxidation/reduction conditions. Nevertheless, TCpSi 

electrodes provide larger ΔEp than GCE for [Ru(NH3)6]2+/3+ and HQ/Q which may be a result 

of the chemical composition of the surface. As shown by XPS elemental analysis (Table 3.1), 

TCpSi displays higher carbon coverage (C/Si) and higher content of unreactive silicon oxide 

species (SiOx/Si(0)) than THCpSi. The higher carbon coverage of TCpSi translates to larger 

current intensities and superior electron transfer efficiency compared to that of THCpSi as 

observed for the three model redox species investigated. The higher content of unreactive 

silicon oxide species of TCpSi contributes to its improved chemical stability during redox 

processes and hence, consistently enhanced electrochemical performance compared to THCpSi 

as pSi self-oxidation when an oxidizing potential is applied is minimized.  
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3.3.5 Estimation of the electrode effective area by chronocoulometry (CC) 

As one of the classical electrochemical techniques used in electrochemical chemistry, CC 

measures the charge (coulombs) as a function of time.57 In other words, by applying a fast-

rising potential pulse to the working electrode, the electrical charge passing through this 

electrode is recorded over time.58  This technique is particularly useful for the nanostructured 

transducers considered in this work, where the real electroactive surface area is significantly 

larger than the geometric surface area.59-61 The large surface area of pSi can provide high 

sensitivity, however, the electrode effective area is key in Faradaic electrochemistry.59, 62 To 

establish the electroactive surface area of the nanostructured pSi electrodes, chronocoulometric 

measurements were carried out to firstly calculate the diffusion coefficients for the redox probe 

[Fe(CN)6]3-/4- and then estimate the active electrode area.  

For the chronocoulometric analysis, a GCE was taken as a reference, considering its real 

surface area (0.074 cm2) almost equivalent to its geometric surface area (0.071 cm2). 

Chronocoulometric data are analyzed by using the Cottrell equation (Equation 3.1):61 

𝑖𝑖𝑝𝑝 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷1/2

𝜋𝜋1/2𝑡𝑡1/2           (3.1) 

wherein ip is the peak current (A), n represents the number of electrons, A represents the surface 

area (cm2), D is the diffusion coefficient of the reduced species (cm2 s-1), F is Faraday’s 

constant (96485.3 C mol-1), C is the concentration of the electroactive species (mol cm-3) and 

t is time (s).  

The slope of the Anson plot (Q vs t1/2), calculated from the chronocoulometric data (ip vs t) of 

a GCE, was used in the integrated Cottrell equation (Equation 3.2), to obtain the diffusion 

coefficient for the redox species [Fe(CN)6]3-/4-. 

𝑄𝑄 = 2𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷1/2𝑡𝑡1/2

𝜋𝜋1/2          (3.2) 
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The diffusion coefficient for [Fe(CN)6]4-, prepared in 10 mM PBS at pH 7.4, was calculated to 

be 1.5 x 10-5 cm2 s-1. This value is in agreement with published data obtained in similar 

electrolyte conditions.[26] The effective area can be calculated from the chronocoulometric data 

obtained for each electrode using Equation 3.1 inputting the previously calculated diffusion 

coefficient (Table 3.2). As expected from the peak current intensity values of the cyclic 

voltammograms for [Fe(CN)6]3-/4- shown in Figure 3.6, THCpSi and TCpSi present larger 

normalized effective surface areas than GCE and SPE (Table 3.3). Furthermore, the effective 

area values calculated for TCpSi are higher than those obtained for THCpSi. The effective area 

for both TCpSi and THCpSi could be further increased by modifying the thickness and pore 

diameter of the pSi structures (see example for THCpSi in Figure 3.7). These parameters can 

be easily altered by varying the electrochemical etching rate, time, current density and 

electrolyte composition. At the same time, this allows for size exclusion effects to be 

introduced. The versatility of these carbon-stabilized pSi materials with increased electron 

mobility makes them highly adaptable electrochemical transducers for multiple sensing 

applications. 
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Table 3.3 Effective, geometric and normalized surface area of various working electrodes. 
 
Electrodes GCE SPE THCpSi TCpSi 
*Effective surface area / 
cm2 

0.074 0.117 0.588 0.770 

Geometric surface area / 
cm2 

0.071 0.126 0.442 0.442 

**Normalized surface 
area 

1.04 0.93 1.33 1.74 

 * Effective surface area calculated using the Cottrell equation. 
**Normalized surface area = effective surface area/geometric surface area. 
 

3.3.6 Electrochemical characterization of THCpSi and TCpSi via EIS 

The electrochemical phenomena involving electron transfer processes through the interface 

between carbon-stabilized pSi (THCpSi and TCpSi) and [Fe(CN)6]3-/4- were further explored 

by means of EIS, a highly sensitive technique that affords important information on the 

interfacial properties of an electrode. Impedance measurements were performed at the open 

circuit potential for a range of frequencies (100 kHz - 0.1 Hz) and 5 mV amplitude. The 

impedance spectra were fitted to a Randles circuit (inset in Figure 3.8b), which is an equivalent 

electrical circuit composed of solution resistance (Rs), charge-transfer resistance (Rct), Warburg 

impedance (W) and double-layer capacitance (Cdl). The obtained results are summarized in 

Table 3. As expected, Rct values were significantly larger for THC-flat silicon (7400 ± 260 Ω) 

and TC-flat silicon (23500 ± 1300 Ω) than for THCpSi (70 ± 24 Ω) and TCpSi (40 ± 16 Ω), 

due to the high resistance the former electrodes show to electron transfer, likely caused by a 

low carbon coverage compared to their equivalent porous nanostructures. It is worth noting 

that both THCpSi and TCpSi electrodes display smaller Rct values than those of commercial 

GCE (105 ± 35 Ω) and SPE (747 ± 70 Ω), further indicating the potential of these carbon-

stabilized pSi platforms to be used as nanostructured electrochemical transducers. The Cdl 

features the capacitive behavior of the double layer associated with the charge separation at the 

electrode surface-solution interface, and plays a key role on the signal-to-noise ratio achieved 

by a sensor and thus affects its sensitivity. In principle, the Cdl rises as the electrode surface 
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area increases. Therefore, it is expected that porous electrodes like THCpSi and TCpSi show 

large Cdl values negatively impacting on the electrochemical readout. However, Cdl values for 

THCpSi (1.3 ± 0.2 µF) and TCpSi (1.7 ± 0.1 µF) were reasonably close to those of GCE (0.8 

± 0.1 µF) and SPE (0.9 ± 0.1 µF). Hence, as indicated by the low Rct and Cdl values for carbon-

stabilized pSi, no negative impact on the signal-to-noise ratio is expected even though the 

effective surface area is increased. This result speaks to the feasibility of using these carbon-

stabilized pSi nanostructures as promising electrochemical transducers.   

 

 

Figure 3.8 (a) Reflectance mode FTIR spectra of 1) unmodified THCpSi, 2) THCpSi after 
thermal hydrosilylation with undecylenic acid, and 3) antibody-modified THCpSi; (b) dose 
response curves for MS2 bacteriophage using THCpSi immunosensors prepared with anti-
MS2 antibody (black squares) and non-specific antibody (white square) (data are shown as 
mean ± RSD, n= 3). Impedimetric measurements were performed in a 2 mM [Fe(CN)6]3-/4- 
solution in 10 mM PBS, pH 7.4. Inset in (b) Randles circuit used for EIS data fitting. 
  



74 
 

Table 3.4 Summary of the solution resistance (Rs), charge-transfer resistance (Rct) and 
double-layer capacitance (Cdl), extracted from EIS spectra of various electrodes, measured in 
a 2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS, pH 7.4.  
 
Electrodes Rs / Ω Rct / Ω Cdl / µF 
GCE 100 ± 15 105 ± 35 0.8 ± 0.1 
SPE 398 ± 86 747 ± 70 0.9 ± 0.1 
THC-flat Si 41 ± 21 7400 ± 260 2.8 ± 0.3 
TC-flat Si 34 ± 19 23500 ± 1300 2.9 ± 0.4 
THCpSi  4.6 ± 0.9 70 ± 24 1.3 ± 0.2 
TCpSi  6.5 ± 1.4 40 ± 16 1.7 ± 0.1 

 

3.3.7 THCpSi-based electrochemical biosensing platform for MS2 bacteriophage 

detection 

Apart from featuring intact porous nanostructure, adjustable surface hydrophilicity, 

significantly increased stability and improved electrochemisty, THCpSi and TCpSi offer the 

possibility to be functionalized with a wide range of chemical groups. Hydrogen-terminated 

THCpSi can undergo hydrosilylation reactions similarly to freshly etched pSi.48, 63 In contrast 

to the hydrogen-terminated hydrophobic THCpSi, HF-rinsed TCpSi is hydrophilic and features 

stable OH terminations, which are suitable for silanization reactions to introduce various 

chemical functionalities on the surface.48, 64 Here, an immunosensor for MS2 bacteriophage 

detection was developed using THCpSi as electrochemical sensing platform. MS2 

bacteriophage is used as a model of enteric viruses, and thus as surrogate of microbiological 

contamination in water.65 THCpSi, with an average pore diameter of 72 ± 15 nm and a thickness 

of 1.2 ± 0.1 µm, was selected due to its low Cdl and the ease of grafting COOH groups on its 

surface via hydrosilylation with undecylenic acid, to allow covalent binding of a monoclonal 

anti-MS2 bacteriophage antibody upon carbodiimide activation. Figure 3.8a presents the FTIR 

spectra in reflectance mode of the THCpSi surface at each step of modification: 1) unmodified 

THCpSi, 2) THCpSi thermally hydrosilylated with undecylenic acid, and 3) antibody-modified 
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THCpSi. Apart from the feature bands of THCpSi discussed previously (Figure 3.2), the C=O 

stretching vibrational mode at 1714 cm-1 suggests successful grafting of undecylenic acid to 

the THCpSi surface. Prior to the immobilization of the antibody, the COOH-terminated 

THCpSi surface was activated by EDC/NHS reaction to generate succinimidyl ester groups, 

which are known to react with available primary amino groups on proteins. This reaction led 

to two new peaks, corresponding to peptide C=O stretching (amide I) at 1650 cm-1 and peptide 

N-H stretching (amide II) at 1550 cm-1, indicating the successful immobilization of the anti-

MS2 antibodies onto THCpSi via carbodiimide coupling.  

Additionally, antibody immobilization on THCpSi surface was electrochemically 

characterized by CV and EIS, in the presence of 2 mM [Fe(CN)6]3-/4- in 10 mM PBS at pH 7.4 

(Figure 3.9). The cyclic voltammograms of antibody-modified THCpSi feature a larger peak 

separation (275 ± 7% increase) and lower peak current (43 ± 4% decrease) than those of bare 

THCpSi, consistent with the immobilization of the antibody on the THCpSi surface. The EIS 

of antibody-modified THCpSi shows an increase in Rct value (1130 ± 50 Ω) compared to the 

Rct value (70 ± 24 Ω) of bare THCpSi electrodes also supporting antibody binding to the 

electrode surface. Importantly, impedance measurements proved to be stable and reproducible 

at the open circuit potential (ca. 0.22 V) which might be relevant to limit the possible 

disturbance to the modified THCpSi platform at the potentials used by voltammetric 

techniques. As shown in Figure 3.9b, Rct values of both THCpSi and antibody-modified 

THCpSi electrodes were measured every 4 h over a 16 h period, showing relative standard 

deviations of 5.1 % and 4.5%, respectively. 

The developed immunosensor was able to successfully detect MS2 bacteriophage over a wide 

range of concentrations, from 1 to 106 pfu mL-1 via EIS measurements as shown in Figure 

3.8b. Among the various parameters derived from fitting the Nyquist plots of the impedance 
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spectra with a Randles circuit (inset in Figure 3.8b), Rct is strongly affected by changes on the 

electrode surface, showing a significant increase as the concentration of the MS2 incubated 

increases. Therefore, Rct values were used as the measured signal in response to the presence 

of MS2 bacteriophage. Rct values were normalized as follows: (Rct
f – Rct

0)/Rct
0, where Rct

0 and 

Rct
f are Rct values prior and after bacteriophage incubation. Normalized Rct values were plotted 

as a function of the logarithmic concentration of MS2 bacteriophage (Figure 3.8b), increasing 

linearly with the concentration of MS2 bacteriophage (y= 0.356 + 0.105x, R2= 0.967). 

Normalized Rct values obtained with the control sensor, prepared with a non-specific antibody, 

were negligible compared to those measured with the MS2 immunosensor, proving that 

changes in Rct were caused by the specific binding between the anti-MS2 antibodies 

immobilized on the porous structure and the MS2 bacteriophage. The LOD is defined as the 

concentration corresponding to a signal equal to the average value of normalized Rct plus three 

times of standard deviation (SD) in blank buffer.[36] A LOD of 4.9 pfu mL-1 was calculated 

using the equation yb + 3*SD, where yb is the value for the blank (normalized Rct in PBS buffer) 

and SD is the associated standard deviation (n = 3). The LOD is comparable to previous results 

reported by our research group using pSi membrane- and silicon micropore array-based 

electrochemical immunosensors (6 pfu mL-1 and 0.9 pfu mL-1, respectively), but increasing the 

robustness and stability of the former and greatly simplifying and reducing the fabrication cost 

of the latter.24 Results can be further improved by harnessing the oriented immobilization of 

the antibodies used as bioreceptors as shown by our previous work on electrochemical sensing 

of MS2 (LOD ˂ 2.2 pfu mL-1 using various functionalization strategies).66-67 Successful 

impedimetric detection of MS2 bacteriophage highlights the potential of pSi-based 

electrochemical sensor platforms as dual capture and sensing devices. In addition, size 

exclusion effects can be introduced using adequately tuned pore dimensions to further increase 

selectivity.  
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Figure 3.9 (a) Cyclic voltammograms and EIS spectra (inset), and (b) Rct measurements over 
time (every 4 h), obtained using unmodified and antibody-modified THCpSi in the presence of 
2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS, pH 7.4. 

 

3.4 Conclusion 

The promising electrochemical properties of THCpSi and TCpSi stabilized via thermal 

decomposition of acetylene at two temperatures (525 and 800 °C, respectively) have been 

successfully demonstrated. The electrochemical performance of THCpSi and TCpSi was 

systematically studied by CV, CC and EIS, in the presence of three redox species, [Fe(CN)6]3-

/4-, [Ru(NH3)6]2+/3+ and HQ/Q. Results enable correlations between the chemical composition 

of the carbon layer formed onto the pSi nanostructures and the electrochemical behavior. 

Compared to THCpSi, TCpSi not only presents a more effective charge transfer process due to 

its higher content percentage of Si-C species, but also shows better chemical stability to prevent 

self-oxidation thanks to its increased content percentage of Si-O species. The fast electron 

transfer kinetics and effective surface area of carbon-stabilized pSi are comparable to those 

shown by carbon-based commercial electrodes like SPEs and GCEs without yielding 

significant double-layer capacitance effect. Apart from providing excellent electrochemical 

performance and stability, the novel electrochemical platform retains the unique physical and 

chemical features of pSi nanostructures such as large surface area, convenient surface 

chemistry and adjustable pore morphology. Proof of principle of applying these nanostructures 
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as electrochemical platforms was demonstrated by developing a THCpSi-based immunosensor 

for impedimetric detection of MS2 bacteriophage. Changes in Rct of the developed 

immunosensor enabled MS2 bacteriophage detection with a LOD of 4.9 pfu mL-1, highlighting 

the future potential of carbon-stabilized pSi nanostructures as efficient biosensing systems.  
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Chapter 4. Rapid and label-free detection of Escherichia coli 16S rRNA 

using a carbon-stabilized porous silicon-based voltammetric biosensor 

4.1 Introduction 

Infectious diseases have remained one of the top ten global leading causes of death in the last 

two decades according to the WHO statistics in 2016.1 Standard methods to diagnose bacterial 

infections, such as polymerase chain reaction (PCR), are laborious, complex and time-

consuming.2-3 The development of a rapid, accurate, low cost and PCR-free method to identify 

bacteria in complex biological samples is in high demand. The use of genetic markers of 

bacterial species to directly target pathogens makes a rapid identification without culture-

involved process possible.4-5 As one of the most attractive genetic markers for bacterial 

identification, the 16S rRNA gene sequences have demonstrated their capabilities of highly 

accurate detection of many clinically relevant bacterial pathogens including slow-growing, 

unusual and fastidious bacteria in addition to bacteria that are poorly differentiated by 

traditional methods.6-7 First, the 16S rRNA sequences are not only species-specific but also are 

highly expressed in all bacteria.8 Second, as a growth marker for bacterial identification, the 

functional stability of 16S rRNA has remained constant over a long period allowing reliable 

and precise assessments. 

Biosensors are promising tools for sensitive and label-free detection of 16S rRNA due to the 

demonstrated advantages such as high sensitivity, selectivity and robustness at low cost.9-12 

Particularly, electrochemical biosensors, as an integrated low-cost sensing system, not only 

possess the high sensitivity and specificity provided by the transducer and bioreceptor, but also 

the possibility to miniaturize the electrodes.13-14 Attention has been primarily paid to the 

exploitation of new nanostructured materials as electrochemical transducers, such as metal 

nanowires 15-16, carbon nanotubes17-19, graphene20-24, metal nanoparticles15, 25, and porous 
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materials26-27. Among these candidate materials, THCpSi is a very promising one, due to the 

pSi features, such as extensive tailoring of its structural properties (pore diameter and depth, 

porosity), high surface area, easy and cheap fabrication and biocompatibility.28-31 More 

importantly, thanks to the thin carbon coating, THCpSi not only possesses the capability to 

passivate the surface against degradation, but has also demonstrated excellent performance as 

highly sensitive electrochemical transducer.32-35 Particularly interesting is the versatile surface 

chemistry of THCpSi to allow further immobilization of specific recognition biomolecules 

such as DNA probes. There are thus several reasons that make THCpSi ideal for 

electrochemical biosensing. First, the large surface area of THCpSi facilitates the 

immobilization of a large number of DNA bioreceptors.36 Second, the high stability renders 

THCpSi very suitable for long-term applications.37-38 Third, the nanochannel structural feature 

of THCpSi is conducive to the direct and label-free sensing strategy based on nanochannel 

blockage to monitor analyte binding to the capture probe immobilized in the nanochannels. 

Herein, a voltammetric biosensor using externally insulated THCpSi as transducer was 

developed for the direct and label-free detection of Escherichia coli (E. coli) 16S rRNA. A 

biosensor based on a nanochannel blockage sensing mechanism is suitable for the detection of 

16S rRNA with a LOD of 0.183 pM in buffer was demonstrated. The specific hybridization of 

16S rRNA to the ssDNA probes immobilized at the inner surface of the porous electrodes 

causes the partial blockage of THCpSi nanochannels and impedes the diffusion of the 

electroactive species [Fe(CN)6]3-/4- added in solution towards the transducer surface. As a 

result, the decrease in output current signal was easily monitored via differential pulse DPV. 

In addition, the use of an insulating layer to minimize non-specific binding at the outer surface 

and enhance the confinement of hybridization into the nanochannels of the label-free 

voltammetric sensor was tested.39-41 
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4.2 Experimental section 

Materials: p-type silicon wafers with 0.00055-0.001 Ω cm resistivity (100)-oriented were 

purchased from Siltronix (France). Hydrofluoric acid (HF) (48%, AR grade) was purchased 

from Scharlau (Australia). Potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 

(K3[Fe(CN)6]), undecylenic acid, N-hydroxysuccinimide (NHS), N(3-dimethylaminopropyl) 

N-ethylcarbodiimide hydrochloride (EDC), phosphate buffered saline (PBS) tablets, 2-(N-

morpholino)-ethanesulfonic acid (MES), tris(hydroxymethyl)aminomethane and ethanolamine 

were purchased from Sigma-Aldrich (Australia). Solutions were prepared in ultrapure water 

(18.2 MΩ cm) from a Milli-Q system, except those for E. coli 16S rRNA detection, that were 

prepared in RNase-free water bought from Sigma-Aldrich. The acetylene gas cylinder (1 m3 

industrial grade, dissolved) was purchased from BOC (Australia). All the DNA strands were 

purchased from Integrated DNA Technologies Pte Ltd (Singapore). The sequence of ssDNA 

probe is 5’-/5AmMC6/GTC CAC GCC GTA AAC GAT GTC GAC TTG G-3’. The non-

specific ssDNA probe is 5’-/5AmMC6/CAC AAA TTC GGT TCT ACA GGG TA-3’. The 

sequence of the target ssDNA is 5’-CCA AGT CGA CAT CGT TTA CGG CGT GGA C-3’. 

The 2-mismatch ssDNA sequence is 5’-CCA ACT CGA GAT CGT TTA CGG CGT GGA C-

3’. The 1-mismatch ssDNA sequence is 5’-CCA AGT CGA GAT CGT TTA CGG CGT GGA 

C-3’. The sequence of E. coli 16SrRNA is 5’-CCA AGU CGA CAU CGU UUA CGG CGU 

GGA C-3’. 

Apparatus: pSi samples were fabricated with a MPSB wet etching system (A.M.M.T). 

Scanning electron microscopy (SEM) images were obtained with a FEI NovaNano SEM 430 

at an accelerating voltage of 10 kV. Attenuated total reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy was performed with a Thermo Scientific Nicolet 6700 FTIR 

spectrometer. Si3N4 coating was deposited with an Oxford plasma lab 100 plasma enhanced 

chemical vapor deposition (PECVD) system. Electrochemical measurements were carried out 
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on an electrochemical analyzer (CH Instruments, model 600D series, USA) using a three-

electrode configuration in a Teflon cell containing the silicon chip on an aluminum film as the 

working electrode, Ag/AgCl reference electrode and a platinum wire as counter electrode.  

Fabrication of pSi single layer: A whole 6 inch p-type silicon wafer was anodically etched in 

an electrolyte solution containing 1:1 (v:v) HF and absolute ethanol to produce a first pSi layer. 

Firstly, the sacrificial layer produced with a current density of 60.6 mA cm-2 for 30 s was 

removed with 1 M sodium hydroxide.42 Then the etching cell was rinsed with water, absolute 

ethanol and dried with N2 gas. Next, various current densities were applied to fabricate the 

porous layers with different pore size. Current densities of 12.1, 18.9 and 53 mA cm-2 were 

applied to the etching cell to form 12 ± 5, 27 ± 9 and 72 ± 15 nm pore size, respectively. The 

thickness of the single layers was controlled by the etching time. The freshly etched pSi was 

finally rinsed with ethanol and kept in a desiccator. 

Thermal hydrocarbonization of pSi (THCpSi) single layer: The freshly etched pSi substrates 

were cut into 1.5 cm ⨉ 1.5 cm pieces and stabilized using the thermal hydrocarbonization 

(THC) treatment with acetylene decomposition described by Salonen et al.43-44  

Si3N4 deposition: Si3N4 coating was deposited onto the top surface of THCpSi layer via PECVD 

at 250 °C with a deposition rate of 22 nm per min.  

Carboxylic functionalization of Si3N4 externally insulated THCpSi structures: In order to 

functionalize the inner surface of THCpSi with COOH groups, the sample was immersed into 

a glass vial to undergo hydrosilylation with pure undecylenic acid at 150 °C for 10 h under 

inert atmosphere (N2). After cooling down to room temperature, the sample was rinsed with 

absolute ethanol. 
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DNA probe immobilization: The -COOH groups at the inner surface of THCpSi were activated 

by incubating a mixture of 10 mg/mL EDC and 15 mg/mL NHS in 0.1 M MES buffer, pH 5.5, 

at room temperature for 30 min to produce succinimidyl ester groups. Subsequently, the 

samples were incubated with 100 µL of 10 µM NH2-terminated ssDNA probe or NH2-

terminated non-specific ssDNA probe in MES buffer at room temperature for 1 h, and then 

rinsed thoroughly with PBS. The leftover active ester groups that did not covalently bind to the 

NH2-modified ssDNA probes, were blocked by incubating with 200 µL of 0.5 mg/mL 

ethanolamine in 0.01 M PBS, pH 7.4 for 25 min. The sample was rinsed with 10 mM PBS 

buffer three times, and stabilized in 10 mM Tris buffer with 75 mM sodium chloride, pH 7.5, 

for 15 min. DPV measurements were conducted every 15 min to make sure the signal was 

stable. 

DNA detection: ssDNA target solutions prepared in 10 mM Tris buffer with 75 mM NaCl were 

incubated on the sensor surface for 15 min over a range of concentrations from 0.1 to 1000 pM 

at room temperature. After each incubation step, the surface were thoroughly washed with PBS, 

then differential pulse voltammograms were measured in 2 mM [Fe(CN)6]3-/4- in 10 mM PBS 

by scanning the potential from -0.2 to 0.6 V vs Ag/AgCl. In order to verify the current changes 

were only caused from the specific hybridization between ssDNA probe and the target ssDNA, 

control sensors with immobilized ssDNA of random sequence were treated under identical 

conditions. Triplicate measurements were performed with each sensor.  

E. coli 16S rRNA detection: 16S rRNA target solutions prepared in 10 mM Tris buffer-75 mM 

NaCl with nuclease-free water were also incubated on the sensor and control surfaces for 15 

min over a range of concentrations from 0.1 to 1000 pM. Measurements were performed as 

detailed above. 
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4.3 Results and discussion 

4.3.1 Preparation of THCpSi transducers 

The initial pSi single layers were fabricated via established electrochemical anodization. The 

nanochannel diameter of anodically etched pSi films can be easily tuned by applying different 

current density, while the thickness of the porous layers can be well controlled via etching time. 

After fabrication, these freshly etched pSi single layers were immediately carbon-stabilized at 

525 °C via thermal decomposition of acetylene gas, following the protocol described by 

Salonen.43-44 By applying various current densities, 12.1, 18.9 and 53 mA cm-2, in 1:1 (volume) 

HF/EtOH etchant, THCpSi single layers with 12 ± 5, 27 ± 9 and 72 ± 15 nm nanochannel 

diameter, were obtained, respectively, as shown in Figure 4.1. The thickness of these THCpSi 

single layers can also be easily controlled. For instance, as shown in Figure 4.2 for a THCpSi 

layer with 27 ± 9 nm nanochannel diameter, by applying different etching times, 40, 80 and 

160 s, various thicknesses, 0.7, 1.6 and 3.4 µm, respectively, were achieved. 

 

Figure 4.1 Top view SEM images of THCpSi with different nanochannel diameter: (a) 72 ± 
15 nm, (b) 27 ± 9 nm and (c) 12 ± 5 nm.  
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Figure 4.2 Cross sectional SEM images of THCpSi with a nanochannel diameter of 27 ± 9 
nm and different depth (a) 0.7 µm, (b) 1.6 µm and (c) 3.4 µm. 

 

4.3.2 External insulating Si3N4 coating 

In order to minimize non-specific absorption on the external surface of the porous structure 

and maximize the blockage efficiency during the sensing process, a thin insulating layer of 

Si3N4 was deposited on THCpSi surface via PECVD. With a deposition rate of 22 nm per min, 

Si3N4 coatings of different thicknesses were deposited by controlling the deposition time. 

Figure 4.3 shows the SEM images of the Si3N4-insulated THCpSi with controlled deposition 

thickness of ~7 nm (Figure 4.3a) and ~22 nm (Figure 4.3b). While the THCpSi substrate with 

7 nm-Si3N4 coating had not significantly changed its morphology, featuring open pores, most 

of the pores of the THCpSi substrate with 22 nm-Si3N4 coating were blocked. 
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Figure 4.3 Top view SEM images of THCpSi single layers with a nanochannel diameter of 
27 ± 9 nm after Si3N4 coating of different thickness: (a) 7 nm, and (b) 22 nm. 

 

4.3.3 Immobilization of ssDNA probes 

The ease of grafting COOH groups on Si3N4-insulated THCpSi surface via hydrosilylation with 

undecylenic acid allows further covalent binding of NH2-terminated ssDNA probes upon 

carbodiimide activation. Figure 4.4 presents the ATR- FTIR spectra at each step of surface 

modification. Apart from the feature bands of THCpSi described by Salonen et al.43-44, the C=O 

stretching vibrational mode at 1714 cm-1 suggests successful grafting of undecylenic acid to 

the THCpSi surface (Figure 4.4a). Prior to the immobilization of the NH2-ssDNA probes, the 

COOH-terminated THCpSi surface was activated by EDC/NHS reaction to generate 

succinimidyl ester groups (shown as triplet peaks in the range of C=O at 1736, 1787 and 1819 

cm-1), which are known to react with available primary amino groups (Figure 4.4b). The 

attachment of ssDNA probes led to a new peak, corresponding to peptide C=O stretching 

(amide I) at 1650 cm-1, indicating the successful immobilization of the ssDNA probes onto 

THCpSi via carbodiimide coupling (Figure 4.4c). Finally, the unreacted ester groups were 

blocked with ethanolamine, as shown by the disappearance of triplet peaks in the spectrum 

(Figure 4.4d).  
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Figure 4.4 ATR-FTIR spectra of the Si3N4-insulated THCpSi single layer (a) after thermal 
hydrosilylation, (b) EDC/NHS activation, (c) ssDNA probe immobilization and (d) blocking 
with ethanolamine. 

 

Additionally, the immobilization of ssDNA probes on the inner surface of Si3N4 externally 

insulated THCpSi transducer was electrochemically characterized via CV and EIS, in the 

presence of 2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS, pH 7.4 (Figure 4.5). The Si3N4 

externally insulated THCpSi transducer with COOH functionalization prior to immobilization 

of ssDNA presents a difference between the anodic and cathodic peak potentials, known as 

peak-to-peak separation (ΔEp), of 365 mV. After immobilization of ssDNA probes, the ΔEp 

(438 mV) shows a 28% increase (Figure 4.5a). Also a 34% decrease in the oxidation and 

reduction currents was observed compared to the values measured before immobilization of 

the ssDNA probes (Figure 4.5a). The observed increase in ΔEp and decrease in peak currents 

after immobilization of ssDNA probes were partially attributed to the electrostatic repulsion 

between the negative charges of both the redox species [Fe(CN)6]3-/4- added in solution and the 

ssDNA probes immobilized on the surface, as well as the steric blockage of the electron transfer 
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on the electrode surface caused by the presence of ssDNA probes. Characterization via the 

highly sensitive EIS reveals the change in charge-transfer resistance (Rct) happened at the inner 

surface of the transducer upon ssDNA immobilization (Figure 4.5b). The Rct value can be 

obtained by fitting the impedance spectra to the Randles circuit (inset in Figure 4.5b), which 

is an equivalent electrical circuit composed of solution resistance (Rs), charge-transfer 

resistance (Rct), Warburg impedance (W) and double-layer capacitance (Cdl).45 The Rct 

increased from 987 Ω to 1453 Ω after ssDNA probe immobilization. This 47% increase in the 

Rct is consistent with the successful immobilization of ssDNA probes producing a negatively 

charged surface.46 

 

  

Figure 4.5 (a) Cyclic voltammograms and (b) impedance spectra obtained before and after 
NH2-modified ssDNA probe immobilization on Si3N4-insulated THCpSi single layer 
functionalized with carboxylic groups. Inset in (b) Randles circuit used for EIS data fitting. 

 

4.3.4 Sensing mechanism 

The sensing mechanism based on nanochannel blockage for label-free detection of 16S rRNA 

is shown in Figure 4.6. Specific hybridization of the target 16S rRNA to the ssDNA probe 

immobilized at the inner surface of the nanochannels, causes partial blockage of the 
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nanochannels. This partial nanochannel blockage hinders the diffusion of redox species such 

as [Fe(CN)6]3-/4- towards the transducer surface, resulting in a decrease in the intensity of peak 

current monitored by DPV.  

  

Figure 4.6 Sensing mechanism of the designed voltammetric sensor for label-free detection 
of 16 S rRNA. 

 

In order to analyze the sensitivity of the designed voltammetric sensors, peak current intensity 

values measured upon incubation in each specific concentration of target analyte were firstly 

normalized using the following equation 28: 

𝛥𝛥𝑖𝑖 = (𝑖𝑖°− 𝑖𝑖)/𝑖𝑖°                                                                                        (4.1)                             

Where 𝛥𝛥𝑖𝑖  is the normalized peak current after hybridization, 𝑖𝑖°  is the initial peak current 

intensity value measured in blank buffer solution, and i is the peak current value measured after 

hybridization for each target concentration. Then, the normalized 𝛥𝛥𝛥𝛥 is plotted as a function of 

Log [target analyte], and the slope of the linear fitted curve determines the sensitivity of the 
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sensor. The LOD is defined as the concentration corresponding to a signal equal to the average 

value of 𝛥𝛥𝑖𝑖  plus three times of standard deviation (SD) in blank buffer.[28] A LOD was 

calculated using the equation yb + 3*SD, where yb is the value for the blank (normalized 𝛥𝛥𝑖𝑖 in 

buffer) and SD is the associated standard deviation (n = 3). 

4.3.5 Optimization of sensors performance using complementary ssDNA as target 

Prior to the detection of E. coli 16S rRNA, the performance of the designed voltammetric 

sensors was systematically optimized using as target analyte a ssDNA sequence 

complementary to the immobilized ssDNA probe, with higher stability than RNA.  

4.3.5.1 External insulating Si3N4 coating 

The effect of depositing a Si3N4 insulating layer on the external sensor surface was initially 

explored by comparing the sensing performance of structures with and without the insulating 

coating. More specifically, the sensitivity of the designed DNA sensors with and without Si3N4 

insulating layer was compared (Figure 4.7a). These DNA sensors were developed using a 

THCpSi transducer with an average nanochannel diameter of 27 ± 9 nm and 1.6 µm depth. 

Sensor modification was performed with a 10 µM NH2-ssDNA solution incubated during 1 h 

on a carbodiimide activated THCpSi surface previously hydrosilylated with undecylenic acid.  

Among these sensors, the DNA sensors externally insulated with a ~ 7 nm Si3N4 layer provided 

the highest sensitivity (plot 1, 𝛥𝛥𝛥𝛥 = 0.298 + 0.133*Log [target ssDNA], R2 = 0.996). Plot 2 (𝛥𝛥𝛥𝛥 

= 0.174 + 0.049*Log [target ssDNA], R2 = 0.890) represents the dose response curve of the 

DNA sensors prepared without external insulating layer. The sensitivity of the DNA sensors 

with an insulating layer is 171% higher than that of the DNA sensors without insulating layer. 

This indicates that having an external insulating layer on top of the THCpSi transducers 

maximizes the nanochannel blockage efficiency, due to the nanochannel confinement of the 

hybridization events, and thus the sensitivity. The external Si3N4 coating specifically deposited 
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at the top entrance of the nanochannels prevents hybridization events to take place at the 

external surface, minimizing the effect those events outside the nanochannels could have on 

the efficiency of the nanochannel blockage. Moreover, the external Si3N4 coating with high 

hydrophilicity can avoid interfacial reactions leading to non-specific binding, due to the fact 

that hydrophobic interactions usually dominate the adsorption process.39-41 

 

Figure 4.7 Calibration curves of DNA sensors developed from various THCpSi platforms. 
Effect on the DNA sensor response of (a) Si3N4 insulating layer, (b) ssDNA probe 
concentration used for the immobilization step, (c) THCpSi pore size and (d) THCpSi 
thickness. 
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4.3.5.2 Optimization of the concentration of ssDNA probe used to modify the THCpSi 

surface 

The number of available ssDNA probes immobilized on the inner surface of the nanochannels 

determines the efficiency of the hybridization process, which is related to the sensor sensitivity 

and LOD. To optimize the concentration of the ssDNA probe solution used to modify the inner 

surface of the THCpSi structure,  THCpSi with an average nanochannel diameter of 27 ± 9 nm, 

1.6 µm depth and a ~7 nm Si3N4 coating, was used. The surface coverage achieved upon 

ssDNA probe immobilization was controlled by incubating ssDNA solutions of various 

concentrations, 5, 10 and 25 µM, for 1 h on the transducer surface. The effect of the 

concentration of the ssDNA probe solution used to modify the sensor surface on the 

performance of the designed DNA sensor is shown by the normalized dose response curves in 

Figure 4.7b. The normalized current exhibits a linear relationship with the target ssDNA 

concentration from 0.1 to 1000 pM. The control sensors prepared by immobilizing ssDNA 

probes of random sequence (hollow symbols) on the THCpSi surface present nearly no 

electrochemical response compared to the specific DNA sensors (solid symbols). As shown by 

the slope of the dose response curves in Figure 4.7b, the sensor prepared by incubating a 10 

µM ssDNA probe solution presents the highest sensitivity (𝛥𝛥𝛥𝛥 = 0.389 + 0.121*Log [target 

ssDNA], R2 = 0.990), being 147% and 116% higher than that of the sensors prepared with 

ssDNA probe solutions of 5 and 25 µM in concentration, respectively. As it has been proved 

by the CV and EIS results shown in Figure 4.5, the immobilization of ssDNA probes causes 

certain degree of electrostatic repulsion, increasing the Rct, so a compromise has to be found 

between having enough ssDNA probes available for hybridization, but not too many to hinder 

the access of the target ssDNA in solution towards the immobilized probes for hybridization.   
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4.3.5.3 Optimization of the nanochannel diameter 

The ease of control of the nanochannel diameter in pSi structures has led to great advances in 

the detection of numerous biological species of various sizes.34 The nanochannel diameter of 

the THCpSi transducer has to be large enough to allow the analyte to access the structure, but 

small enough to maximize the nanochannel blockage efficiency.  The estimated size of a 28-

base oligonucleotide is roughly 9 nm.47 In order to select the most suitable nanochannel 

diameter for such target, various DNA sensors were prepared with THCpSi single layers with 

similar thickness, 1.6 µm, but different nanochannel diameters: 12 ± 5, 27 ± 9 and 72 ± 15 nm. 

A Si3N4 insulating layer with a thickness of 7 nm was deposited on the external surface of these 

THCpSi transducers. The effect of nanochannel diameter on the performance of these DNA 

sensors is shown in Figure 4.7c. Among these sensors, the DNA sensors prepared with 

structures of 27 ± 9 nm in nanochannel diameter show the highest sensitivity as shown by the 

slope value of their dose response curve (plot 1, 𝛥𝛥𝛥𝛥 = 0.194 + 0.123*Log [target ssDNA], R2 = 

0.986). Plot 2 (𝛥𝛥𝛥𝛥 = 0.118 + 0.080*Log [target ssDNA], R2 = 0.989) represents the DNA 

sensors having nanochannel diameter 72 ± 15 nm, while plot 3 (𝛥𝛥𝛥𝛥 = 0.055 + 0.046*Log [target 

ssDNA], R2 = 0.985) represents the DNA sensors having nanochannel diameter 12 ± 5 nm. The 

sensitivity obtained by sensors prepared with structures of 27 ± 9 nm in nanochannel diameter 

is 167% and 54% higher than that of sensors featuring nanochannels of 12 ± 5 nm and 72 ± 15 

nm in diameter, respectively. In terms of the detection of a 28-base oligonucleotide, THCpSi 

structures with a nanochannel diameter of 27 ± 9 nm are suitable to design highly sensitive 

sensors, achieving the maximum nanochannel blockage efficiency. This observation can be 

explained by considering the three-dimensional channel structure of THCpSi transducers. In 

the case of nanochannels with an average diameter of 27 nm, the immobilization of ssDNA 

probes partially blocked the nanochannels, although there was still enough space left inside the 

channels for target hybridization. The hybridization events that happened inside nanochannels 
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of such diameter caused the maximum nanochannel blockage, greatly hindering the diffusion 

of [Fe(CN)6]3-/4-. In the case of structures featuring nanochannels with an average diameter of 

12 nm, the immobilization of ssDNA probes almost totally blocked the nanochannels as the 

size of the ssDNA probe (~9 nm) was similar to the diameter of the nanochannels. Therefore, 

the target analyte can hardly enter into the nanochannels for further hybridization to the ssDNA 

probes immobilized inside the nanochannels. On the contrary, the use of structures with a large 

nanochannel diameter such as 72 nm, does not provide proper nanochannel blockage: the target 

analyte can easily enter into such nanochannels and hybridize to the immobilized probes, but 

there is still big enough space left for the redox species [Fe(CN)6]3-/4- to freely diffuse to the 

transducer surface. The hybridization happened in such large nanochannels can cause partial 

channel blockage but with a very low efficiency.  

4.3.5.4 Optimization of the transducer thickness 

In this section, the transducer thickness was adjusted to study its effect on the sensitivity and 

LOD of these DNA sensors (Figure 4.7d). DNA sensors were prepared with THCpSi 

transducers having the same nanochannel diameter of 27 ± 9 nm, but various thicknesses, 0.7, 

1.6 and 3.4 µm. A Si3N4 insulating layer with a thickness of 7 nm was deposited on the external 

surface of all these sensors. Among these sensors, the DNA sensors prepared with a transducer 

thickness of 1.6 µm provided the highest sensitivity, as shown by their slope value (plot 1, 𝛥𝛥𝛥𝛥 

= 0.394 + 0.124*Log [target ssDNA], R2 = 0.987). The sensitivity of the designed DNA sensors 

with a transducer thickness of 1.6 µm is 17% and 33% higher than that of sensors prepared 

with transducers of 0.7 µm (plot 2) and 3.4 µm (plot 3) thickness, respectively. The calculated 

LODs were 0.459, 0.002 and 0.048 pM for sensors with transducer thicknesses of 0.7, 1.6 and 

3.4 µm, respectively. For structures with a fixed nanochannel diameter, the one with the 

thickest layer presents the largest surface area available for bioreceptor immobilization, which 

is expected to provide the best sensing performance. On the one hand, thin THCpSi transducers 
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such as those with 0.7 µm thickness, have limited surface area available for bioreceptor 

immobilization and further hybridization. This translates into low signal responses. On the 

other hand, thick THCpSi transducers such as those with 3.4 µm thickness, have a large surface 

area and a large number of bioreceptors available for hybridization. However, at a certain 

thickness, the free diffusion of both the oligonucleotides (target and probe) and the redox 

species [Fe(CN)6]3-/4- begins to be hindered along the long intricate pore structures. As a result, 

the most suitable thickness of the transducer is 1.6 µm as the DNA sensors developed with 

such structure showed the highest sensitivity and the lowest LOD (0.002 pM). 

4.3.5.5 Selectivity of DNA sensors 

Having successfully optimized the structure of the THCpSi transducer (i.e. nanochannel 

diameter and thickness) and its modification (i.e. concentration of ssDNA probe used for sensor 

modification and inclusion of an external insulating layer) to provide the most sensitive DNA 

sensor, selectivity was then explored by exposing such DNA sensors to solutions containing 1-

base mismatch ssDNA sequence, and 2-base mismatch ssDNA sequence, instead of the target 

complementary ssDNA. All the sequences of probes and targets, including these mismatched 

sequences, are listed in Table 4.1. The DNA sensors were prepared with Si3N4-insulated 

THCpSi transducers with a nanochannel diameter of 27 ± 9 nm, and a thickness of 1.6 µm. The 

DNA sensors’ response to increasing concentrations of target ssDNA is shown in Figure 4.8. 

The dose response curve obtained by the DNA sensors upon incubation in solutions of the 

complementary ssDNA provides a significantly higher sensitivity (Figure 4.8a) than the 

response of the same DNA sensors upon incubation in solutions of a 2-base mismatch ssDNA 

sequence (Figure 4.8b), and 1-base mismatch ssDNA sequence (Figure 4.8c). The response 

is also compared to the one obtained by the negative control prepared by immobilization of a 

random sequence of ssDNA probe, incubated in solutions of the target analyte (Figure 4.8d). 
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The latter, used as negative control, show no response to the target ssDNA sequence. The 

sensitivity of the DNA sensors towards the fully complementary target analyte is 164 % and 

210 % higher than that obtained when the sensors are exposed to ssDNA sequences with 1-

base mismatch, and 2-base mismatch, respectively. However, compared to the negative control 

incubating the target analyte on a sensor modified with a ssDNA probe of random sequence 

(Figure 4.8d), the response of the DNA sensor towards ssDNA sequences with 1 or 2 

mismatches is still significant. Further work should be conducted to optimize the sensing 

conditions (e.g. incubation time, incubation temperature) to minimize this undesired response.  

 

Figure 4.8. Selectivity test of DNA sensors prepared from Si3N4-insulated THCpSi with a 
nanochannel diameter of 27 ± 9 nm, and a thickness of 1.6 µm. The sensors were tested in 
front of: (a) complementary ssDNA, (b) 1-mismatch ssDNA sequence, and (c) 2-mismatch 
ssDNA sequence. (d) Control DNA sensor prepared with a ssDNA probe of random sequence 
tested in front of the target ssDNA. 
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Table 4.1 The sequence of ssDNA and 16S rRNA used in this study. 

 

4.3.6 E. coli 16S rRNA detection 

After successful optimization of the THCpSi transducer structure to provide a DNA sensor 

with high sensitivity and selectivity towards a target ssDNA sequence, detection of E. coli 16S 

rRNA in buffer was attempted. Sensors prepared with the optimized nanochannel diameter of 

27 ± 9 nm, thickness of 1.6 µm, 10 µM ssDNA probe concentration for immobilization, and 

Si3N4 insulating layer, were tested as 16S rRNA sensors. The DPV traces obtained for the 

sensors and control in a range of 16S rRNA concentrations from 0.1 to 1000 pM are shown as 

inset in Figure 4.9.  In the case of the sensors, the peak current significantly decreases with the 

16S rRNA concentration increase. The control sensors prepared with ssDNA probes of random 

sequence present similar peak current intensity even with increasing 16S rRNA concentrations. 

The normalized peak current 𝛥𝛥𝑖𝑖 plotted as a function of Log [16S rRNA] is shown in Figure 
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4.9. The 𝛥𝛥𝑖𝑖 of the sensors exhibit a linear relationship with the 16S rRNA concentrations, while 

the control sensors prepared with probes of random sequence show no significant response. 

However, the sensitivity of such 16S rRNA sensors (𝛥𝛥𝛥𝛥 = 0.162 + 0.084*Log [target ssDNA], 

R2 = 0.995) is 48% lower than that of the DNA sensors (𝛥𝛥𝛥𝛥 = 0.394 + 0.124*Log [target 

ssDNA], R2 = 0.890). This could be attributed to the inherent instability of RNA compared to 

DNA. There is the possibility that the 16S rRNA sequence degraded to a certain extent during 

the incubation process (even though being a short period of 15 min). While further studies 

should be performed to find out the reason of this decreased sensitivity, the calculated LOD for 

the detection of 16S rRNA in buffer based on these results was 0.183 pM. Nevertheless, the 

analytical performance of the designed sensors for E. coli 16S rRNA detection is still 

comparable to those reported recently using electrochemical sensing methods. Purwidyantri et. 

al reported a LOD of 10 pM for the detection of Staphylococcus aureus 16S rRNA upon 1 h 

incubation using a gold nanohole array-modified ITO as electrochemical transducer.2 Even 

though Esfandiari and coworkers reported a low LOD of 0.01 pM for the detection of E. coli 

16S rRNA by measuring the ionic current change caused by the hybridization between peptide 

nucleic acid (PNA)-modified polystyrene beads and the target, a very long detection time 

(overnight) was required.48 The main advantage of the designed system discussed here 

compared to those reported elsewhere is the fast analysis time (15 min at room temperature), 

which could be further reduced by adjusting the incubation temperature or incorporating 

additional shaking. Furthermore, the fabrication process of the THCpSi transducers at large 

scale (e.g. 6 inch wafer) is fast, cost-effective and straightforward, without the need of 

expensive micro-fabrication processes.  
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Figure 4.9 Calibration curves obtained for the detection of E. coli 16S rRNA. Inset: 
corresponding DPV voltammograms of sensors modified with (a) specific ssDNA probe, and 
(b) ssDNA probe of random sequence. 

 

4.4 Conclusion 

In summary, a simple, cost-effective, label-free and portable voltammetric DNA sensor has 

been developed using carbon-stabilized pSi as transducer. The designed sensors are able to 

detect the specific bacteria biomarker 16S rRNA with high sensitivity and a LOD down to 

0.183 pM in buffer, only requiring 15 min incubation. A simple, direct and label-free sensing 

mechanism based on nanochannel blockage is used. The sensing conditions of using such 

porous transducers were firstly optimized by detecting a ssDNA sequence complementary to 

the immobilized ssDNA probe, and of equivalent sequence to the target 16S rRNA. The 

calculated LOD for the sensitive detection of complementary ssDNA in buffer is 0.002 pM. 

The selectivity of the sensor was tested in the presence of sequences with 1 or 2 mismatches. 

Although showing low sensitivity for those sequences, further optimization of the working 
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conditions is envisaged to completely suppress the undesired response towards those non-

complementary sequences.  The study on this simple label-free sensing strategy using such 

promising carbon-stabilized pSi as transducer will facilitate the design of more practically 

useful biosensors.   
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Chapter 5. Designing versatile biosensing platforms using layered carbon-

stabilized porous silicon nanostructures 

5.1 Introduction 

PSi has demonstrated its advantages and versatility in various biomedical applications, such as 

biosensing and drug delivery.1-13. The ease of controlling pore morphology has implications in 

its sensing capabilities and has driven advances in the detection of a large range of chemical 

and biological species.2, 13-17  Other features of pSi, such as the large available internal surface 

area and excellent biocompatibility, have also been harnessed to develop highly performing 

biosensing platforms.18-22 Of particular interest for biosensing purposes is the versatile surface 

chemistry of pSi, allowing a broad range of functionalization routes (e.g. hydrosilylation,23-30 

silanization31-33) to introduce functional groups further used to covalently immobilize diverse 

biomolecules as bioreceptors (e.g. antibodies,33-34 oligonucleotides,17 enzymes35-36). 

The hydride terminated surface of freshly etched pSi is highly reactive and prone to oxidation 

and further degradation when exposed to water and air.37-38 This limitation hinders pSi to be 

used for long-term biosensing applications as most biosensing processes are conducted in 

aqueous solution. To address this shortcoming, various techniques to stabilize the freshly 

etched pSi surface have been extensively explored. Thermal and ozone oxidation have been 

reported to generate Si-OH groups, providing excellent hydrophilicity and improved 

stability.27, 39 However, the slow hydrolysis of the oxidized pSi matrix in water can negatively 

contribute to the biosensor read-out.40 Alternatively, hydrosilylation reactions are also used to 

produce stable and robust surfaces via formation of Si-C bonds upon coupling alkene or alkyne 

species onto the freshly etched pSi surface.28, 40-41 Although hydrosilylation often provides 

stable surfaces, simultaneously allowing the incorporation of functional groups, its main 

drawback is that the reaction requires an air- and water-free environment to prevent oxidative 

side reactions.42 In 2004, Salonen and co-workers reported a novel approach to stabilize pSi by 
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introducing a thin carbon coating via thermal decomposition of acetylene.43 One of the key 

advantages of this carbon-stabilization process is that the thin carbon layer on the pSi surface 

is formed in situ, leaving the pore structure intact after stabilization. Moreover, carbon-

stabilized pSi not only preserves the flexibility of pSi to design high quality optical sensing 

platforms, but also presents effectively stabilized optical performance even in strongly 

oxidizing environments.44-45 Additionally, the carbon layer protects pSi from surface 

degradation and enables incorporation of specific recognition biomolecules on the surface.46-48  

Thanks to these stabilization methods, the advantages of pSi-based optical interferometric 

sensing have been well demonstrated using different pSi nanostructures, including single 

layer,49-50 double layer15-16 and multilayer structures,51-52 since Sailor et al. first reported in 

1997 the use of oxidized pSi as optical transducer to investigate basic biological systems.38 To 

the best of our knowledge, only a few reports describe the use of pSi as electrochemical 

transducer in the development of sensors compared to its optical counterparts.53 The key 

reasons for the lack of published research in this area are the spontaneous growth of the 

insulating oxide layer on pSi54 and the fact that the charge transfer is limited to the pore tips 

where the high radius of curvature is responsible of generating a region of enhanced electric 

field.55 To indirectly overcome the limitations in using pSi for electrochemical sensing 

purposes, our research group recently explored the use of pSi membranes which were 

hydrosilylated, not only to introduce functional groups but also to provide stability, for 

developing label-free immunosensors based on voltammetric detection.56 The non-conductive 

pSi membrane firmly attached to a gold working electrode enabled high-sensitivity detection 

via electrochemical measurement of the nanochannel blockage caused upon analyte binding. 

The device was capable of detecting MS2 bacteriophage spiked in reservoir water samples with 

an impressive LOD of 17 pfu mL-1 and negligible matrix effects. Other researchers have 

reported various pSi modifications to preserve the semiconductor properties of silicon or to 
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introduce conductive coatings (e.g. metal57-60 or conductive polymeric layers23, 61) with the aim 

of developing pSi-based electrochemical biosensors.   

The advantages of using pSi multilayer structures as optical transducers are well demonstrated. 

As reported by Sailor and coworkers, interferometric biosensors based on pSi double layers 

have been used not only to separate biomolecules based on size exclusion, but also to 

effectively measure biomolecule penetration into specific layers by monitoring shifts of the 

fast Fourier transform (FFT) peaks.15-16 Control of surface functionalization for each porous 

layer separately is of particular interest because it allows size-exclusion separation and 

detection of biomolecules, as well as discrimination on the basis of molecular affinity via the 

specific capture probes grafted on selected layers. 

In this chapter, a pSi double layer nanostructure was fabricated, each layer featuring a specific 

pore size distribution, as well as different surface chemistry achieved by in situ carbon 

stabilization under different conditions. Most importantly, the fast electron-transfer kinetics of 

the carbon-stabilized pSi double layer nanostructures when used as electrochemical transducer, 

and their versatile surface chemistry by undergoing layer-selective silanization and 

hydrosilylation reactions were demonstrated. These carbon-stabilized pSi nanostructures show 

great potential as an advanced biointerface and electrochemical transducer for biosensing 

applications. An electrochemical DNA sensor fabricated using the TCpSi-THCpSi double 

layer structure provided an excellent LOD of 0.4 pM to detect a 28 base ssDNA sequence.  
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5.2 Experimental section 

Materials: p-type silicon wafers with 0.00055-0.001 Ω cm resistivity, (100)-oriented were 

purchased from Siltronix (France). Hydrofluoric acid (HF) (48%, AR grade) was purchased 

from Scharlau (Australia). Potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 

(K3[Fe(CN)6]), undecylenic acid, N-hydroxysuccinimide (NHS), N(3-dimethylaminopropyl) 

N-ethylcarbodiimide hydrochloride (EDC), phosphate buffered saline (PBS) tablets, 2-(N-

morpholino)-ethanesulfonic acid (MES), (3-aminopropyl) triethoxysilane (APTES), (3-

glycidylxypropyl) trimethoxysilane, sodium chloride, tris(hydroxymethyl)aminomethane, 

hydrochloric acid (37%) and fluorescein isothiocyanate (FITC) were purchased from Sigma-

Aldrich (Australia). Cyanine5 amine (Cy5-NH2) was purchased from Luminoprobe (USA). 

The acetylene gas cylinder (1 m3 industrial grade, dissolved) was purchased from BOC 

(Australia). All the DNA strands were purchased from Integrated DNA Technologies Pte Ltd 

(Singapore). The sequence of the amino-modified ssDNA capture probe was 5’-

/5AmMC6/GTC CAC GCC GTA AAC GAT GTC GAC TTG G-3’. The amino-modified non-

specific ssDNA capture probe was 5’-/5AmMC6/CAC AAA TTC GGT TCT ACA GGG TA-

3’. The sequence of the target ssDNA was 5’-CCA AGT CGA CAT CGT TTA CGG CGT 

GGA C-3’. 

Apparatus: SEM images were obtained with a FEI NovaNano SEM 430 at an accelerating 

voltage of 10 kV. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was performed with a Thermo Scientific Nicolet 6700 FTIR spectrometer. Raman 

spectra were acquired using a Renishaw inVia Raman microscope with a 100 mW 532 nm laser 

excitation source. A 10% excitation power density was applied to avoid damage of the surface. 

Fluorescence microscopy images were collected with a laser scanning confocal microscope 

(Nikon Instrument TIRF with Ti-U system). 
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Fabrication of pSi single layer: A whole 6 inch p-type silicon wafer was anodically etched in 

an electrolyte solution containing 1:1 (v:v) HF/ethanol to produce a first pSi layer, using a 

MPSB wet etching system (A.M.M.T GmbH, Germany), which can load a 6 inch silicon wafer 

with an exposed etching area of 132 cm2 (details can be found from the website: 

https://www.ammt.com/products/porous-silicon-etching/mpsb/). Firstly, the sacrificial layer 

produced with a current density of 60.6 mA cm-2 for 30 s was removed with 1 M NaOH.62 Then 

the etching cell was rinsed with water, absolute ethanol and dried with N2 gas. Next, various 

current densities were applied to fabricate porous layers with different pore size. A current 

density of 18.9 mA cm-2 was applied to the etching cell to form pores of 27 ± 9 nm diameter. 

The freshly etched pSi was finally rinsed with ethanol and kept in a desiccator. 

Thermal carbonization of pSi single layer (TCpSi). The freshly etched pSi substrates were 

cut into 1.5 cm ⨉ 1.5 cm pieces and stabilized using the thermal carbonization (TC) treatment 

with acetylene decomposition described by Salonen et al.43, 46  TC is a two-step carbonization 

process that starts with the thermal hydrocarbonization (THC) treatment at 525 °C followed by 

annealing at 800 °C. For the THC step, the freshly etched pSi was placed into a quartz tube 

under N2 flow at 2 L min-1 for 45 min at room temperature. A 1:1 N2/acetylene mixture flow 

was introduced into the tube at room temperature for 15 min after the purging step, then the 

quartz tube was placed into a preheated tube furnace at 525 °C for another 15 min under 

continuous mixture flow. After THC process, the tube was left to cool down under N2 flow. 

For the second step of TC, without opening the quartz tube, a mixture of 1:1 N2-acetylene was 

flown for 10 min at room temperature, followed by annealing at 800 °C for 10 min only under 

N2 flow (2 L min-1). Finally, the tube was left to cool down back to room temperature under N2 

flow.  

https://www.ammt.com/products/porous-silicon-etching/mpsb/
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Fabrication of pSi double layer: A second etching step was applied on the carbon-stabilized 

TCpSi single layer using a small cell with a 1.5-cm internal diameter O-ring (the etching cell 

design can be found in the book Porous Silicon in Practice14). Each TCpSi substrate was 

anodically etched in 3:1 (v:v) HF/ethanol by applying a specific current density to form a 

bottom layer with small pores.  

Thermal hydrocarbonization of the freshly etched pSi bottom layer (THCpSi): The freshly 

etched pSi bottom layer within the double layer structure was thermally hydrocarbonized 

following the THC process previously described in the section Thermal carbonization of pSi 

single layer. 

Layering surface functionalities on TCpSi-THCpSi double layer: Differential functionalization 

of the TC top layer and THC bottom layer of the prepared TCpSi-THCpSi nanostructures was 

performed. Firstly, in order to functionalize the THCpSi bottom layer with COOH groups, the 

double layer sample was immersed into a glass vial to undergo hydrosilylation with pure 

undecylenic acid at 150 °C for 10 h under inert atmosphere (N2). After cooling down to room 

temperature, the sample was rinsed with absolute ethanol. The TCpSi top layer is natively 

covered with a thin oxide layer, preventing from potential grafting of -COOH groups during 

the hydrosilylation process. Prior to further reaction, the COOH-modified sample was 

immersed into 1:1 (v:v) HF/ethanol solution for 15 min at room temperature, then vacuum 

filtered from the solution and finally dried at 65 °C for 3 h.46 The COOH-terminated THCpSi 

bottom layer resisted HF attack and was stable until further modification. However, exposure 

to HF enables hydroxylation of the TCpSi surface. The OH-terminated TCpSi top layer was 

subsequently functionalized by silanization upon immersion in 10 mL 0.5% APTES in 

anhydrous toluene for 30 min at room temperature. The silane solution was then removed and 

replaced by anhydrous toluene. Then, the sample was sonicated for 3 min in successive 
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washing steps with fresh toluene, 1:1 (v:v) toluene/methanol, methanol, and ethanol, to remove 

any traces of loosely bound APTES. The sample was dried at 80°C overnight. To characterize 

the layered functionalities, the next steps focused on binding two different fluorophores to the 

COOH-terminated THCpSi bottom layer and NH2-terminated TCpSi top layer. The -COOH 

groups at the THCpSi bottom layer were activated by incubating the functionalized substrates 

in 10 mg mL-1 EDC and 15 mg mL-1 NHS in 0.1 M MES buffer, pH 5.5, at room temperature 

for 30 min to produce succinimidyl ester groups. Subsequently, a 10 µg mL-1 Cy5-NH2 solution 

in 10 mM PBS was incubated on the activated surface for 30 min. The Cy5-modified sample 

was finally rinsed with PBS and absolute ethanol. To modify the NH2-terminated TCpSi top 

layer, a 10 µg mL-1 FITC solution in 10 mM PBS was incubated onto the surface for 30 min. 

The FITC-modified sample was rinsed with PBS and then absolute ethanol. Control samples 

exclusively modified either with FITC or Cy5, were simultaneously prepared. 

Optical characterization of pSi double layer: Interferometric reflectance spectra were collected 

using a tungsten lamp (Ocean Optics) and a CCD spectrometer (Ocean Optics S-2000). White 

light was fed through one end of a bifurcated fiber optic cable and focused through a lens onto 

the pSi surface with a spot size of approximately 1 mm in diameter. Light reflected from the 

pSi layer was collected through the same optical lens and transferred to the CCD spectrometer 

via the second arm of the bifurcated optic cable. Fast Fourier transform using algorithm from 

the WaveMetrics Inc. Igor program library was applied to the resulting spectra. 

Electrochemical characterization: Electrochemical measurements were carried out on an 

electrochemical analyzer (CH Instruments, model 600D series, USA) using a three-electrode 

configuration in a Teflon cell containing the pSi nanostructure on an Al film as the working 

electrode, a Ag/AgCl reference electrode and a platinum wire as counter electrode.  
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DNA detection using a TCpSi-THCpSi double layer-based sensor: In order to fine-tune the pore 

size to enable DNA hybridization, the pSi top layer was electrochemically etched in a 1:1 (v:v) 

HF/ethanol solution, by applying a current density of 18.9 mA cm-2 for 80 s using a MPSB wet 

etching system. Then the pSi bottom layer was etched in a 3:1 (v:v) HF/ethanol solution, using 

a small cell and applying a current density of 21.4 mA cm-2 for 60, 150 and 300 s, to obtain 

samples with different bottom layer thickness. Firstly, in order to form hydroxyl groups on the 

TCpSi layer, the TCpSi-THCpSi double layer was treated in 1:1 (v:v) HF/ethanol solution for 

15 min and dried at 65°C for 3 h. Secondly, the OH-terminated TCpSi top layer was 

subsequently functionalized by silanization using 10 mL 10% (3-

glycidylxypropyl)trimethoxysilane dissolved in anhydrous toluene for 30 min at room 

temperature. After silanization, the samples were thoroughly rinsed with 1:1 (v:v) anhydrous 

toluene/methanol, methanol, and ethanol. Thirdly, 100 µL of either 10 µM of NH2-ssDNA 

capture probe or non-specific ssDNA capture probe, both prepared in 10 mM PBS buffer, were 

incubated on the double layer nanostructures for 2 h at room temperature. Samples were 

subsequently rinsed thoroughly with PBS. Fourthly, ssDNA target solutions prepared at 

various concentrations (from 1 to 1000 pM) in 10 mM tris buffer with 75 mM NaCl, pH 7.5, 

were incubated on the sensor surface for 15 min. After each incubation step, the sensors were 

thoroughly washed with PBS and transferred to a 2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS, 

where DPV measurements were acquired by scanning the potential from -0.3 to 0.6 V vs 

Ag/AgCl. In order to verify the current changes were only caused from the specific 

hybridization between the immobilized ssDNA capture probe on the carbon-stabilized pSi 

surface and the incubated target ssDNA, control sensors were prepared under identical 

conditions but using random sequences for the ssDNA capture probe. Triplicate measurements 

were performed with each sensor.  



123 
 

5.3 Result and discussion 

5.3.1 TCpSi-THCpSi double layer fabrication  

The fabrication process of the TCpSi-THCpSi double layer is divided into four steps: first, pSi 

top layer fabrication via electrochemical anodization; second, pSi carbonization at high 

temperature (800 °C) to generate a TCpSi top layer; third, pSi bottom layer fabrication via 

second anodization, and four, pSi carbonization at low temperature (525°C) to generate a 

THCpSi bottom layer (Schematic 5.1). Stepwise carbon-stabilization of pSi via thermal 

decomposition of acetylene led to a thermally carbonized pSi (TCpSi) top layer and a thermally 

hydrocarbonized pSi (THCpSi) bottom layer, each one featuring distinct tunable hydrophilicity 

and surface chemistry.48, 63-65 The differences in hydrophilicity were shown by the water 

contact angles of THCpSi and TCpSi single layers (Figure 5.1). In contrast to the hydrophobic 

THCpSi surface (water contact angle 122°), the surface of TCpSi is hydrophilic, featuring a 

thin oxide layer (water contact angle 31°).   

                                              

Schematic 5.1 Fabrication process of the TCpSi-THCpSi double-layer nanostructure.  
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Figure 5.1 Water contact angle of (a) freshly etched pSi, (b) THCpSi, and (c) TCpSi. Water 
contact angle standard error is ± 6° from 3 replicate measurements.  

 

5.3.2 Morphology and optical characterization of TCpSi-THCpSi double layer 

SEM was used to reveal the morphological features of the TCpSi-THCpSi double layer (Figure 

5.2). The SEM images display a double layer nanostructure, in which the TCpSi layer with 

large pores is on top of the THCpSi layer with small pores. The effect of the carbon-

stabilization process on the morphology of both THCpSi and TCpSi single layers was 

investigated prior to the second etching. SEM images show that both THCpSi and TCpSi single 

layers retain the original pSi features (i.e. pore size and shape, porosity) (Figure 5.3). This 

shows that THC and TC treatments with acetylene gas are an ideal approach to in situ stabilize 

and modify pSi nanostructures without detrimental effect on their morphology.  

 

Figure 5.2 Cross-sectional SEM images of TCpSi-THCpSi double layer at (a) low 
magnification and (b) high magnification.  
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Figure 5.3 SEM images of pSi single layer structures fabricated using a wet bench with a 
current density of 65 mA cm-2 in 1:1 (v:v) HF/ethanol solution during 90 s: Top view of (a) 
pSi, (b) THCpSi and (c) TCpSi structures; and corresponding cross-sectional view of (d) pSi, 
(e) THCpSi and (f) TCpSi structures. 

 

The effect of carbon-stabilization process on the morphological features of pSi is further proved 

by the reflectance spectra of pSi single layer, TCpSi single layer, and TCpSi-THCpSi double 

layer (Figure 5.4). TCpSi single layer almost retains the same Fabry-Pérot fringe pattern as 

pSi, although with a lower intensity, while the TCpSi-THCpSi double layer shows an 

interference pattern that combines Fabry-Pérot interferences from both the top and bottom 

interfaces of each porous layer. The fringe maxima still follows the Fabry-Pérot relationship16:  

𝑚𝑚𝑚𝑚 = 2𝑛𝑛𝑛𝑛                                                                                              (5.1) 

where m is an integer, λ is the wavelength of incident light, n is the average refractive index of 

the porous matrix (including the contents of the pores), and L is the physical thickness of the 

pSi layer. The light reflected from the double layer structure comprises three superimposed 

interference patterns. The analysis of the reflectance spectra can be simplified by transforming 
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reflectance oscillations into three peaks via FFT. The value of 2nL of each porous layer can be 

directly interpreted as the position of the FFT peaks (Figure 5.5). The double layer film in air 

produces peak 1 at 6580 nm, peak 2 at 17072 nm, and peak 3 at 23652 nm, corresponding to 

the values of 2nL for top layer 1, bottom layer 2 and double layer 3, respectively. The effective 

optical thickness (EOT), equivalent to 2nL, can be used to measure changes in refractive index, 

thus providing a simple and effective approach to monitor changes in complicated optical 

structures.15   

 

Figure 5.4 Reflectance spectra of (a) pSi single layer, (b) TCpSi single layer, and (c) TCpSi-
THCpSi double layer. The top pSi layer was fabricated using the small etching cell with a 
current density of 50 mA cm-2 in 1:1 (v:v) HF/ethanol solution for 300 s, then the TCpSi top 
layer was subjected to the second etch using the small etching cell with a current density of 
67 mA cm-2 in 3:1 (v:v) HF/ethanol solution for 120 s. The thicknesses of the TCpSi top layer 
and THCpSi bottom layer are 7.3 and 2.8 µm, respectively. 
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Figure 5.5 Corresponding Fourier transform of the reflectance spectrum shown in Figure 
5.4.   

 

5.3.3 ATR-FTIR characterization of TCpSi-THCpSi double layer 

Surface chemistry was firstly characterized by attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectroscopy. Freshly etched pSi displays bands characteristic of Si-H 

and Si-H2 stretching vibrations at 2087 and 2114 cm-1, respectively, and a band associated to 

Si-H deformation mode at 905 cm-1 (Figure 5.6a). Compared to freshly etched pSi, TCpSi 

(Figure 5.7) does not show the featured bands of Si-H, but displays new bands associated to 

carbon layers: the stretching vibrations of saturated C-H at 2920 and 3047 cm-1, the unsaturated 

carbon double bond stretching at 1600 cm-1, and the CH3 symmetric deformation mode of Si-

CH3 at 1250-1260 cm-1. Figure 5.6b displays the ATR-FTIR spectrum of TCpSi-pSi double 

layer, which was derived from an initial TCpSi single layer subjected to a second 

electrochemical anodization process that produced a freshly etched pSi bottom layer. After a 
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second electrochemical etching step in 3:1 HF/ethanol, a new peak associated to Si-Hx at 

around 2100 cm-1 was present in the TCpSi-pSi double layer. All the featured peaks of TCpSi 

(e.g. C-H, C=C) are still present in the TCpSi-pSi double layer suggesting that carbon 

stabilization resists HF. In the case of the TCpSi-THCpSi double layer, the peak associated to 

Si-H disappeared, while the featured peaks associated to carbon layers such as C-H, carbon 

double bond and CH3, are displayed (Figure 5.6c). 

 

Figure 5.6 ATR-FTIR spectra of (a) freshly etched pSi single layer, (b) TCpSi top layer and 
freshly etched pSi bottom layer, and (c) TCpSi-THCpSi double layer.  
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Figure 5.7 ATR-FTIR spectra of TCpSi single layer. 

 

5.3.4 Raman characterization of TCpSi-THCpSi double layer 

Raman spectroscopy was used to characterize the carbon layers introduced on the pSi surface 

(Figure 5.8). Both TCpSi single layer (Figure 5.8b) and TCpSi-THCpSi double layer (Figure 

5.8c) present the silicon lattice mode at 515 cm-1 demonstrating that the crystallinity of silicon 

was preserved after carbon-stabilization.66 Unlike freshly etched pSi (Figure 5.8a), TCpSi 

single layer presents two peaks at 1350 (D band) and 1580 cm-1 (G band), which represent 

Raman signatures of carbon materials.67 The D band is due to the breathing mode of sp2 atoms 

in rings, and requires a defect for its activation, so it is strongly linked to defects in the structure. 

The first-order D band is not usually present in pristine graphene due to its crystal symmetries. 

Hence, the presence of the D band in Raman spectra for both TCpSi single layer and TCpSi-

THCpSi double layer suggests the presence of a disordered carbon layer with defects.68 On the 

other hand, the G band, a primary in-plane vibrational mode of sp2 atoms in hydrocarbon chains 

and rings, is indicative of high crystallinity of the carbon layer.69 The peak intensity ratio of D 

and G bands (ID/IG) can be used to evaluate the disorder level of the thin carbon coating on the 
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pSi surface. When calculating ID/IG using intensity values obtained by a Lorentzian fitting of 

the Raman spectra after baseline subtraction (Figure 5.8), the lower ID/IG value for the TCpSi-

THCpSi double layer (0.83) than that for the TCpSi single layer (0.95) suggests the presence 

of less defects within the carbon coating of the double layer nanostructure.  

 

Figure 5.8 Raman spectra of (a) freshly etched pSi single layer, (b) TCpSi single layer and 
(c) TCpSi-THCpSi double layer.  

 

The carbon coating was shown to provide resistance to HF, enabling the fabrication of 

multilayered nanostructures. Both THCpSi and TCpSi single layers were subjected to a second 

electrochemical etching step in 3:1 HF/ethanol etchant, providing THCpSi-pSi and TCpSi-pSi 

double layers with freshly etched pSi bottom layer. Their Raman spectra (Figure 5.9a-b) and 
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those of both THCpSi and TCpSi single layers (Figure 5.9d-e) were collected. The intensities 

of the D and G bands increase for both THCpSi-pSi and TCpSi-pSi after the second etching 

step. This change could be caused by the removal of any SiO2 formed on the TCpSi surface, as 

well as the disordered carbon layer attached to this oxide layer.45 

 

 

Figure 5.9 Raman spectra of (a) THCpSi-pSi and (b) TCpSi-pSi double layers, and (c) 
freshly etched pSi, (d) THCpSi and (e) TCpSi single layers. The peaks at ~1350 and ~1580 
cm-1 are attributed to the D and G bands of carbon. The intensity ratio of the D and G bands 
(ID/IG) was calculated by a Lorentzian fitting of the data.  
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5.3.5 Layering surface functionalities on TCpSi-THCpSi double layer nanostructures 

The versatile surface chemistry of carbon-stabilized pSi was exploited to tailor different bio-

interfaces by layering first site-specific functional groups. Selective silanization and 

hydrosilylation of the TCpSi and THCpSi surfaces, respectively, within the double layer 

nanostructure, were confirmed by confocal microscopy imaging (Figure 5.10). A thick TCpSi-

THCpSi double layer with the structure depicted in Figure 5.10a was prepared, where each 

layer was further modified by covalent immobilization of a fluorescent dye. The TCpSi top 

layer and THCpSi bottom layer were approximately 2.4 and 5.3 µm thick, respectively, as 

shown by the SEM image in Figure 5.11.  

 

Figure 5.10 Laser scanning confocal microscopy characterization of the layered 
functionalities, within the TCpSi-THCpSi double-layer nanostructures, to enable selective 
fluorescence labeling. (a) Schematic of the TCpSi-THCpSi double layer: TCpSi top layer 
(L1), and THCpSi bottom layer (L2); (b) Fluorescence labeling process of the TCpSi-
THCpSi double layer; (c) Confocal microscopy image of FITC labeled L1 (green) and Cy5 
labeled L2 (red); (d) Confocal microscopy image of control sample with only FITC labeled 
L1; (e) Confocal microscopy image of control sample with only Cy5 labeled L2. 
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Figure 5.11 Cross-sectional SEM image of the pSi double layer sample used for confocal 
microscopy characterization after selective dye labeling. The thicknesses of the top and 
bottom porous layers are approximately 2.4 and 5.3 µm, respectively. The pSi top layer was 
electrochemically etched in a 1:1 (v:v) HF/ethanol solution, by applying a current density of 
12.1 mA cm-2 for 360 s in a MPSB wet etching system, while the pSi bottom layer was 
etched using a small cell in 3:1 (v:v) HF/ethanol with a current density of 83.3 mA cm-2 
applied for180 s. 

 

The site-specific dye labeling process of the TCpSi-THCpSi double layer is described in 

Figure 5.10b. First, the hydrogen-terminated THCpSi bottom layer was functionalized with 

COOH groups via hydrosilylation with undecylenic acid.56 Second, prior to proceed with 

silanization of the TCpSi top layer, the TCpSi-THCpSi double layer is treated with HF and 

dried at 65°C. While the COOH-terminated THCpSi bottom layer has the ability to resist HF, 

HF etching of the TCpSi top layer introduces stable OH groups.46 The TCpSi surface was 

natively covered with a thin oxide layer, and thus hydroxylation occurs on SiC upon exposure 

to HF due to the inability to totally remove the surface oxides, especially the silicon oxide layer 

that was back-bonded to the carbon atoms.45 Third, the hydroxylated TCpSi top layer was 

functionalized with APTES. Next, the COOH-terminated THCpSi bottom layer is modified 



134 
 

with NH2-terminated Cy5 via carbodiimide coupling. Finally, the NH2-terminated TCpSi top 

layer is modified with FITC. 

5.3.6 Electrochemical performance of TCpSi-THCpSi double layer 

The electrochemical properties of the TCpSi-THCpSi double layer nanostructure were 

investigated via CV in the presence of [Fe(CN)6]3-/4- (Figure 5.12). The [Fe(CN)6]3-/4- redox 

system, extensively used in the electrochemical characterization of sp2 carbon materials (e.g. 

graphite and glassy carbon), was chosen because it behaves as a quasi-reversible redox system 

on carbon electrodes.70 The TCpSi-THCpSi double layer structure shows good performance as 

electrochemical transducer to evaluate redox events in the range from -0.2 to 0.6 V vs Ag/AgCl, 

as shown by the high oxidation and reduction peak currents and small peak-to-peak potential 

difference (ΔEp = |Eox - Ered|) obtained in a 2 mM [Fe(CN)6]3-/4- solution (Figure 5.12a). The 

ΔEp value of 108 mV is close to the expected theoretical value of 59 mV at 25 °C for a 

reversible one-electron transfer reaction, representing a quasi-reversible electron-transfer 

system.71-72 This is further supported by the ratio of peak current (|Ip(Ox)|/|Ip(Re)|=1.03, Table 

5.1), indicating that the stabilized TCpSi-THCpSi double layer nanostructure possesses the 

required surface and electronic properties to allow rapid electron transfer. The stability was 

also studied by recording the Ip(Ox) and Ip(Re) values over time, showing a stable response 

with a relative standard deviation of 5.0% (Figure 5.12b). Moreover, Ip(Ox) and Ip(Re) 

increase linearly with the square root of scan rate ν1/2 (Figure 5.12c-d), showing that the 

reaction is controlled by the semi-infinite linear diffusion.73  



135 
 

 

Figure 5.12 Electrochemical characterization of the TCpSi-THCpSi double layer 
nanostructure in a 2 mM [Fe(CN)6]3-/4- solution. (a) Cyclic voltammograms (1st, 2nd, 23rd and 
24th) obtained by sweeping the potential from -0.2 to 0.6 V vs Ag/AgCl at a scan rate of 0.1 V 
s-1; (b) Oxidation (ip(Ox)) and reduction (ip(Re)) current intensity values vs time from cyclic 
voltammograms obtained under the same conditions as (a); (c) Cyclic voltammograms 
obtained by sweeping the potential from -0.2 to 0.6 V vs Ag/AgCl at scan rates ranging from 
0.02 to 0.12 V s-1; (d) Plot of ip(Ox) and ip(Re) extracted from the cyclic voltammograms in 
(c) vs ν1/2.  

 

Table 5.1 Summary of peak current (Ip(Ox) and Ip(Re)) extracted from the cyclic 
voltammograms obtained using TCpSi-THCpSi double layer structures in a 2 mM 
[Fe(CN)6]3-/4- solution, by sweeping the potential from -0.2 to 0.6 V vs Ag/AgCl at various 
scan rates. 
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5.3.7 DNA detection using TCpSi-THCpSi double layer-based voltammetric sensor 

To demonstrate the suitability to use TCpSi-THCpSi double layer structures as electrochemical 

biosensing platforms, a label-free voltammetric DNA sensor was developed. The TCpSi top 

layer with large pores (27 ± 9 nm diameter) was selectively functionalized with a ssDNA probe 

while the THCpSi bottom layer with small pores (6 ± 3 nm diameter) acted as electrochemical 

transducer to convert the hybridization event confined in the top layer into an output current 

signal via DPV measurements. The sensing mechanism based on nanochannel blockage for 

label-free detection of ssDNA is shown in Figure 5.13.  

 

Figure 5.13 Schematic of the sensing mechanism of the designed voltammetric DNA sensor 
using a TCpSi-THCpSi double layer nanostructure.  
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When the target ssDNA hybridizes the ssDNA probe immobilized at the TCpSi top layer, 

partial blockage of the top layer nanochannels was induced. This partial nanochannel blockage 

hinders the diffusion of redox species such as [Fe(CN)6]3-/4- towards the transducer surface, 

resulting in a decrease in the intensity of peak current monitored by DPV. Peak current changes 

obtained from differential pulse voltammograms acquired prior and after hybridization were 

normalized as follows:  

𝛥𝛥𝑖𝑖 = (𝑖𝑖°− 𝑖𝑖)/𝑖𝑖°                                                                                               (5.2) 

where t is the normalized current change, i° is the peak current value after 15 min-incubation 

in buffer solution, and i is the peak current value after 15 min-incubation in ssDNA target 

solutions at different concentrations, both i° and i extracted from the differential pulse 

voltammograms obtained in a 2 mM [Fe(CN)6]3-/4- solution. A control sensor was also prepared 

using a random sequence of ssDNA as probe. 

The normalized Δi is plotted as the function of Log [ssDNA] to determine the analytical 

performance of the DNA sensor (Figure 5.14). The Δi indeed exhibits a linear relationship over 

the target ssDNA concentration range from 1 to 1000 pM for the three tested structures. Control 

sensors (hollow symbols) show nearly no electrochemical response compared to the 

corresponding specific DNA sensors (solid symbols). As shown in Figure 5.14, the transducer 

thickness (i.e. THCpSi bottom layer) has an effect on the sensitivity of the designed DNA 

sensor. The structure with the thinnest THCpSi bottom layer tested (0.8 µm) shows the highest 

sensitivity.  
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Figure 5.14 Dose response curves for the detection of a 28 base ssDNA in tris buffer using 
TCpSi-THCpSi double layer-based sensors prepared with either specific ssDNA probes (solid 
symbols) or non-specific ssDNA probes as controls (hollow symbols). Data are shown as mean 
of normalized current intensity ± standard deviation, n= 3. DPV measurements were performed 
in a 2 mM [Fe(CN)6]3-/4- solution in 10 mM PBS, pH 7.4. Inset: Cross-sectional SEM images 
of the double layer; TCpSi top layer with an average pore size of 27 ± 9 nm, and 1.6 µm in 
depth; THCpSi bottom transducer layer with an average pore size of 6 ± 3 nm, and various 
depths (a) 0.8 µm, (b) 2.4 µm and (c) 4.8 µm.  
 
 
The LOD is defined as the concentration corresponding to a signal equal to the average value 

of 𝛥𝛥𝑖𝑖 plus three times of SD in blank buffer. A LOD was calculated using the equation yb + 

3*SD, where yb is the value for the blank (normalized 𝛥𝛥𝑖𝑖 in buffer) and SD is the associated 

standard deviation (n = 3). The LOD are 0.4, 1.6 and 2.8 pM for the TCpSi-THCpSi double 

layer nanostructured DNA sensors featuring 0.8, 2.4 and 4.8 µm transducer thickness, 

respectively. The developed pSi double layer-based DNA sensor demonstrates the sensitive 

detection of a 28 nucleotide DNA sequence, with a LOD as low as 0.4 pM, showing two orders 

of magnitude enhancement compared to the best LOD (50 pM)74 achieved for a previously 
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reported pSi-based electrochemical DNA sensor that exploits pSi’s semiconductor 

characteristics. The DNA sensor reported by Lugo et al. used oxidized pSi as the 

immobilization platform of a DNA capture probe complementary to the target DNA.74 Taking 

advantage of pSi capability to modulate its electrical conductivity, DNA hybridization was 

monitored via the oxidation of guanine using ruthenium bipyridine [Ru(bpy)3]2+ as redox 

indicator.  

5.4. Conclusion 

In summary, this work demonstrates for the first time the design and fabrication of a carbon-

stabilized pSi double layer nanostructure featuring fine-tuned hydrophilicity and layer-specific 

functionalization to facilitate further fit-for-purpose modification. Along with retaining the 

unique physical features derived from pSi, the carbon-stabilized TCpSi-THCpSi double layer 

nanostructures possess controllable surface functionalities and fast electron transfer kinetics 

suitable to harness them as both biointerface and electrochemical transducer. Their use to 

design novel highly performing biosensors is demonstrated by the developed TCpSi-THCpSi 

double layer-based voltammetric DNA sensor, showing a LOD of 0.4 pM in buffer, two orders 

of magnitude lower than the best performing previously reported pSi-based electrochemical 

DNA sensors. The user-definable controllability in nanostructural morphology and surface 

chemistry of this unique combination of carbon and pSi allows new applications of the pSi 

nanostructures as, but not limited to, sensing platforms.   
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Chapter 6. Uniform gold-porous silicon composite nanochannel arrays 

controllably engineered by metal-assisted chemical etching (MACE) and 

their electrochemical properties 

6.1 Introduction 

Nowadays the emerging fields of nanoscience and nanotechnology are inextricably linked to 

chemistry, physics, materials science, electrical engineering and bionanotechnology. There is 

no doubt that nanoscience and nanotechnology have catalyzed a wide range of strongly 

interdisciplinary research interests in science. Especially, composite nanostructures combining 

the advantages from different nanomaterials have recently received increasing attention.  

Vertically aligned pSi nanochannel arrays are a promising platform for biological applications 

(e.g. biosensing, drug delivery) that provides extensive tailoring of its structural properties 

(nanochannel diameter and depth), high surface area, biocompatibility, and potential 

integration with silicon technology.1-5 However, not only the traditional pSi fabrication via 

electrochemical anodization, but also the method based on backside illumination of n-type 

silicon, are limited to the formation of branched nanochannels with diameters that can only be 

controlled below 100 nm.6 As a powerful alternative, template-based MACE is a simple and 

low-cost way for the controllable fabrication of uniform ordered pSi nanostructures with 

adjustable nanochannel size, depth and density, and without the limitation of doping type and 

level of Si.7-9 The final morphology of pSi nanostructures is defined by the pattern of the metal 

catalyst because the silicon underneath is etched much faster by HF than the non-coated Si.10 

Instead of electrical bias, the reduction of the oxidant (e.g. H2O2) catalyzed by the noble metal 

surface is the power supply action.7 The holes generated from the reduction are injected into 

the silicon surface, which is specifically oxidized and then dissolved at the Si-metal interface 

by HF. The template can be easily produced by means of colloidal lithography, using readily 

available polymeric nano- or micro-particles (e.g. polystyrene spheres (PS)). Accurate control 
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of the initial template is key to define the features of the resulting pSi nanostructures such as 

nanochannel diameter and density. In this sense, oxygen plasma etching by deep reactive-ion 

etching (DRIE) is shown as a powerful tool to control these parameters by easily reducing the 

size of the colloidal spheres in a smooth, isotropic way without changing their spherical shape. 

Furthermore, argon inductively coupled plasma (ICP) DRIE can easily etch the gold layer in a 

few seconds. 

Metallic gold nanostructures either as nanoparticles, nanorods or nanofilms, have also attracted 

growing attention due to their chemical stability, tunable surface chemistry and other unique 

properties in photonics, electronics and catalysis.11-13 Apart from being one of the most 

electronegative noble metals, gold is also a very good conductor of heat and electricity.14 The 

natural affinity between gold and sulfur allows self-assembling of ordered monolayers of a 

wide range of organic molecules containing thiol groups. Additionally, gold films less than 50 

nm in thickness have nanoscale properties not present in bulk gold.15 For instance, such thin 

films are moderately transparent to visible light, yet reasonably reflective in the near infra-red. 

All these properties make gold nanostructures ideally suited for a versatile platform in 

bionanotechnology, including either flexible electrodes with high transparency and metallic 

conductivity or optical probes for detection of pathogens or proteins, DNA analyses and 

targeted drug delivery.15-18 

The only example of Au-pSi composite nanochannel arrays was reported by Brodoceanu and 

coworkers.6 The method to etch the gold reported before relied on sputter etching, where the 

sample mounted onto a copper holder by means of carbon tape acted as the target. Therefore, 

the first limitation of the previously reported work is that the useful area of sample is only 5 

mm in width due to the magnetic field of the magnetron sputtering system. Another limitation 

is related to the gradient of diameters of the gold disc arrays obtained after sputter etching. The 
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last limitation comes from the unavoidable contamination caused by the metallic holder used 

for sputter etching and the carbon tape used to fix the sample. Here, large areas (around 5 cm 

⨉ 5 cm) of homogeneous and uniform Au-pSi composite nanochannel arrays, free from any 

contaminant that might be introduced during the fabrication process, were developed for the 

first time using MACE combined with colloidal lithography and controlled DRIE. This simple 

and low-cost fabrication process provides the ability to tune the dimensions and density of 

ordered Au-pSi composite nanochannel arrays. Straight and highly uniform silicon channel 

arrays, ranging from 100 nm to several µm in diameter, with flat gold discs at the bottom were 

produced. The diameter, depth and density of nanochannels were well controlled by selecting 

the proper template size and etching time. To improve the chemical stability, the nanochannel 

arrays were thermally hydrocarbonized, producing a thin carbon layer on their surface. Apart 

from passivating the surface against degradation, the carbon layer introduced via thermal 

hydrocarbonization of pSi (THCpSi) allowed further surface functionalisation to facilitate 

subsequent binding of specific recognition biomolecules (e.g. antibody).19-22 The excellent 

control of the dimensions of the Au-THCpSi composite nanochannel arrays, and the high 

uniformity they feature, were exploited to use these platforms for electrochemical biosensing 

purposes. 

6.2 Experimental section 

Materials: P-type silicon wafers with different resistivity 0.01-0.02 Ω cm, 3-6 Ω cm and 10-

20 Ω cm, n-type silicon wafers with 0.008-0.02 Ω cm resistivity (100)-oriented were purchased 

from Siltronix (France). Polystyrene spheres (PS) were purchased from Polysciences, Inc. 

Sulphuric acid (H2SO4) (98%, AR grade) and hydrogen peroxide (H2O2) (30%, AR grade) were 

purchased from J.T.Baker (Australia). Hydrofluoric acid (HF) (48%, AR grade) was purchased 

from Scharlau (Australia). Potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 

(K3[Fe(CN)6]), undecylenic acid, N-hydroxysuccinimide (NHS), N(3-dimethylaminopropyl) 
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N-ethylcarbodiimide hydrochloride (EDC), phosphate buffered saline (PBS) tablets and 2-(N-

morpholino)-ethanesulfonic acid (MES) were purchased from Sigma-Aldrich (Australia). 

Monoclonal antibody (produced in mouse) against MS2 bacteriophage was purchased from 

Tetracore (USA).  

Apparatus: The gold layer was sputtered using an AC/DC sputtering system (Intlvac 

Nanochrome) in direct current power supplies. The process of oxygen plasma treatment to 

reduce the PS size and the argon etching were performed with a Plasmalab100 ICP380. 

Scanning electron microscopy (SEM) images were obtained with a FEI NovaNano SEM 430 

at an accelerating voltage of 10 kV. Fourier transform infrared spectroscopy (FTIR) was 

performed with a Bruker Hyperion 100 microscope (Bruker Optics, Germany) coupled to a 

liquid nitrogen cooled mercury–cadmium-tellurite detector, in reflectance mode. 

Electrochemical measurements were carried out on an electrochemical analyzer (CH 

Instruments, model 600D series, USA) using a three-electrode Teflon cell containing the 

silicon chip on an aluminum film as the working electrode, Ag/AgCl reference electrode and a 

platinum wire counter electrode. 

Fabrication of Au-pSi composite arrays: Firstly, the silicon substrates were cleaned with 

Piranha solution, a 3:1 mixture of H2SO4 and H2O2 (v:v), for 15 min at room temperature, 

followed by washing with MilliQ water and drying with N2 gas stream. Secondly, a 30 nm gold 

layer was sputtered onto the surface of silicon using an AC/DC sputtering system  in direct 

current power supplies at DC 100 W for 80 s. Thirdly, a monolayer of PS with diameters of 

0.5 µm, 1 µm and 2 µm, was convectively assembled onto the gold-coated silicon surface using 

a setup described by Velev.23 In order to have a hydrophilic surface for the convective assembly 

of PS monolayer, the gold-coated silicon was pretreated by oxygen plasma for 30 s. The size 

of PS was reduced properly by oxygen plasma (RF 10 W, ICP RF 500 W, oxygen flow 100 
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sccm) for a certain time using DRIE. Fourthly, the sputter etching process was conducted using 

DRIE with argon plasma (RF 100 W, ICP RF 1000 W, argon flow 50 sccm) for 40 s. Finally, 

the partially etched PS were removed by sonication in water, and the substrate was exposed to 

an aqueous etchant solution containing 4.8 M HF, 0.1 M H2O2 for a certain period of time. The 

Au-pSi composite nanochannel arrays were rinsed with MilliQ water then dried with a N2 gas 

stream and stored in a desiccator.  

Thermal hydrocarbonization of the silicon surface (Au-THCpSi): The silicon surface of the 

freshly etched Au-pSi composite substrates was thermally hydrocarbonized to improve its 

stability and conductivity using an acetylene-based process previously described by Salonen et 

al.24-25 Briefly, the freshly etched pSi was placed into a quartz tube under N2 flow at 2 L min-1 

for 45 min at room temperature to remove oxygen and adsorbed moisture. A 1:1 N2-acetylene 

mixture flow was introduced into the tube at room temperature for 15 min after the purging 

step, then the quartz tube was placed into a preheated tube furnace at 525 °C for another 15 

min under the continuous mixture flow. Finally, the tube was allowed to cool down back to 

room temperature under N2 flow. 

Gold surface activation: The Au-THCpSi composite arrays were fitted into an electrochemical 

cell as the working electrode, while a Pt wire and Ag/AgCl electrodes were used as counter 

and reference. The gold surface of the discs at the bottom of the nanochannels was 

electrochemically activated by cycling the potential from -0.2 to 1.6 V at a scan rate of 0.1V/s 

in 0.5 M H2SO4.  

Covalent immobilization of antibody onto THCpSi surface: Firstly, COOH groups were 

introduced on the THCpSi surface by hydrosilylation with undecylenic acid. The substrates 

were immersed in pure undecylenic acid at 150 °C for 10 h under inert atmosphere (N2). After 

cooling down to room temperature, the samples were rinsed with absolute ethanol and were 
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dried at 80 °C for 1 h. Secondly, the COOH groups were activated by incubating the 

functionalised substrates in 10 mg/mL EDC and 15 mg/mL NHS in 0.1 M MES buffer, pH 5.5, 

at room temperature for 30 min, to produce a succinimidyl ester group. Thirdly, immediately 

after carbodiimide activation, 25 µg/mL monoclonal antibody anti-MS2 in 10 mM PBS was 

added and incubated overnight at 4°C.  

6.3 Results and discussion 

6.3.1 Fabrication process of Au-pSi composite nanochannels by MACE 

Figure 6.1 presents the schematic of the four key fabrication steps to generate Au-pSi 

composite nanochannel arrays using MACE combined with colloidal lithography and 

controlled reactive ion etching. Firstly, the PS monolayer was convectively assembled onto the 

surface of a Au-coated silicon substrate (Figure 6.1a) and the size of the PS was reduced by 

oxygen plasma. Secondly, the exposed gold layer around the beads was removed by using 

DRIE with argon plasma for a certain period of time (Figure 6.1b). Thirdly, these partially 

etched PS were easily removed by sonication in a water bath. Dense arrays of gold discs with 

smooth edges and high uniformity were left on the silicon substrate (Figure 6.1c). Finally, 

straight and highly uniform Au-pSi composite nanochannel arrays were generated by using an 

aqueous etchant solution containing HF and H2O2 (Figure 6.1d). Each step of the fabrication 

process was assessed by SEM. Figure 6.1e-h show the corresponding SEM images.  
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Figure 6.1 Schematic of the Au-pSi composite nanochannels fabrication process (a-d) and 
corresponding SEM images (e-h). 

 

6.3.2 Control of the size of PS mask by O2 plasma 

Controlling the diameter of the gold discs is a key step in the fabrication process of Au-pSi 

composite nanochannel arrays, because it finally determines the diameter of the nanochannels. 

The application of oxygen plasma treatment during different periods of time, followed by a 

fixed gold etching process, was explored to reduce the size of PS in a smooth, isotropic way 

without changing their spherical shape. Three different sizes of PS were selected as the original 

mask: 0.5 µm, 1 µm and 2 µm, providing a range of nanochannel diameters summarized in 

Table 6.1. The diameter of the 0.5 µm PS was reduced to 410 nm, 380 nm, 200 nm and 120 

nm after oxygen plasma treatment for 20 s, 28 s, 45 s and 55 s, respectively (Figure 6.2). For 

an original mask prepared with 1 µm PS, the diameter of the PS was reduced to 800 nm and 

350 nm after oxygen plasma treatment for 60 s and 195 s, respectively (Figure 6.3). Finally, 2 

µm PS were reduced to 1.4 µm and 1.1 µm after 240 s and 360 s of oxygen plasma treatment, 

respectively (Figure 6.4). 
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Table 6.1 Final PS diameter depending on the time of oxygen plasma treatment 
followed by a fixed gold etching process. 

  

 

Figure 6.2 SEM images of oxygen plasma-treated 0.5 µm PS with subsequent gold etching 
process. PS diameter was reduced to (a) 410 nm, (b) 380 nm, (c) 200 nm and (d) 120 nm after 
oxygen plasma treatment for 20, 28, 45 and 55 s, respectively. 
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Figure 6.3 SEM images of oxygen plasma-treated 1 µm PS with subsequent gold etching 
process. PS diameter was reduced to (a) 800 nm and (b) 350 nm after oxygen plasma 
treatment for 60 and 195 s, respectively. 

 

 

 

Figure 6.4 SEM images of oxygen plasma-treated 2 µm PS with subsequent gold etching 
process. PS diameter was reduced to (a) 1.4 µm and (b) 1.1 µm after oxygen plasma 
treatment for 240 and 360 s, respectively. 

 

6.3.3 Argon plasma etching of exposed gold layer via DRIE 

SEM was used to provide further details of the gold etching process. Figure 6.5 presents each 

step of the fabrication process before wet etching using a 0.5 µm PS mask. The diameter of the 
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PS was reduced to approximately 410 nm by applying oxygen plasma treatment for 20 s 

(Figure 6.5a). The sputter etching process using argon plasma successfully removed the 

exposed gold around the PS mask as shown by the top and 45° titled SEM images in Figure 

6.5b-c. These images clearly show the silicon substrate, gold discs and PS on top of the gold 

discs. The PS mask was removed by sonication in a water bath. Arrays of flat gold discs with 

smooth edges are depicted in the top view SEM image shown in Figure 6.5d. 

 

Figure 6.5 SEM images at each step of the fabrication process before wet etching using a 0.5 
µm PS mask: (a) PS reduction after 20 s of oxygen plasma treatment; (b) top and (c) 45° 
titled view after the gold etching process; (d) array of flat gold discs on top of a silicon 
substrate. 
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6.3.4 Diameter, depth and density control of Au-pSi composite nanochannels 

6.3.4.1 Diameter and depth control of Au-pSi composite nanochannels 

On the one hand, by choosing a proper size of PS and shrinking them as required, both size and 

density of the Au-pSi composite nanochannels can easily be controlled. On the other hand, the 

depth of the Au-pSi nanochannels is controlled by the time of wet etching. Figure 6.6a-c show 

arrays of Au-pSi composite nanochannels with various diameters: 100 nm, 350 nm and 750 

nm. The arrays with nanochannels of 100 nm and 350 nm in diameter were prepared by using 

the 0.5 µm PS mask. The nanochannels with a diameter of 750 nm were fabricated using the 1 

µm PS mask. Prior to the argon inductively coupled plasma etching of the gold layer, oxygen 

plasma was applied for a certain period of time to reduce the size of the PS mask and thus 

achieve the desired nanochannel diameter as shown in Table 6.1. Figure 6.6d-f show the titled 

45° SEM cross-sectional view of the Au-pSi composite nanochannels with a diameter of 350 

nm but with different depths. The nanochannel depth can be easily controlled by the MACE 

processing time: 2 min, 6 min and 10 min produce nanochannels with a depth of 450 nm, 1.1 

µm and 1.8 µm, respectively. 

 

Figure 6.6 SEM images of Au-pSi composite nanochannel arrays: top view with various 
diameters (a) 100 nm, (b) 280 nm, (c) 750 nm; 45° titled view with various thicknesses (d) 
450 nm, (e) 1.1 µm and (f) 1.8 µm. 



160 
 

6.3.4.2 Density control of Au-pSi composite nanochannels 

Apart from the well-controlled diameter and depth, Figure 6.7. depicts the possibility to control  

the density of the Au-pSi composite nanochannels using 0.5 µm and 1 µm PS masks. Au-pSi 

composite nanochannels with similar diameter, around 350 nm, but with different nanochannel 

densities were characterised by SEM images of the top (Figure 6.7a-b) and 45° titled (Figure 

6.7c-d) views. In order to fabricate arrays with a nanochannel diameter of 350 nm but with 

different nanochannel density, two PS sizes (0.5 µm and 1 µm) were used as the original mask. 

Prior to the etching process of the exposed gold, proper oxygen plasma treatment was applied 

to reduce the size of the mask features (spheres) and to increase the space between them. The 

0.5 µm and 1 µm PS masks were oxygen plasma treated for 30 s and 2 min, respectively. 

 

Figure 6.7 SEM images of Au-pSi composite nanochannel arrays with different nanochannel 
density. Top (a, b) and 45° titled (c, d) view of Au-pSi samples prepared using (a, c) a 0.5 µm 
and (b, d) a 1 µm PS mask. 
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6.3.5 Au-pSi composite nanochannels fabricated from different types of silicon wafer 

Using this method to fabricate Au-pSi composite nanochannel arrays, there is no limitation in 

the doping levels and doping types of silicon wafers. p-type silicon wafers with a range of 

resistivity, including 0.01-0.02, 3-6 and 10-20 Ω cm, and n-type silicon wafers with a resistivity 

of 0.008-0.02 Ω cm were successfully used to fabricate Au-pSi nanochannel arrays (Figure 

6.8). This pSi fabrication method outperforms the capabilities of the well-known and 

commonly used electrochemical etching. Unlike electrochemical etching, MACE allows fine 

tuning of the nanochannel diameter, in a wide range of sizes and density. Particularly, MACE 

allows us to fabricate pSi nanostructures using n-type silicon wafers without the additional 

backside illumination, which is necessary for n-type silicon electrochemical etching. 

 

 

Figure 6.8 SEM images of Au-pSi composite nanochannel arrays derived from various types 
of silicon wafers: (a) p-type 0.01-0.02 Ω cm, (b) p-type 3-6 Ω cm, (c) p-type 10-20 Ω cm, and 
(d) n-type 0.008-0.02 Ω cm. 
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6.3.6 Carbon stabilization of the silicon surface of Au-pSi composite nanochannels 

The freshly etched silicon surface of Au-pSi composite nanochannel arrays is terminated 

primarily with hydride species, which are highly reactive and prone to oxidation both in water 

and air.26 To increase the arrays stability, thermal hydrocarbonization (THC) was used, 

providing in situ coating of the surface with a very thin carbon layer. The surface chemistry of 

THCpSi has been discussed in Chapter 3.  

6.3.7 Electrochemical properties of Au-THCpSi composite nanochannels 

The main novelty of this work comes from the feasibility to use the developed Au-THCpSi 

composite nanochannel arrays as electrochemical biosensing platforms. Once demonstrated the 

ability to modify the Au-THCpSi composite nanochannel arrays surface, the electrochemical 

properties of the arrays were assessed. Prior to their electrochemical characterization, the Au-

THCpSi substrates were checked by 45° titled SEM (insert of Figure 6.9a). A thorough visual 

comparison of the Au-THCpSi and the non-carbonised Au-pSi, demonstrates no changes in 

their physical features. Of particular interest for the subsequent electrochemical 

characterization is the fact that the gold discs remain flat and kept the same circle shape. Prior 

to their electrochemical characterization, the surface of the gold discs was activated by cycling 

the potential between -0.2 V and 1.6 V vs Ag/AgCl at 0.1 V/s in 0.5 M H2SO4. After 20 cycles, 

a complete removal of the oxide layer is achieved, as shown by the stability reached by the 

specific peak at -0.9 V vs Ag/AgCl (Figure 6.9a). Then a systematic study of the 

electrochemical response of Au-THCpSi composite nanochannel arrays used as working 

electrode was performed in the presence of [Fe(CN)6]3-/4-. The [Fe(CN)6]3-/4- redox system was 

selected because it is a quasi-reversible redox system commonly used for electrochemical 

characterization purposes.27 Figure 6.9b presents the electrochemical performance of the Au-

THCpSi composite nanochannel arrays electrode when undergoing cyclic voltammetry in 
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[Fe(CN)6]3−/4-, scanning the potential between -0.2 V and 0.6 V vs Ag/AgCl, at a scan rate of 

0.1 V/s. The ratio of |Ip(Ox)|/|Ip(Re)|≈1 and the ΔEp= 170 mV suggest that the Au-THCpSi-

based electrode possesses the required surface structure and electronic properties to allow 

efficient electron transfer. Moreover, CV measurements over a 60 h-period show 8 % changes 

in oxidation and reduction currents, proving the excellent stability of the platform. The CV 

response at different scan rates, ranging from -0.02 to 0.10 V/s, was recorded (Figure 6.9c). 

Both oxidation and reduction current values increase linearly with the square root of the scan 

rate (ν) (Figure 6.9d) suggesting that the reaction is controlled by the semi-infinite linear 

diffusion.28 The linear regression equations are: I(Ox) = 0.013 + 0.224* ν1/2 with correlation 

coefficient R2=0.979, and I(Re) = -0.014 - 0.225* ν1/2 with correlation coefficient R2=0.979 

(Figure 6.9d). The good linear fitting of the plots I vs ν1/2 indicates fast electron transfer on 

the electrode surface. The fast heterogeneous electron transfer kinetics between the electrolyte 

and the electrode is provided by the combination of the excellent electronic properties of the 

carbon layer, the good structural properties of the Au-THCpSi nanochannel arrays, featuring 

high surface area, and the excellent conductivity of gold. 
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Figure 6.9 (a) Gold surface activation of the gold discs present at the bottom of the Au-
THCpSi nanochannel arrays by running cyclic voltammetry in 0.5 M H2SO4; (insert) 45° 
titled SEM image of Au-THCpSi nanochannel array. (b) Cyclic voltammograms at 0.1 V/s 
scan rate, in 2 mM [Fe(CN)6]3-/4- in 10 mM PBS, over a period of 60 h, using the Au-THCpSi 
composite array as working electrode. (c) Cyclic voltammograms at various scan rates 
ranging from 0.02 to 0.10 V/s, in 2 mM [Fe(CN)6]3-/4- in 10 mM PBS, using the Au-THCpSi 
composite array as working electrode, and (d) corresponding plots of oxidation and reduction 
current vs the square root of the scan rate. 

 

6.3.8 Surface functionalization of the silicon surface of Au-pSi composite nanochannels 

The thermally hydrocarbonized pSi (THCpSi) surface of the Au-THCpSi composite 

nanochannel arrays was selectively modified with a monoclonal antibody against MS2 

bacteriophage antibody. Figure 6.10 presents the reflectance mode FTIR spectra of the Au-pSi 

surface at each step of modification: thermal hydrocarbonization (THC), thermal 

hydrosilylation with undecylenic acid, EDC/NHS activation of the carboxylic group and 

antibody immobilization. The freshly etched pSi displays bands characteristic of Si-H and Si-

H2 stretching vibrations at 2087 and 2114 cm-1, and a band associated with Si-H deformation 



165 
 

mode at 905 cm-1.29 Compared to freshly etched pSi, Au-THCpSi does not show the featured 

bands of Si-H, while new bands are shown associated to stretching vibrations of saturated C-

H at 1436, 2850 and 2920 cm-1, CH3 symmetric deformation mode of Si-CH3 at 1250-1260 cm-

1 and stretching vibrations of Si-C at 750-800 cm-1 (Figure 6.10a).30-31 The FTIR spectrum of 

Au-THCpSi after thermal hydrosilylation with pure undecylenic acid is displayed in Figure 

6.10b). Apart from the feature bands of THCpSi, the C=O stretching vibrational mode at 1714 

cm-1 suggests successful grafting of undecylenic acid to the THCpSi surface of the Au-THCpSi 

composite nanochannels arrays. Prior to the immobilization of the antibody, the COOH-

terminated THCpSi surface was activated by EDC/NHS reaction to generate succinimidyl ester 

groups. Even though there is no obvious change after the activation step (Figure 6.10c),  

subsequent incubation with MS2 antibody, led to two new peaks, corresponding to peptide 

C=O stretching (amide I) at 1650 cm-1 and peptide N-H stretching (amide II) at 1550 cm-1, 

indicating the successful immobilization of the antibody (Figure 6.10d).  

 

 



166 
 

Figure 6.10 Reflectance mode FTIR spectra of the Au-pSi composite nanochannel arrays 
after (a) THC, (b) thermal hydrosilylation with undecylenic acid, (c) EDC/NHS activation, 
and (d) antibody immobilization. 

 

6.4 Conclusion 

Uniform Au-pSi composite nanochannel arrays were fabricated using MACE combined with 

colloidal lithography and controlled DRIE. This simple fabrication process provides the ability 

to tune the pore dimensions and density of ordered Au-pSi composite nanochannel arrays. 

Straight and highly uniform channel arrays in Si, ranging from 100 nm to several µm in 

diameter, with flat gold discs at the bottom were produced. The depth and density of 

nanochannel arrays were well controlled by selecting the proper template size and etching time. 

To improve the chemical stability of the nanochannel arrays, the pSi surface was carbon-

stabilized via thermal decomposition of acetylene to form Au-THCpSi, introducing a thin 

carbon coating. Apart from the capability of surface passivation provided by the carbon layer, 

Au-THCpSi offered excellent electrochemical performance as shown by its fast electon-

transfer kinetics. The successful covalent immobilization of an antibody on the carbon-

stabilized pSi surface of Au-THCpSi supports its future application as novel electrochemical 

biosensing systems.  
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Chapter 7 Conclusions and future perspectives 

7.1 Conclusions 

In this thesis, the potential to use carbon-stabilized pSi nanostructures as electrochemical 

transducers to design simple, cost-effective, high sensitive and label-free electrochemical 

biosensors was explored. Various pSi nanostructures were fabricated via electrochemical 

anodization, and their pore morphological features (e.g. pore size, depth and porosity) were 

easily adjusted by simply varying the electrochemical anodization parameters (e.g. current 

density, etching time, HF and ethanol ratio). Uniform Au-pSi composite nanochannel arrays 

were also fabricated using MACE combined with colloidal lithography and controlled DRIE. 

The carbon-stabilization process via thermal decomposition of acetylene was employed to 

modify pSi nanostructures, not only rendering pSi suitable for electrochemical biosensing, but 

also providing pSi with high chemical stability, controllable hydrophilicity, and versatile 

surface chemistry. First, the electrochemical performance of carbonized pSi (both THCpSi and 

TCpSi) was systematically studied. The correlation between the chemical composition of the 

carbon layer formed onto the pSi nanostructures and the electrochemical behavior was 

explored. Second, a highly versatile nanostructured TCpSi-THCpSi double layer 

electrochemical biosensing platform was developed. This TCpSi-THCpSi double layer 

platform not only features remarkable geometrical properties such as open pore structure, 

tunable pore size, large available surface area and preserved Fabry-Pérot fringe pattern, but 

also versatile surface chemistry, dual surface functionality, and excellent electrochemical 

properties. Third, various impedimetric and voltammetric biosensors were developed using 

these carbon-stabilized pSi single and double layer nanostructures. These designed 

electrochemical biosensors, based on a nanochannel blockage sensing mechanism, were 

successfully employed for the label-free detection of analytes of interest including MS2 

bacteriophage, ssDNA and E. coli 16S rRNA. With proper choice of the morphological features 
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(i.e. nanochannel diameter and depth) and functionalization strategy of such electrochemical 

sensing platforms, the designed label-free sensors show promising sensing performance with 

high sensitivity and selectivity.  

7.1.1 Porous silicon nanostructures as effective Faradaic electrochemical sensing 

platforms 

The promising electrochemical properties of THCpSi and TCpSi stabilized via thermal 

decomposition of acetylene at two temperatures (525 and 800 °C, respectively) were 

successfully demonstrated. The electrochemical performance of THCpSi and TCpSi was 

systematically studied by CV, CC and EIS, in the presence of three redox species, [Fe(CN)6]3-

/4-, [Ru(NH3)6]2+/3+ and HQ/Q. The results showed a correlation between the chemical 

composition of the carbon layer formed onto the pSi nanostructures and their electrochemical 

behavior. Compared to THCpSi, TCpSi not only presents a more effective charge transfer 

process due to its higher content percentage of Si-C species, but also shows better chemical 

stability to prevent self-oxidation thanks to its increased content percentage of Si-O species. 

The fast electron transfer kinetics and effective surface area of carbon-stabilized pSi are 

comparable to those shown by carbon-based commercial electrodes like SPEs and GCEs, 

without yielding significant double-layer capacitance effect. Apart from providing excellent 

electrochemical performance and stability, the novel electrochemical platform retains the 

unique physical and chemical features of pSi nanostructures such as large surface area, 

convenient surface chemistry and adjustable pore morphology. Proof of principle of applying 

these nanostructures as electrochemical platforms was demonstrated by developing a THCpSi-

based immunosensor for impedimetric detection of MS2 bacteriophage. Changes in Rct of the 

developed immunosensor enabled MS2 bacteriophage detection with a LOD of 4.9 pfu mL-1, 

highlighting the future potential of carbon-stabilized pSi nanostructures as efficient biosensing 

systems. 



173 
 

7.1.2 Rapid and label-free detection of Escherichia coli 16S rRNA using a carbon-

stabilized porous silicon-based voltammetric biosensor 

A robust and highly sensitive voltammetric sensor for the detection of a specific bacterial 

biomarker, E. coli 16S rRNA, was developed. A simple, direct and label-free sensing 

mechanism based on nanochannel blockage was used. Taking advantage of the adjustable 

morphological features of pSi, the excellent electrochemical performance of THCpSi, and the 

enhanced hybridization event confinement into the nanochannels provided by an external Si3N4 

insulating layer, the designed sensors detected the specific bacteria biomarker 16S rRNA with 

high sensitivity, a LOD down to 0.183 pM in buffer, and a short analysis time of 15 min. The 

sensing platform was firstly optimized by detecting a ssDNA sequence complementary to the 

immobilized ssDNA probe. The calculated LOD is 0.002 pM for its detection in buffer. The 

selectivity of the designed DNA sensor was also tested by exposing the sensor to solutions 

containing ssDNA sequences with 1 and 2 base mismatches. The label-free voltammetric 

biosensors prepared with carbon-stabilized pSi show great potential for their use as effective, 

affordable and portable diagnostic tools for infectious diseases. The LOD (0.183 pM) for 16 S 

rRNA detection is six orders of magnitude lower than the LOD (~330 nM) using a thermally 

oxidized pSi-based 16S rRNA sensor reported by Jia and coworkers (Sensors 2017, 17(5), 

1078). The biosensing approach reported by Jia is to exploit fluorescence resonance energy 

transfer between quantum dots (QDs) and gold nanoparticles (AuNPs) through DNA 

hybridization within a pSi Bragg reflector host. This reported biosensor was applied for the 

detection of 16S rRNA based on quenching of the photoluminescence (PL) emission of QDs-

conjugated onto the pSi layer by AuNPs-conjugated complementary 16S rRNA.  
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7.1.3 Designing versatile biosensing platforms using layered carbon-stabilized porous 

silicon nanostructures 

The potential for biosensing purposes of a unique and versatile carbon-stabilized double layer 

nanostructure was further explored. We fabricated a unique and versatile carbon-stabilized pSi 

double layer nanostructure via a two-step electrochemical anodization process. The pore 

morphological features (e.g. pore size, depth and porosity) in each pSi layer were easily 

adjusted by simply varying the electrochemical anodization parameters (e.g. current density, 

etching time, hydrofluoric acid and ethanol ratio) used to fabricate pSi. Furthermore, different 

types of carbon with controllable hydrophilicity and surface chemistry were selectively formed 

in situ onto each porous layer via stepwise thermally decomposition of acetylene gas under 

controllable reaction temperature. Double layer structures with a top layer thermally 

carbonized pSi (TCpSi) @800 °C, and a bottom layer thermally hydrocarbonized pSi (THCpSi) 

@525 °C, were fabricated. The hydrophilic TCpSi top layer features -OH termination upon 

hydrofluoric acid pretreatment, suitable to generate functional surfaces via silanization. The 

hydrophobic THCpSi bottom layer enables further functionalization via hydrosilylation with 

alkenes and alkynes. This TCpSi-THCpSi double layer platform not only features remarkable 

geometrical properties such as open pore structure, tunable pore size, large available surface 

area and preserved Fabry-Pérot fringe pattern, but also versatile surface chemistry, dual surface 

functionality, and excellent electrochemical properties. Electrochemical characterization of the 

TCpSi-THCpSi double layer platforms using CV demonstrated they allow fast electron-

transfer kinetics. The potential of such double layer structures as novel and highly performing 

biosensing platforms was demonstrated by the development of a TCpSi-THCpSi double layer-

based voltammetric DNA sensor. The developed DNA sensor showed a LOD of 0.4 pM in 

buffer, being two orders of magnitude lower than that achieved by previously reported pSi-

based electrochemical DNA sensors. This LOD is four orders of magnitude lower than the best 
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sensing performance for DNA detection reported by Segal’s group (1 nM) using a thermally 

oxidized pSi-based interferometric DNA sensor (Adv. Funct. Mater. 2015, 25: 6725-6732). 

This work reported by Segal and coworkers integrates an oxidized pSi optical biosensor with 

electrokinetic focusing for a highly sensitive label-free detection of nucleic acids. Under proper 

oxidation conditions, the delicate nanostructure of pSi was preserved, while providing 

sufficient dielectric insulation for application of high voltages. Isotachophoresis (ITP), which 

is an electrokinetic technique for concentration and separation of charged analytes, was applied 

on a thermal oxidized pSi Fabry-Pérot interferometer for real-time and on-chip 

preconcentration of a DNA target, allowing for the delivery of a highly concentrated zone of 

ssDNA molecules to the biosensor surface, with a 10000-fold enhancement in local 

concentration. While most ITP assays are labeled, in this work DNA hybridization was realized 

in a label-free format using reflective interferometric Fourier transform spectroscopy (RIFTS), 

and a measured LOD value of 1 nM was demonstrated. 
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7.1.4 Uniform gold-porous silicon composite nanochannel arrays controllably 

engineered by metal-assisted chemical etching (MACE) and their electrochemical 

properties 

Added to the electrochemical anodization method used to fabricate pSi nanostructures, MACE 

was also explored to engineer pSi nanostructures with uniform channel arrays. Uniform Au-

pSi composite nanochannel arrays were developed using MACE combined with colloidal 

lithography and controlled DRIE. Straight and highly uniform pSi channel arrays, ranging from 

100 nm to several µm in diameter, with flat gold discs at the bottom were produced. This 

fabrication process provides the ability to tune the pore dimensions and density of ordered Au-

pSi composite nanochannel arrays. The depth and density of nanochannel arrays were well 

controlled by selecting the proper template size and etching time. Additionally, the silicon 

surface of these Au-pSi composite nanochannels was selectively carbon-stabilized via thermal 

decomposition of acetylene at 525 °C to form Au-THCpSi. Electrochemical characterization 

of these Au-THCpSi platforms using CV demonstrated their excellent electrochemical 

performance, shown by their fast electron-transfer kinetics. Further covalent immobilization of 

bioreceptors (e.g. antibody) on the carbonized pSi surface of Au-THCpSi demonstrated the 

possibility to use these platforms to design novel electrochemical biosensors.  

7.2 Future perspectives 

The work presented in this thesis opens up multiple avenues of research on pSi-based 

electrochemical biosensors. As discussed in detail, carbon-stabilized pSi nanostructures 

working as electrochemical transducers have shown many advantages for electrochemical 

biosensor design. Their adjustable morphological features, excellent electrochemical 

performance, high chemical stability, versatile surface chemistry and capability to be modified 

with suitable bioreceptors, have been well demonstrated. Various electrochemical biosensors 

including an impedimetric MS2 sensor, and a voltammetric DNA/RNA sensor with promising 
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sensing performance have been developed for the detection of analytes of interest in water 

quality control and medical diagnostics.  

Achieving a clinically relevant detection using such carbon-stabilized pSi as electrochemical 

transducer is possible but challenging. Even though as an area that was previously unexplored 

in the field of electrochemical biosensors, further research activities involved with 

miniaturization and portability for such pSi-based electrochemical biosensors can be easily and 

effectively achieved by combining well-established silicon technology. Taking advantage of 

the biocompatibility of carbon-stabilized pSi, there is also a possibility to design wearable or 

implantable integrated devices that are able to monitor biological activities in real time. A 

challenge to tackle in the design of carbon-stabilized pSi platforms for point-of-care medical 

applications is the ability to handle real samples and achieve a clinically relevant level of 

sensitivity. Particularly in complex biological samples, minimization of cross reactivity and 

non-specific binding, enhancement of biosensor and signal stability, and methods for 

sensitivity improvement should continue to be studied.  
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