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Abstract 

Mass sensitive mechanical resonator based biosensors are a promising label free biological sensing 

platform due to the capability for high sensitivity, fast response, accurate and real time 

measurement, integration with traditional electronics and flexible readout techniques. With the 

advancement of top down nano fabrication techniques, the dimensions of mechanical resonators 

scale from the micrometer down to the nanometer scale. Silicon carbonitride (SiCN) 

nanomechanical string resonator biosensors are advantageous in terms of large array integration, 

extremely high sensitivity and potential for multiple targets detection.  

However, there are two bottle-neck issues that have limited this type of biosensors from moving 

out of research labs and using in clinical applications. First, the biological detection sensitivity is 

determined by the mass of the string itself. Traditional methods of reducing the size of the strings 

are limited by lithography. Second, the commonly used surface modification techniques are either 

chemically unstable on SiCN surfaces or biologically incompatible, which causes instability and 

unreliability of the biosensing system. In this work, two novel methods have been proposed and 

implemented to solve these two problems and enhance the performance of this type of biosensors.  

First, a novel type of porous nanostring has been fabricated to reduce the mass of the string while 

avoiding the limitations of electron beam lithography (EBL). A helium ion beam was used to 

perform post-fabrication modification of the nanomechanical resonators. More precisely, arrays of 

pores were milled by ion beam along the length of glassy nanostrings. This post-fabrication method 

has the advantage of flexible and precise control over the dimensions, locations and the numbers 

of the milled patterns while with a high yield. The porous nanostrings had reduced mass and 
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increased surface adsorption area. This method provides an alternative technique to achieve small-

mass string and opens a new route to enhance the detection sensitivity of mechanical resonator 

based biosensors.  

In order to solve the second problem, diazonium salt reduction induced aryl film grafting 

was used, for the first time, on the SiCN nanostrings for bio-functionalization. This 

chemistry provides strong chemical adhesion and long term stability. First, diazonium 

chemistry was used to modify the surface of bare SiCN chip. The strong interfacial 

chemical bonding between the aryl film and SiCN surfaces was verified by X-ray 

photoelectron spectroscopy. Rabbit immunoglobulin G (IgG) sandwich immunoassays, 

with FITC and AuNP labels respectively, were performed on the modified SiCN surfaces. 

Scanning electron microscopic and confocal microscopic inspection of the samples showed 

uniform and dense coverage of the detection target on the samples. After this initial 

verification, the diazonium chemistry was adopted to bio-functionalize SiCN nanostring 

arrays. Anti-rabbit IgG and rabbit IgG were respectively immobilized onto diazonium 

modified nanostrings as probe and target. Immobilization of the probe and target were 

individually successfully observed by the significant downshifts of mechanical resonant 

frequencies of the nanostrings. A high resolution helium ion microscope was used to inspect 

the functionalized nanostrings and further verify the grafting of the analyte molecules on the 

nanostrings. As a proof of concept, diaznonium chemistry was demonstrated to be an 

effective modification method to functionalize SiCN nanostring mechanical resonator for 

its use as biosensor. 

These strategies enhance the detection sensitivity and stability of nanomechanical 

biosensors and potentially pave the way for the clinical applications.  
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Chapter 1 Introduction 

1.1 Motivation for mechanical resonator biosensors 

1.1.1 Biosensors 

Technologies for biological detection play an important and beneficial role in many scientific 

research areas such as disease biomarker detection and monitoring, new drug discovery, and 

molecular recognition [1–7]. It is required for bio-detection technologies to provide rapid, sensitive 

and selective recognition of target analytes [7–10]. Established techniques include enzyme-linked 

immunosorbent assay (ELISA), western blotting, polymerase chain reaction (PCR), and 

fluorescence conjugated reagents. These methods are widely employed and are very efficient for 

biological analysis; however, they all require labels, like fluorescent dyes and enzymes, to identify 

investigated targets. The introduced labels, in some circumstances, are toxic to the biological 

reagents and interfere with the normal biological or chemical processes, which lead to inaccuracy 

of the measured results.  

Label-free detections, on the contrary, do not rely on those labels or tags and keep the natural 

environment unperturbed for the biochemical system. Hence, compared with the traditional 

bioassay techniques, label-free detection offers relatively more accurate and reliable measurement 

results [11,12]. Intensive research has been carried out for developing novel label-free detection 

methods by the biochemistry, medical, and bio-engineering communities in the recent years. 

Current mainstream methods include surface plasmon resonance (SPR) [13–20], surface-enhanced 

Raman scattering (SERS) [21], mass spectroscopy (MS) [22], fiber-optic sensors [23] and mass 
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sensitive sensors such as quartz crystal microbalance (QCM) [24,25], surface acoustic wave 

(SAW) [26] and micromechanical resonators [27–33]. 

1.1.2 MEMS/NEMS resonator biosensors 

Among the various label-free biological detection techniques, micromechanical beam resonators 

based platform particularly excel because of high sensitivity, fast response, accurate and real time 

measurement, compatibility with integrated circuits and flexibility of readout techniques [34–40]. 

One obvious compelling merit of the micromechanical resonator sensors is the relatively shorter 

detection time. The of molecular transmission is fast due to the hemi-cylindrical diffusion. This is 

superior to other type of label-free biosensors. For example, detection time of SPR is longer 

because of the planar diffusion of molecule transport.  

The recent advancements in nanofabrication, especially electron beam lithography, enables the 

dimensions of beams to scale from the micrometer (MEMS) down to the nanometer (NEMS) range 

[31,41–43]. These NEMS resonaotor biosensors have received increased attention due to their 

sensitivity, amenability to large scale integration [35,44–48] and the possibility of multiple target 

detection. Compared to other label-free bio-detection methods, the NEMS resonaotor sensors have 

larger dynamic range, for example, in nM and pM level. Such devices assess the addition or loss 

of bound analytes through monitoring of the change in resonant frequency. The resonant frequency 

shift is proportional to the ratio of the mass of the bound molecule to the mass of the nanostring. 

Decreasing the mass of the strings therefore improves the sensitivity to captured analytes. 

Shrinking the size, especially the width, of the string is an effective approach for lowering the mass 

without altering the physical and mechanical parameters of the sensor system.  
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Multiplexed analysis can be accomplished with arrays of nanostrings by employing different 

molecular probes on devices of different regions, physically isolating the sub-regions, and/or 

taking advantage of different working modes of the devices [11,40,49–51]. Nanostring resonators 

can readily be scaled up to large arrays featuring up to one million devices per square centimetre 

[43]. High-density multiplexed assays could be accomplished by dividing such an array into sub-

arrays with each sub-array targeting a specific analyte. 

1.2 MEMS beam biosensors 

1.2.1 Definition  

A typical micromechanical beam is similar to a bridge or diving board. As shown in Fig. 1.1, there 

are two types of beams. In a double clamped beam, both ends are fixed to the substrate and the 

beam is suspended with a gap to the substrate. In a single clamped cantilever, only one end is 

anchored to the substrate and the other end is free to move. The mechanical behavior of the 

cantilevers changes with the environment conditions, such as mechanical energy, temperature, 

electromagnetic filed etc. The mechanical responses to these factors can then be transduced into 

measurable signals. Depending on the type of the stimuli factors they are designed to detect, 

mechanical cantilever sensors can be characterized as physical, chemical and biological sensors.  

1.2.2 Working mode 

There are typically two working modes for beam sensors: static mode and dynamic mode. Static 

mode refers to the bending or deformation of the cantilever cause by the differential surface stress 

between the two sides of the cantilever when subject to a change in physical, chemical or biological 

parameters. Dynamic mode beam sensors operate through resonance. Specifically, the resonant 
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frequency changes due to changes of the mass of the loaded beam, or of its spring constant. The 

theory of these two working principles is discussed in the following two sub-sections.  

 

(a)                                                               (b) 

Fig. 1.1 Basic beam types: (a) single end anchored; (b) double ends anchored 

 

1.2.2.1 Static deflection 

In a static deflection mode, analytes absorb onto only one side of the cantilever leaving the other 

side of cantilever unchanged, as shown in Fig. 1.2 [37,52,53]. For this purpose, the cantilever is 

either fabricated as a bi-material cantilever or passivated on one side. The differential stress on the 

two sides of cantilever induces a bending curvature of the beam. Theoretical calculations based on 

Stoney’s formula predict the radius of cantilever’s curvature as follows: 
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                                                                                                (1.1) 

where R is the radius of curvature of the bent cantilever, 𝜈 is Poisson’s ratio of the cantilever 

material, E is the Young’s modulus of the material, t is the thickness of the cantilever, δ𝑠 is the 

film stress. Further the cantilever displacement can be calculated as: 

                                                                                          （1.2） 

where Z is the deflection of cantilever and L is the length of the cantilever.  

 

 

Fig. 1.2 Static deflection of cantilever 
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1.2.2.2 Dynamic resonance 

For dynamic resonance calculations, the mechanical system of the suspended beam can be 

approximated as a spring-mass system. The mechanical model of the beam can then be simplified 

as Hook’s law. The effective mass of the beam is determined by the suspended mass of the beam 

as well as the geometry and material of beam. In short,  

                                                                  𝑀e = 𝑛𝑚𝑏                                                     (1.3)                                          

where 𝑀e is the effective mass of the beam, 𝑚𝑏 is the total mass of the beam and 𝑛 stands for a 

geometry-based parameter. In the case of a rectangular beam, 𝑛 = 0.24 [37,53,54]. Then 𝑚0 term 

includes both the concentrated and distributed mass of the suspended beam system. 

The spring constant for a rectangular beam is determined by the material and dimensions of the 

beam and can be expressed as: 

                                                                  𝑘 =
𝐸𝑤𝑡3

4𝑙3                                                       (1.4) 

where 𝑘 stands for the spring constant, 𝐸 is the young’s modulus of the material of the beam and 

𝑤, 𝑡 and 𝑙 stand for the width, thickness, and length of the beam respectively [37]. 

According to the Hook’s law, the resonant frequency can be calculated as follows: 

                                                            𝑓0 =
1

2𝜋
√

𝑘

𝑀e
                                                       (1.5) 
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It is clear from equation 1.5 that variation of the mass or spring constant results in changes in the 

resonant frequency (Fig. 1.3).  

 

Fig. 1.3 Dynamic frequency change of resonant beam 

In the case of biosensors, any adsorption or desorption onto or from the beam result in frequency 

shift. The addition or loss of mass changes the spring constant. Therefore, the change in frequency 

can be estimated by the following equation:      

                                                                ∆𝑓 = −
1

2

∆𝑚

𝑀e
𝑓0                                            (1.6)                     
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1.3 Readout methods 

1.3.1 Optical  

1.3.1.1 Optical lever 

The optical lever technique is a common transduction method for cantilevers which is used to 

measure deflection and frequency in AFM [55,56]. The principle of the optical lever technique for 

the monitoring of cantilever deflection is shown in Fig. 1.4. A laser beam is focused on the tip of 

the cantilever surface. The reflected laser beam is detected by a position sensitive detector (PSD). 

As the cantilever deforms, the reflection angle changes, and the reflected beam spot moves on the 

surface of PSD. Since the position of beam spot corresponds to the output electrical signal, by 

monitoring the output voltage of PSD, the position of light spot and thus the cantilever deflection 

can be calculated [52,53,57]. A resolution of 1 nm or better is achievable by this method [53]. This 

method can also be sued to measure the resonant frequency of a cantilever beam. The measureable 

frequency range is limited to hundreds of kilohertz however, due to the bandwidth of PSD. 

Furthermore, it is obvious that the medium around the cantilever affects the optical properties of 

the technique, which adds complexity to the subsequent data interpretation.  

In most applications using the optical lever technique, only one cantilever is read at a time. Some 

more recent sensor platforms enable the simultaneous readout of multiple cantilevers for 

comparison. One such platform allows an array of eight cantilevers to be analyzed simultaneously 

using one laser. The PSD detects the reflected light from the eight cantilevers because of the 

narrow gap between the cantilevers [58–60]. A commercial version of this platform is currently 

available [61]. Alternatively, a wide laser beam can be used to illuminate all the cantilevers in the 
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array simultaneously while a large CCD camera detects the output from each individual cantilever 

[62–64]. Additionally, to obtain physical and chemical parameters along the full length of a 

cantilever rather than only on the free end, the bending profile of a cantilever can be captured by 

using a scanning laser along the beam [65]. 

 

 

Fig. 1.4 Principle of optical lever for detection of cantilever deflection 

 

1.3.1.2 Laser Doppler vibrometery  

The operating principle of LDV is based on the Doppler effect and interferometry. As shown in 

the Fig. 1.7, a laser beam is first divided into two paths, the reference beam and the measurement 

beam, by beam splitter 1. The reference beam is directed to the photodetector by a mirror and beam 

splitter 3. The measurement beam is focused by a lens onto the beam surface from which it is 
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reflected. The oscillation of the beam causes a Doppler effect in the reflected wave. The Doppler 

frequency and phase of the measurement beam is then determined by the velocity and displacement 

of the oscillation of the beam as shown in Equation 1.7. 

                                                               𝑓𝑑 = 2
𝑣(𝑡)𝑐𝑜𝑠(𝛼)

𝜆
                                          (1.7)                

where 𝑓𝑑  is the Doppler frequency, 𝑣(𝑡)  stands for the velocity of the beam movement as a 

function of time, 𝜆 is the wavelength of the laser light and 𝛼 stands for the angle between the 

measurement beam and the direction of beam movement. In the case of 𝛼 = 0, Eq.1.7 is simplified 

as Eq.1.8 

                                                                      𝑓𝑑 = 2
𝑣(𝑡)

𝜆
                                                  (1.8) 

To obtain the Doppler frequency, the reflected measurement beam is then directed by the beam 

splitter 2 towards the photo detector where it interferes with the reference beam. Subsequently, the 

coherent beam is detected by photodetector and the Doppler frequency is extracted. By analyzing 

the photodetector signal, the velocity and displacement of the beam are obtained.  

To obtain the vibration direction, a Bragg cell can be added between the mirror and beam splitter 

3 which acts as carrier frequency. The Doppler frequency is the modulation frequency. 

Demodulation of the signal process can be used to obtain the direction of beam movement.  

This commercially available tool makes it possible to obtain substantially more information about 

the mechanical parameters of beam resonance. This tool is also bulky however, due to the 

complicated optical components required to make the measurements. Moreover, it works well for 
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large MEMS devices, but has limited resolution. Nanometer-scale NEMS beam, for example, 

produce very little or no signal.  

 

Fig. 1.5 Configuration of Laser Doppler vibrometer 

 

1.3.1.3 Interferometry 

Interferometry-based transduction methods are based on the interference effects [66–68] between 

an incident and a reflected beam of light. There are many methods and configurations used in 
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interferometry-based transduction methods. One robust method is the Fabry-Perot type 

interferometer [69] shown in Fig. 1.5. This type of interferometry provide resolution as high as 20 

nm. The interferometric effect occurs due to the gap between beam and surface, and the resulting 

reflected signal is directed to the photodetector by beam splitter. The resonant frequency is 

determined using a spectrum analyzer. This method has been employed to measure the resonant 

frequency of NEMS beams throughout this work.  

 

Fig. 1.6 Fabry-Perot type interferometer setup. From reference [70] 

 

The principle schematic representation of the interference process is shown in Fig. 1.6. The 

suspended SiCN beam and the silicon substrate act as Fabry-Perot cavity. The gap Δd between the 

beam and the substrate introduces a phase difference of the two beams of reflected light thus 

inducing interferometric modulation of the signal. As the beam oscillates, the changing 
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gap distance Δd results in a time-varying phase difference between the two beams of reflected 

light. A moving fringe pattern is thus created which impinges on the photo-detector. The intensity 

of the light is then transduced into an electrical signal by the photo-detector which is sent to the 

spectrum analyzer. The time domain signal is then Fourier transformed into a frequency domain 

signal. The resonant frequency of the beam is the  frequency where the  peak electrical signal 

amplitude occurs [71]. This method is highly sensitive, but the measurement system is bulky and 

difficult to miniaturize.  

 

Fig. 1.7 Schematic view of the interference created by the optical path difference between the light 

reflected from the substrate and beam.  

1.3.2 Electrical  

1.3.2.1 Capacitance 

A suspended beam can be approximated as a parallel plate capacitor when the substrate and the 

beam are both conducting materials. Deflection of the beam changes the height of the gap between 
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the substrate and the beam. This then induces a change in the capacitance. This method was 

initially used in AFM [72]. This read out method easily integrates with standard semiconductor 

technology and it has been demonstrated for NEMS sensor signal transduction [73,74]. The 

medium of the gap affects measured capacitance, something which needs to be considered in data 

interpretation. This method can lead to sensitivity on the order of picofarads. Therefore, non-

uniformity in the fabrication process, such as high surface roughness of substrate and the 

suspended beam as well as the variations in initial gap, affect the value of capacitance 

measurement. When used in liquid medium, the faradaic current between the plates brings a 

disturbance factor to the value of the capacitance [52]. Therefore, this method it is not applicable 

in liquids. Similarly to the beam snap-down effect of parallel plate RF MEMS switches, when the 

displacement of beam exceeds 1/3 of the original gap, the beam is drawn down into contact with 

the substrate. Thus, this method also does not work for large displacements.  

1.3.2.2 Tunneling 

The tunneling read-out method was first used in AFM [75]. It was later applied to determine the 

deflection of beams in 1991 [76]. Presently, it is frequently used in Scanning Tunneling 

Microscopy (STM). The tunneling read-out method requires beams made from conductive 

materials or coated with a conductive layer. When a voltage is applied between the conducting 

beam and the electrode, the electrostatic force pulls the beam very close to the electrode. The 

electron tunneling effect occurs between this very small gap [75,77]. The tunneling current is 

calculated as Eq. 1.9   

                                                                    𝐼 ∝ 𝑉𝑒−𝑎√𝜙𝑠
                                          （1.9） 
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where 𝑉 is the applied voltage, 𝑎 is conversion factor, 𝜙 is the barrier height and 𝑠 is the gap 

height  [77,78]. It can be seen from Equation 1.9 that the tunneling current is extremely sensitive 

to the gap distance, in other words, the displacement of beam. Tunneling read-outs with a 

sensitivity as high as 10−4  nm have been reported [77]. This method has been used as a 

transduction method for dynamic mode nanostrings [79,80]. However, this method requires 

meticulous fabrication processes because of the high sensitivity of the tunneling current to the 

material between the electrodes and the required tiny gap between the beam to the electrode. For 

these reasons, this method is not widely used. 

1.4 Fabrication of MEMS/NEMS beam 

The fabrication process of MEMS and NEMS beams was developed from the fabrication 

techniques used for traditional semiconductors. It includes thin film deposition, lithography 

patterning and etching processes. The differences between MEMS device and semiconductor 

fabrication processes are obvious. There are usually several layers in semiconductor devices, 

especially transistors, to form the drain, source, and gate regions. A critical factor determining the 

success of fabrication is the alignment of lithography. Misalignment of different layers commonly 

leads to failure of the device. For example, misaligned contact vias cannot interconnect metals 

between the two layers. Therefore, the complexity of semiconductor device fabrication mainly 

depends on the number of layers. This is not the same case for MEMS device, however, which 

usually does not involve as many layers as semiconductors.  

The purpose of a MEMS device is to either create mechanical movement based on an input signal 

or convert mechanical movement into a readable output. To obtain movable structures, usually 

hollow structures are created. Micro- and nanobeams are commonly fabricated by creating the 
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cantilever or bridge structures and etching away the layer underneath. This layer is often referred 

to as a sacrificial layer. There are multiple methods that can be used to etch away the sacrificial 

layer. Selection of the most appropriate method for a given application is largely based the 

chemistry selectivity between types of materials in the device. For the process to be successful, 

the sacrificial layer must be etched away while the device layer remains intact. Depending on the 

properties of the sacrificial layer, these methods may be categorized as bulk micromachining or 

surface micromachining. In bulk micromachining, the substrate itself, usually silicon, works as 

sacrificial material. In surface micromachining, sacrificial layer is purposely deposited before the 

device layer and is etched away. In either case, the yield of the MEMS fabrication mainly depends 

on whether the beam is successfully released or not.  

1.4.1 Bulk micromachining 

Bulk micromachining has been developed and widely used because of the simplicity of process 

compared to that of surface micromachining. The bulk material is removed by an etchant either 

from the top side or backside of the wafer. These simplified fabrication processes are illustrated in 

Fig. 1.8. As seen in the topside etching process, the device layer is defined by lithography and 

works as etch mask. The exposed surface of the bulk material is an etching window for the etchant. 

The suspended structure is formed by the undercut of bulk etching process. The undercut can be 

achieved either by anisotropic or isotropic etching. A typical isotropic wet etchant for silicon is 

composed of a mixture of hydrofluoric acid, nitric acid, and acetic acid (HNA). HNA does not 

etch silicon dioxide or silicon nitride so they can work as etch masking layer. Another way to 

isotopically etch silicon is by using plasma composed of SF6 and O2 gasses. A frequently used 

silicon wet etchant is aqueous KOH. The etch process is anisotropic, and forms an undercut angle 
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of 54.70. By controlling etching rate and time, the length of hanging structures can be precisely 

controlled.  

 

 

Fig. 1.8 Simplified bulk micromachining process for beam fabrication 
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A frequent issue associated with MEMS beam release is the stiction effect. When the sacrificial 

layer is removed by wet etchant, the beam is attracted onto the substrate by capillary force. There 

is increased probability for stiction to happen when the gap between the suspended structure and 

the substrate is small. In order to prevent stiction, critical point drying (CPD) is often used 

immediately after the sacrificial release step. The basic principle is that at the critical point, gas 

phase and liquid phase are most indistinguishable. The critical point of CO2 has relative low 

pressure and temperature compared to that of water. Therefore, when a MEMS device is loaded in 

the CPD chamber, liquid CO2 replaces the water between the beam and substrate/ and transforms 

into gas phase at the critical point. This liquid-phase transition does not cause any capillary force 

so stiction is avoided. The drawback of this method is the possibility of contamination from the 

CPD chamber being deposited onto the surface of the MEMS.  

The most widely used bulk micromachining method for MEMS beam fabrication is backside 

anisotropic etching. A window layer is deposited on the backside of the substrate as an etching 

mask. Traditionally, the bulk material consists of silicon and the backside window protection layer 

is made of silicon dioxide since an aqueous KOH solution etches silicon quickly but etches dioxide 

slowly. The device layer and the backside window layer are patterned by two individual 

lithography steps. The device layer patterning is relatively straightforward. However, the size of 

the backside window is calculated based on the angle of the anisotropic etching undercut, the 

required beam length and the thickness of the wafer. The wet etchant etches through the whole 

wafer to release the beam. Obviously, the etching time is long. In some cases, the backside 

protection layer does not need to be removed because it is used for addressing and connecting with 

electronic devices in the same wafer.  
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1.4.2 Surface micromachining 

In surface micromachining, a sacrificial layer is purposely deposited onto the wafer prior to the 

deposition of device layer. As shown in Fig. 1.9, the device layer is patterned by lithography to 

create the desired geometry so that the underlying sacrificial layer becomes exposed. Isotropic 

etching of the sacrificial layer leads to a suspended beam. It is noticeable that in the case of very 

small lateral dimension, etching holes or channels need to be created in the device layer to allow 

access of the etchant to the sacrificial material and removal of the chemical products. Ideally, the 

etchant only reacts with the sacrificial material and leaves the device layer and substrate intact. A 

widely used example of such a sacrificial release process is based on SOI. After patterning the 

device layer on top of the silicon, the buffered oxide etch (BOE) removes the buried oxide layer 

and releases the silicon beam because of the high etch selectivity of the BOE for silicon dioxide 

over silicon.  

Compared to bulk micromachining, surface micromachining is more flexible. There is a large 

range of sacrificial materials to choose from for different types of device materials. The physical 

and chemical properties of sacrificial materials can be customized to facilitate the successful 

release of the beams. Tuning the chemistry of the sacrificial layer can increase the etch selectivity 

of the substrate compared to the beam. The thickness of the sacrificial layer, i.e. the gap between 

the substrate and beam, affects the physical properties of the MEMS device.  

However, stiction effects happen more frequently in surface micromachining than bulk 

micromachining. This is prominent when the sacrificial layer is rather thin. In this case, CPD needs 

to be used right after the sacrificial layer etch release process in order to prevent the failure of the 
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beam. Another method to avoid stiction is to adjust the beam stress so that the beam does not bend 

much after release.  

 

 

Fig. 1.9 Simplified surface micromachining process of beam 
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1.5 Future trends 

For biological detection, the ultimate goal is single molecule detection. First, it is important for the 

biosensors to detect target analytes in extraordinary low concentration for reliable biological 

analysis and medical diagnosis. Due to the limitation of detection, bio-detection methods 

sometimes provide inaccurate or inconclusive results. Extremely sensitive biosensors are expected 

to make a large impact on clinical assays and drug discovery [81,82]. NEMS string-based 

biosensors have impressive sensitivity and have the potential capability of single molecule 

detection. Based on that, a concept for NEMS mass spectroscopy (MS) has been proposed [83]. 

This novel type of NEMS MS is expected to be advantageous over traditional MS because the 

NEMS MS is capable of capturing neutral molecules and particles without the requirement of 

ionization and pre-separation. The structure of molecules therefore remains unaltered [83]. 

Another strength of the NEMS MS is the relatively small consumption of sample analytes. Once 

the analytes are absorbed onto the NEMS, the mechanical response is induced. However, in a 

traditional MS system, as many as 108 molecules are involved in the measurement [84]. 

According to previous theoretical calculations, a detection sensitivity as low as 1 Da is achievable 

by NEMS biosensors [47,83,84]. Experimental efforts to reduce the detection sensitivity have been 

carried out over the past decade. In 2003, relatively large commercially available beams were 

milled into smaller strings using FIB. The small strings have been reported to detect femtogram 

level changes in mass [85]. More recent experiments have demonstrated high resolution mass 

sensing at 1000 Da and 200 Da levels respectively [44,86,87]. In 2009, based on the statistical 

analysis of hundreds of mass adsorption events on NEMS string, single molecule based NEMS 
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MS was demonstrated [83]. In 2012, further improvement of multimode analysis was used to 

decouple the role of absorption location on mass sensing. As a result, real time single molecule 

detection based NEMS MS was demonstrated [84].  

As discussed previously, the mass sensitivity of a NEMS string is related to the mass of string 

itself. Resolving a signal induced by a single molecule requires the mass of the NEMS string to be 

comparable to the mass of the molecule. Considering the intrinsic noise floor of NEMS sensors, 

the mass induced frequency shifts are expected to be as large as possible relative to a same amount 

of mass loaded. Therefore, to increase the probability of the extreme small mass detection of single 

molecule, it is essential to improve the fabrication skills for strings with ultra-small mass. The 

huge beam milled into smaller size by FIB used in reference [85] is an example. 

As same as other label-free detection methods, surface modification layer is needed for specific 

detection. To increase the probability and reliability of analytes absorption onto the NEMS strings, 

the surface need to be uniformly bio-activated. Otherwise, analytes only bond to part of the surface 

which leads to non-uniform coverage of the bonding sites. This reduces the chance of molecules 

to be immobilized on the NEMS string and reduces the reliability of the sensor. Hence, 

improvement of surface modification for uniform and stable bonding site coverage is imperative 

for single molecule detection. 

1.6 Research scope & thesis structure 

This thesis involves the fabrication, functionalization and measurement of the nanomechanical 

string resonator based biosensors. The aim of this work was to increase the detection sensitivity 

and stability of NEMS string biosensors, as shown in the flow block diagram of Fig. 1.10.  
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The physical transducer determines the sensitivity of the mass-sensitive sensors. To be specific, a 

string with reduced mass enhances the sensitivity. For this purpose, two strategies to lower the 

string mass are carried out. A traditional method is to simply minimize the string. Lithographic 

technique is the primary limiting factor in the fabrication of ultra-small scale devices. Materials 

with appropriate mechanical properties able to withstand the nanomachining process are also 

critical to successful fabrication. Therefore, both lithographic and materials aspects were studied. 

A novel method to reduce the string mass is to fabricate nanopores through the string. More 

specifically, a FIB technique was used to mill the nanopores into the nanostrings. A comprehensive 

study of the nanofabrication of the regular nanostrings and nanowires is described in chapter 2. 

The fabrication of the porous nanostrings is described in Chapter 3.  

The bio-interfacial layer is an important component in the stability and reliability of the biosensing 

system. A common surface modification method, diazonium salt reduction induced aryl film 

grafting, is employed and for the first time applied to nanostrings for bio-functionalization. This 

diazonium chemistry is reported to form strong and stable chemical bonds with substrate. The 

diazonium chemistry was tested on bare silicon carbonitride surfaces to determine if the diazonium 

chemistry would be applicable to the nanostring material. A rabbit IgG sandwich assay, in which 

anti-rabbit IgG as recognition molecule, rabbit IgG as target molecule and labelled anti- rabbit IgG 

as detection molecule, was performedto validate the effectiveness of the bio-functionalization. 

These experiments and their results are discussed in chapter 4. After successfully implementing 

the diazonium chemistry, biological detection was successfully performed using the nanostrings 

and the diazonium chemistry. These experiments are discussed in chapter 5.  
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Fig. 1.10 Thesis structure 
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Chapter 2 Fabrication of nanostrings 

and nanowires 

2.1 Introduction 

2.1.1 Nanometer-wide beam devices 

A trend toward miniaturization occurs during the development almost all types of electronic 

devices. This tendency has been accelerated during the past decades to implement the ultimate in 

small device dimensions. From device fabrication perspective, shrinking the unit size is necessary 

to increase integration on a single wafer. Electronic device and system is fabricated in a relatively 

smaller area within a wafer and thus the manufacturing cost is reduced. From the point of view of 

consumer electronics, portability—having the smallest possible handle size and weight—is one of 

the driving forces of the market. MEMS sensors, such as accelerometers, are widely used in 

consumer electronics such as iPad and Apple Watch. As with any type of electronic devices, the 

size of MEMS devices needs to be pushed to the ultimate lower limit to meet the needs of 

integration, portability, and reduced cost. 

To increase the detection sensitivity of a mechanical-beam-based resonator biosensor device, a 

beam of small dimensions—and therefore low mass—is required to induce a relatively large 

response signal. Devices with small sizes also make large array integration possible, enabling 

detection of multiple targets within a single chip. The detection sensitivity of a beam is determined 

by its mass. To obtain a resolvable signal, the mass of the beam needs to be comparable to the 
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mass of the target. The ultimate goal with respect to detection sensitivities is single-molecule 

detection. In this case, it is therefore a pre-requisite to shrink the size of beam down to deep 

nanoscale. Depending on the width of the nanobeams, they are categorized as nanostrings and 

nanowires. 

In terms of the technical implementation of such suspended nanostrings and nanowires, there exist 

several nanofabrication bottlenecks. The first technical difficulty is lithographic patterning. The 

most commonly used UV contact photolithography is limited to ~500 nmresolution. Alternative 

lithography methods are able to resolve feature sizes less than 100 nm and pattern NEMS devices 

on the scale of tens to hundreds of nanometers. In the extreme case, nanowires with widths less 

than 10 nm present a significant challenge for lithography. Furthermore, fabricating a 10-nm-wide 

suspended nanowire involves many more difficulties than patterning a 10 nm line in solid-state 

transistors. To make such a suspended nanowire, the underlying material is etched away to release 

the nanowire. After this etch release process, the nanowire may break due to the stress of the 

material. Thus, the selection of a proper material for the nanowire is critical for the success of the 

fabrication. This aim of this chapter is to solve these lithography and material problems to achieve 

the ultra-small nanostrings and nanowires.  

2.1.2 Lithography  

As predicted by Moore’s law, the semiconductor device size has been reducing by half every two 

years, and the transistor integration on a single wafer has been increasing at an exponential rate 

over the past decades. Up to date, the resolution of commercial semiconductor transistors has been 

shrunk down to 14nm line by Intel. The demands from the semiconductor industry have been 
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pushing the development of lithography techniques. The evolution of MEMS towards NEMS 

directly benefits from the advancement and maturation of lithography tools.  

Traditionally, UV lithography is the most widely used technique because of its ability of batch 

fabrication, simple configuration, fast speed, relatively high yield, low maintenance and unit cost 

of each wafer. The resolution limit of lithography is determined by the wavelength of the light as 

shown in Equation 2.1 

                                                                   𝑊𝑚𝑖𝑛 = 𝐾
𝜆

𝑁𝐴
                                              (2.1) 

Here 𝑊𝑚𝑖𝑛  is the minimum feature resolution, 𝜆  is the wavelength and 𝑁𝐴  is the numerical 

aperture. As seen from Equation 2.1, the most effective way to reduce the feature resolution of 

lithography patterning is to either reduce the wavelength of the light source or increase the 

numerical aperture. Based on the theory, a variety of advanced lithography methods, such as DUV 

(deep ultraviolet), EUV (extreme ultraviolet), laser lithography, x-ray lithography, EBL (electron 

beam lithography), and IBL (ion beam lithography), have been developed.  

Besides the above mentioned mainstream lithography tools, other categories of lithography 

methods exist. Instead of decreasing the wavelength of the light source, liquid immersion 

lithography increases the numerical aperture. By introducing a liquid as a medium between the 

lens and wafer, the refractive index increases as well as the numerical aperture. Immersion 

lithography is often used in combination with DUV. Other lithography methods, such as soft 

lithography and nano imprint lithography (NIL), offer good alternative to EBL. But these processes 

involve steps to create the template first and then use the template to pattern the target material 

layer, which is rather complicated.  
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2.1.3 Electron beam lithography 

In terms of high resolution patterning of nano structures, especially less than 10 nm, EBL is the 

most mature and accurate lithography tool compared to other methods.  

The first generation of EBL was developed more than 40 years ago [88,89] from an alteration of a 

traditional SEM. The electron beam is controlled by the beam blanker and pattern generator to spot 

on the target area on the sample surface, which is coated with resist. Similar to the chemical 

responsive property of photoresist to UV light in traditional photolithography, the molecular 

structure of this chemical compound changes due to exposure to the rastering electron beam. As a 

result, the solubility of the exposed area in the chemical developer changes while unexposed areas 

of the resist remains the same. Therefore, the surface resist is selectively removed and kept in the 

following development step. Due to the extremely tiny wavelength of the electron beam, the 

patterned feature size is readily made as small as a few nanometers. Since the designed pattern is 

transferred to resist by electron beam writing, this process does not require a physical mask. 

Compared to the commercial available tool for nanoscale patterning, like EUV, EBL is rather slow 

process and not suitable for batch fabrication. However, the cost of EBL tool is significantly 

cheaper than EUV tool. Therefore, EBL is advantageous and widely used in research labs.  

The original application of EBL was to make photomasks not direct lithography on device surface 

[90]. The reason is mainly due to the slow writing speed of the electron beam. The extended 

exposure time is not suitable for batch fabrication for industry application. Although EBL excels 

due to its advantages like controllability, flexibility, precision in deep nanometer scale and mask-

free nature, it has been limited to mask-making and research labs for two decades. Numerous 

efforts have been made to improve the electron beam-control system to improve the productivity 
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of EBL. Until recently, multi-beam writers have been developed by industry and to allow high 

throughput for commercial applications [91–93]. 

2.1.4 SiCN material for nano-resonators 

The most problematic and challenging part of fabrication of NEMS/MEMS resonator beams 

usually lie in the etch-release step. The selection of an optimal material is critical to prevent the 

nanowire from breaking when etch-released. A variety of materials, Si, SiN, AlN and TiN, have 

been explored to fabricate NEMS. But most of them are not suitable for the fabrication of ultra-

narrow nanowires. 

Single crystal silicon is the most simple and easily available material. Silicon resonators with width 

from micrometer down to nanometer have been successfully fabricated [94,95]. However, there 

are significant drawbacks of the fabrication of silicon resonators. First, silicon is a brittle material 

by nature. As the silicon nanowires narrow down to deep nanometer, the chance for the string to 

break during etch-release process increases. Especially when the lengths of the nanowires are more 

than a few micrometers, the yield is as low as almost zero [96]. Second, the fabrication of silicon 

resonators is limited to SOI wafer. The silicon beam is released by isotropic etching of buried 

oxide layer. If the oxide layer is thick, the isotropic etching leads to a big undercut in the anchoring 

pad. The over-hanging of silicon resonators causes energy loss and reduce the Q factor. To avoid 

this issue, the oxide layer need to be thin. In etch-release process, the small gap between resonator 

beam and substrate easily causes stiction effect. Therefore, CPD is necessary to prevent stiction 

and mechanical failure of the device. But CPD introduces contaminations to the silicon surface. 

which is adverse to the subsequent surface modification.  
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Other crystalline materials, like SiN, AlN, are not good candidate for NEMS resonator beam either. 

In fact, both single and poly crystalline materials are not resilient to defects and tends to crack 

along grain boundaries during the etch-release process. Therefore, the selection scope is limited to 

glassy amorphous materials that are resilient to defects and do not break easily during etch-release. 

For instance, glassy TiN and SiCN based nano-resonators have been fabricated [96,97]. 

Another issue with the etch-release process is the mismatch of stress between the device film and 

the underlying sacrificial layer/substrate. When the substrate is etched away and the film is 

released, a high compressive film tends to break whereas a low tensile stress film tends to stay 

suspended. Therefore, a glassy film exhibiting low tensile stress is preferred. 

Glassy SiCN material has been studied extensively by Evoy and his coworkers [31,42,96,98,99]. 

Previous studies show that SiCN thin film is highly compressive as deposited because of the 

bonded hydrogen in the film. A subsequent annealing process is able to effectively drive away the 

bonded hydrogen from SiCN film and thus change the film stress from compressive to tensile. By 

adjusting the annealing parameters, time and temperature, the stress of the annealed film is tunable 

over a broad range from low compressive to almost zero stress, low tensile stress and even very 

high tensile stress. This tunability is a highly useful feature for fabrication of nanostring and 

nanowire. 

2.1.5 Structure of this chapter 

The structure of this chapter is divided into three sections. The first part is the description of SiCN 

film deposition and annealing. This includes the SiCN film deposition, elemental and stress 

characterization and thermal annealing method. The second part describes the EBL resists used for 

the fabrication of nanostrings and nanowires. The commonly used EBL resist PMMA and the high 
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resolution resist HSQ were employed as part of this work. The properties and mechanisms of these 

two resists are introduced. The third part is the description of fabrication process. SOI based 

nanostrings, SiCN nanostrings and nanowires, were fabricated. Complete process flow and 

fabrication method are given. The final part is the SEM and HIM inspection of these nanostring 

and nanowire arrays the dimensions of which are measured.  

2.2 Experiment 

2.2.1 SiCN film 

2.2.1.1 SiCN film deposition  

A single-crystal (100) silicon wafer was subjected to a routine 15 min piranha clean (3:1 96% 

H2SO4: 30% H2O2) to eliminate surface organics. For ultra-thin film deposition, piranha clean is 

essential to make the surface of silicon free of contamination and the deposited film continuous 

and uniform across the whole wafer. After piranha clean, the wafer was thoroughly rinsed in water.  

Usually, a thin layer of native oxide exists on top of the silicon wafer. In addition, the piranha 

clean possibly causes oxidation on the silicon surface. It is crucial to remove this native oxide layer 

to ensure the successful final step of bulk silicon etching and release of SiCN nanostring and 

nanowire. If the silicon surface is covered by the native oxide layer, depending on the etch 

selectivity of the chemical etchant to silicon over dioxide, the etchant is either prevented from 

contacting the underlying silicon or etch the dioxide away before contacting the silicon surface. 

As a result, the silicon fails to be etched or etches in an unpredictable slow rate with possible 

contamination from oxide etch. For this reason, after the piranha clean, the silicon wafer is 
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immediately transferred to a buffered oxide etch (BOE, 10:1 HF: NH4F) solution to strip the native 

oxide. After 3 min, the silicon wafer is water rinsed and nitrogen blow dried. 

The SiCN film was deposited onto the clean silicon wafer by plasma enhanced chemical vapor 

deposition (PECVD). First, the Trion Orion PECVD chamber was pre-conditioned at a mixed 

gases flow of 25 sccm DES, 40 sccm NH3, 55 sccm N2 at a temperature of 300 0C, a pressure of 

500 mTorr, and a power of 50 W for 1200 s. Then the silicon wafer was loaded into the reactor. 

The chamber was purged by 55 sccm N2 under pressure of 500 mTorr and a temperature of 300 0C 

for 10 s. The chamber was prepared for the deposition by a mixed gases flow of 25 sccm DES, 40 

sccm NH3, 55 sccm N2 at a temperature of 300 0C, a pressure of 500 mTorr for 10 s. The SiCN 

thin film was deposited with at a mixed gases flow of 25 sccm DES, 40 sccm NH3, 55 sccm N2 at 

a temperature of 300 0C, a pressure of 500 mTorr, and a power of 50 W. Different deposition times 

from 100 s to 1200 s are used for different film thicknesses on nine silicon wafers. 

The thickness and uniformity of the deposited SiCN film is characterized by a Filmetrics F50 

reflectometer thickness mapping system (Filmetrics, San Diego, CA, USA) over 13 points on the 

wafer. The stress of the as-deposited SiCN film is measured by a Flexus 2320 wafer stress 

measurement system (KLA Tencor, Milpitas, CA, USA). Table 2.1 shows the thickness parameters 

and the stress of the SiCN film for different deposition times. 

For the purpose of small mass nanostrings and nanowires, films as thin as possible are preferred. 

But according to past experience in our lab, 50 nm SiCN is the thinnest film that can stand the 

KOH etching at the final Si etch step. Films less than 50 nm thick are easy to break in a KOH bath. 

In contrast to LPCVD deposited SiN film, which has a rather dense and chemically stable structure, 

PECVD SiCN has a slow etch rate in a KOH bath. Considering this trade-off, SiCN films roughly 
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around 52 nm thick, rather than 42nm, is selected for the nanostring and nanowire processing. As 

seen from Table 2.1, the uniformity and standard deviation of 52 nm thick SiCN films are within 

good tolerance. 

Table 2.1 Parameters of PECVD deposited SiCN film 

Silicon 

wafer  

Deposition time 

(sec) 

Thickness (nm) Uniformity  

(+/- %) 

Stand. Dev (nm) Stress (Mpa) 

1 100 41.95 2.7 0.72 -968.3 

2 125 52.85 5.6 1.76 -775 

3 125 52.03 7.2 1.98 -764 

4 125 54.5 3.3 1.44 -779 

5 125 53.98 5.3 1.61 -760 

6 140 60.1 3.4 1.34 -840 

7 250 106.1 4.6 2.96 -940.1 

8 370 156.8 3.3 3.55 -920.6 

9 1200 660nm N/A N/A N/A 
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2.2.1.2 SiCN film element characterization 

Surface XPS analyses were performed to characterize the elemental composition of the deposited 

film, namely the ratio of silicon, carbon and nitride. The XPS was performed in a Kratos Axis 

Ultra spectrometer using a monochromatic Al Kα source (hν=1486.6 eV). Instrument base 

pressure was lower than 5 x 10-8 Pa. The survey scans were acquired with a pass energy of 160 

eV.  

2.2.1.3 SiCN film stress tuning 

Table 2.2 Parameters of PECVD deposited SiCN film 

Wafer 

# 

Original stress 

(MPa) 

Anneal tool Anneal temp. 

(0C) 

Anneal time 

(hr) 

Stress after annealing 

(MPa) 

4 -779 Flexus 2320 450 2 -400 

5 -760 500 2 -271 

2 -775 MiniBrute 

Furnace 

500 2 -1.6 

3 -764 525 2 169 

 

Silicon wafers # 4 and # 5 were respectively annealed in the heater plate of the Flexus 2320 wafer 

stress measurement system with stress monitoring. As shown in Table 2.2, annealing at 450 0C for 
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2 h takes the film from a high compressive stress to mid-range compressive stress. A temperature 

increase to 500 0C for 2 h effectively reduces the film stress to a low compressive range. However, 

due to the maximum limitation of 500 0C of the heater plate of Flexus 2320, higher temperatures 

cannot be experimented with. The same thermal condition of 500 0C for 2 h was applied in a 

MiniBrute 3 zone tube furnace (Thermco, Lafayette, NJ, USA). But the annealed wafer film 

exhibited almost zero stress. The difference of the two annealed stresses from the two tools is liekly 

related to chamber conditions of the MiniBrute Furnace and Flexus. In the Flexus, the heater is 

only applied to the bottom of the wafer and the temperature is not uniform in the chamber whereas 

the temperature in the MiniBrute Furnace is stable and uniform. A further temperature increase to 

525 0C for 2 h annealed the film to a low tensile stress of 169 MPa, which fits the requirement for 

nanostring fabrication. Hence, wafer #3 was used for further processing and diced into 0.7 cm × 

0.7 cm square samples for the handling of EBL.  

2.2.2 EBL photoresist 

There are more than two dozen resists used for electron beam lithography [100–102]. Similar to 

the case of photoresists, which are sensitive to UV light, the electron resists are physically and 

chemically sensitive and responsive to the electron beam. Depending on the different behaviors 

due to exposure to the electron beam, the electron resists are divided into positive and negative 

resists. The bond in a positive electron resist breaks and produces short-chain products which are 

easily dissolvable in specific solutions. In contrast, the short chains of a negative electron resist 

bond into long chains and become harder to dissolve in solutions. In order to select proper resists 

from the many types of electron resists to pattern nanostring and nanowire based resonators, the 

resists should meet the following criteria: simple developer chemistry, high resolution and 

sensitivity, physical and chemical stability, strong adhesion to the surface of silicon and SiCN, and 
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easy to be stripped off from the sample surface after development. To meet these requirements, 

PMMA and HSQ have been chosen for this work. PMMA is the most widely used positive electron 

resist for its stable performance in terms of sensitivity and resolution. In this chapter PMMA is 

used to pattern nanostrings. Although recent reports show the patterning of sub-20 nm and even 

sub-10 nm lines by using PMMA, HSQ is commonly regarded superior to other types of electron 

resists in the case of patterning extremely high resolution ultra-small features. HSQ is a less 

frequently used resist because of the physio-chemical instability, the relatively complicated storage 

and handling procedure and expensive cost. Hence, HSQ is not chosen to pattern relatively wide 

beams. 

2.2.2.1 PMMA  

PMMA is short for polymethyl methacrylate, also known as acrylic. The molecular structure of 

PMMA is shown in Fig. 2.1 [94]. Depending on the length of the polymer chain, PMMA products 

for EBL purposes are named under their molecular weights, which vary from 50,000 to 2.2 million. 

The bigger the molecular weight, the higher the develop contrast and resolution after lithography. 

PMMA 950 and PMMA 495 are the common commercially available products. PMMA A means 

that the PMMA polymer is formulated in anisole solvent. PMMA A2 means the concentration of 

PMMA in anisole is 2%. The concentration of PMMA in solvent determines the thickness of the 

resist after spin coating. Resists with smaller thickness tend to have a higher resolution due to the 

reduced scattering effect of the electron beam. Therefore, PMMA 950 A2 is selected for EBL.  

The mechanism of chain scission of PMMA upon exposure to the electron beam is shown in Fig. 

2.2 [94,103]. There are two ways to degrade a PMMA long chain, either by removing the ester 
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group or by direct bond breakage of the chain. The reaction products are short chains of the original 

unexposed unit.  

 

Fig. 2.1 The molecular structure of PMMA. Copyright © Mohammad Ali Mohammad’s PhD thesis 

[94]. Reprinted with permission.  

There are multiple choices of developer chemistry for PMMA. The Methyl isobutyl ketone 

(MIBK) has good sensitivity but comes with  a swelling issue [104,105]. Isopropyl alcohol (IPA), 

in contrast, has low sensitivity but does not have much swelling issue [104,106,107]. Therefore, 

mixtures of MIBK and IPA as developer solutions have a balanced result. Different combination 

ratios have been investigated [104,107–109], MIBK:IPA 1:3 (v/v) is most commonly used for high 

resolution lithography [110]. In the following sections, PMMA is chosen to pattern both SOI and 

SiCN nanostring resonators.  
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Fig. 2.2 The chemical mechanism of main chain scission of PMMA decomposition by electron 

exposure. (i) removal of the ester group, leading to a terminal =CH2; (ii) a direct process. The 

radical intermediates can undergo further reaction or decomposition (not shown). Reprinted with 

permission from [103]. Copyright © 1999, American Vacuum Society. 

 

2.2.2.2 HSQ 

HSQ is an electron resist known for its extremely high resolution. The molecular structure of HSQ 

is shown in Fig. 2.3 [94]. Different from PMMA, which is composed of polymer chain, the HSQ 

molecule is structured as a cubic cluster. In the cage unit, each silicon at the vertices is bonded to 

three oxygen; each oxygen at the edge is bonded to two silicon atoms.  
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Fig. 2.3 The molecular structure of HSQ. Copyright © Mohammad Ali Mohammad’s PhD thesis 

[94]. Reprinted with permission. 

Upon exposure to electron radiation or thermal curing, the individual cage structure cross-links 

to a network structure [111,112]. The transformation mechanism from cage to network is not yet 

clearly concluded so far. The speculation is that the Si-H bonds break to create free radicals, the 

cages with silicon radicals at the vertices are connected by forming Si-O-Si linkage as shown in 

Fig. 2.4 [111,112].The most commonly used development chemistry for HSQ is based on an 

aqueous base, for instance, KOH, TMAH, NaOH and LiOH. Among these choices, TMAH with 

a high concentration is most suitable for patterning deep nanoscale because of its capability of 

high resolution [113,114]. Further, several techniques like adding salts into the developer, 

changing developer temperature, and HF trimming as an additional development step affect the 
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development rate and sensitivity. Properly adjusting these factors improves the lithography 

result. In a later section, HSQ is used to pattern SiCN nanowire resonators.  

 

Fig. 2.4 Mechanism of cross-linking of HSQ caused by electron exposure. Reprinted with 

permission from [111]. Copyright © 1998, American Vacuum Society. 

 

2.2.3 Silicon nanostring   

The silicon nanostring was patterned to the desired geometry by using PMMA. Electron beam 

lithography patterns the resist by slow speed e-beam writing. The nano resonator feature takes a 

relatively small area of the design layout compared to the background substrate of the sample 

surface. The small geometry area of nano resonators were exposed to the electron beam and the 

left large area remained unexposed. As a positive resist, exposed PMMA is removed after 
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development. To form an etch mask for the desired silicon resonator geometry, a thin layer of 

metal is deposited and selectively lifted off by removing unexposed PMMA. The remaining metal 

became the etch mask. However, a frequent problem with the lift off process is the unwanted metal 

deposition along the sidewalls of the developed resist. During the removal of the unexposed resist, 

this part of the metal becomes floating and randomly sticks onto the surface of the sample. This 

causes inaccuracy or even failure of the lithography patterning, especially when the resist is thick 

and the developed resist has a high sloping profile, as depicted in the left panel of Fig. 2.5. To 

avoid this problem from occurring, bilayer PMMA is a solution. The PMMA 495 is spun on the 

bottom and the PMMA 950 is spun as the top layer. Because of the smaller molecular weight, 

PMMA 495 is more sensitive and forms a larger undercut than PMMA 950 as the result of EBL 

and favors the lift off, as shown in the right panel of Fig. 2.5.  

 

Fig. 2.5 Comparison of lift-off of single layer and double layers of resists 
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The fabrication process flow of silicon nanostring arrays from SOI wafer is shown in Fig. 2.6.  

First, the SOI wafer (Soitec) was diced into 1cm x 1cm chips. Then the SOI chip was piranha 

cleaned for 15 min and baked at 1800C on a hotplate for 5 min to drive away the moisture. PMMA 

495 A2 resists (Microchem) was spread at 500 rpm and spun at 3000 rpm onto the SOI chip. The 

chip was baked at 1800C on hotplate for 10 min and cooled down for 2 min. The PMMA 950 A2 

(Microchem)  was spread at 500 rpm, spun at 3000 rpm on top and then baked at 1800C on hotplate 

for 10 min. The total thickness of bilayer PMMA was 120-140 nm measured by Filmetrics. Bilayer 

PMMA was exposed to an electron beam at 10 kV acceleration energy, 20µm aperture under the 

area dose of 125 µc/cm2. Exposed PMMA is developed by MIBK:IPA 1:3 for 60 s, rinsed by IPA 

for 15 s, DI water for 60 s and N2 dried. A 25nm thick chrome layer is deposited on the developed 

sample by electron beam evaporation system (Gomez) at a pressure of 10-7 Torr. A 4mA current 

is controlled to confine the deposition rate lower than 1.5 Å/s in order to deposit this thin Cr layer. 

Cr layer on top of unexposed PMMA is lifted off by soaking in acetone with an ultrasonic bath for 

5 min. The remaining Cr serves as mask layer protecting the underneath Si in the subsequent DRIE 

etch of silicon. Exposed silicon was anisotropically etched in ICP-RIE (Bosch) with alternative 

gas of C4F8 and SF6. Then chrome was removed by dissolving in Cr-etchant for 25 s. Finally, the 

buried oxide layer was isotropically etched by BOE. The narrow nanostring was released while 

the big silicon pad was anchored to the substrate. 

2.2.4 SiCN nanostring  

Fig. 2.7 shows the fabrication process of the SiCN nanostring. The PECVD SiCN film was 

patterned by using a Raith 150 Tw° EBL system. PMMA is chosen to pattern SiCN nanostring 

wider than 50 nm. The protocol of EBL patterning PMMA is similar to the one used for SOI wafer. 

Dual layer PMMA structure, with PMMA 950 A2 on top of PMMA 495 A2, is used to develop a 
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Fig. 2.6 Process flow of silicon nanostrings from SOI wafer 
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resist profile with wider opening on bottom than the top, which effectively prevents the failure of 

chrome lift-off in the following steps. Both PMMA 495 A2 and PMMA 950 A2 resists were spread 

at 500 rpm and spin at 3000 rpm. The EBL patterning of PMMA, metal deposition and metal lift-

off were conducted using the same procedure and parameters for the case of SOI wafer as 

elaborated in the previous section. After lift-off, the Cr became the mask for the SiCN etch. The 

SiCN is RIE (Trion) etched away by using an etching recipe of 4:1 SF6:O2.  An over etch of 35 s 

is used to guarantee thoroughly vertical etching. The chrome layer is removed in chrome-etchant. 

Cleaning the sample before immersion in KOH solution is critical to a successful SiCN nanostring 

release. Because impurities introduced by previous processing steps contaminate the KOH 

solution, debris are produced and stick to the surface of the released resonators randomly. This 

type of debris is neither removable by cold piranha nor organic solvents like acetone and IPA. 

Even though the debris does not cause the fabrication failure of the nanostring, it affects the 

measuring accuracy and even causes the failure of the biosensor because the mass introduced by 

debris largely reduces the resonant frequency. However, it has been observed that the debris on 

nanostring surface is removed during the diazonium functionalization step, which may be due to 

the solubility of debris in the surface functionalization chemistry. As a result, the initial resonating 

frequency does not make sense and is not comparable to the protein loaded resonating frequency. 

Hence, before the KOH release process, the sample is cleaned in acetone and IPA and rinsed with 

water. Finally, the SiCN resonator is released by Si anisotropic etch in 35% KOH solution 

saturated with IPA at 750C for 40-135 s. 
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Fig. 2.7 Fabrication process flow of SiCN nanostring 
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2.2.5 SiCN nanowire 

 

Fig. 2.8 Fabrication process flow of the SiCN nanowires 
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Besides the unbeatable high resolution below 50 nm line, another benefit of using HSQ is the 

simplified process sequence as compared in Figure 2.7 and Figure 2.8. When using the positive 

resist PMMA for EBL, a lift off procedure is needed. Chrome is deposited and selectively removed 

by EBL and lift off. The remaining chrome serves as mask for SiCN RIE etch. Lift off is a risky 

factor to lower the yield of fabrication. In the case in which metal is deposited along the sidewalls 

of the developed resist and fails to be lifted off with PMMA removal by acetone, the metal falls 

onto the substrate and results in an unexpected pattern of SiCN etch mask. But HSQ as a negative 

resist does not require the lift off process. After EBL exposure and development, the remaining 

HSQ itself serves as the etch mask for SiCN.  

With the developed HSQ serving as a protection mask, the SiCN film was selectively etched by 

reactive ion etching (RIE) using 4:1 SF6:O2 for 35 s. The HSQ protection layer was then stripped 

by a 30 s dip in BOE. Finally, the SiCN strings were released as doubly clamped suspended strings 

by Si anisotropic etch in 35% KOH solution saturated with IPA at 75 °C for 40–135 s, depending 

on the string length.  

Large arrays of nanostrings and nanowires with thicknesses of 50 nm, string lengths ranging from 

5 to 15 µm, and widths varying from 10 to 300 nm were fabricated employing the above two 

processes that respectively use PMMA and HSQ as e-beam resist. 

2.2.6 Microscopy inspection 

SEM was performed to inspect the surface and bulk morphology of silicon nanostring, SiCN 

nanostring and nanowire resonators. For different scenarios and also due to the availability of the 

SEM tools, several SEM were used, which includes Zeiss LEO 1430 (Zeiss, Oberkochen, 



48 

 

Germany), JEOL 6301F SEM (JEOL, Tokyo, Japan) and Hitachi S4800 cold field emission SEM 

(Hitachi, Tokyo, Japan).  

In addition, the SiCN nanostrings were individually imaged by ORION NanoFab Helium Ion 

Microscopy (Zeiss, Oberkochen, Germany) under a beam energy of 31 kV and a beam current of 

0.4 pA.   

2.3 Results 

2.3.1 SiCN film elemental composition 

Table 2.3 Elemental composition analysis of SiCN film 

Element 
Atomic concentration % Mass Concentration % 

N 1s              30 22 

C 1s              31 20 

Si 2p             39 58 

 

Fig. 2.9 displays an x-ray photoelectron spectroscopy (XPS) survey of a typical SiCN film. 

Significant binding energy peaks are observed for silicon, carbon and nitrogen. Data analysis 

yields the quantitative elemental composition of the films (Table 2.3). The atomic Si:C:N 

composition ratio was roughly 4:3:3. 
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Fig. 2.9 XPS survey of SiCN film 

 

2.3.2 SOI Nanostring 

Fig. 2.10 shows the SEM images of silicon nanostrings inspected with a tilted angle. Panel A 

shows the overall view of nanostring arrays. As shown in panel B, multiple suspended nanostrings 

share the same pair of anchoring pads. This design layout increases the number of devices per unit 

area and thus saves the fabrication cost of each unit device. Panels C and D show the details of an 

individual nanostring, especially the gap between the nanostring and the substrate. Panels E and F 

show the anchoring pad. The undercut of oxide due to the isotropic etch of BOE is displayed. 
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Fig. 2.10 SEM images of silicon nanostrings inspected with a tilted angle 
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Fig. 2.11 shows both the double clamped and single clamped nanostrings. Panels A and B 

respectively show the arrays. Random individual double clamped and single clamped nanostrings 

are shown in Panels C and D, with measured dimensions.   

 

Fig. 2.11 SEM images of top view of silicon nanostrings 

The sample was tilted 850 for SEM imaging (Fig. 2.12) in order to measure the height of the gap 

between the nanostring and the substrate. The gap height varies from 240 nm to 336 nm along the 

string, the center points are with smaller gap heights compared to the anchoring ends. This 

variation agrees with the observation shown in panel B of Fig. 2.10. 



52 

 

 

Fig. 2.12 SEM images of side view of silicon nanostrings 
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2.3.3 SiCN nanostring and nanowire 

The SEM images of SiCN nanostrings and nanowires are shown in Fig. 2.13. Panel A displays an 

array of nanostrings. The width of the nanostrings ranges from 300 nm down to 180 nm as labeled 

at the left column of the array. For each width, there are five identical nanostrings in the row. Panel 

B shows a random individual nanowire. Both the suspended SiCN nanowire and the anchoring 

pads are displayed. The bulk silicon of the anchoring pads shows a pyramid profile. This is due to 

the anisotropic silicon etch by KOH solution. The thin SiCN film of the anchoring pads shows big 

undercuts in the three corners which do not connect with the suspended nanowire. This is due to 

the superimposed anisotropic etching effect from both the vertical directions. The corner of the 

anchoring SiCN that connects to the nanowire shows a relatively smaller undercut because of the 

design of the inward corner. This design avoids the big overhanging SiCN area. Panels C and D 

show the comparison of proper etch and over etch of bulk silicon using KOH. Panel C shows an 

example of proper timing of silicon etch, in which the SiCN film shows a sharp edge at the 

anchoring point. As contrast, panel D shows the result of over etch in KOH. The SiCN film shows 

a rather rounding anchoring point. The reason is that KOH etches SiCN, although at a slower rate 

than Si. Timing of the KOH etch is critical to the successful release of SiCN nanowire. In the 

silicon etching process, proper etching time ensures the gap between the nanowire and the substrate 

is big enough. At the optimum time, it does not cause obvious etching of SiCN as shown in panel 

C. But if the etching time is more than enough, KOH etches the SiCN, as displayed in panel D. In 

the worst case, prolonged KOH etching leads to breaking of the SiCN nanowire and nanostring. 

In panels E and F, the nanowire was imaged under 500 000 and 800 000 times magnification for 

the accurate measurement of its width. Panel E shows the ultimate large magnification view of the 
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nanowire, the measured width of which is 10 nm. In panel F, three random sampling points show 

different widths of 11nm, 12nm, and 13nm along this nanowire. Due to the tolerance of EBL, 

SiCN etch, KOH etch and the SEM meausrment, the differences are acceptable. The 

implementation of ultra-narrow nanowire is a prerequisite for ultrasensitive biosensor capable 

ofdetecting individual molecules. Previous studies employed complicated processes for HSQ 

development to obtain as high as 10 nm resolution [42]. Increasing the temperature of the 

developer to 40-500C or using HF dip as an additional development step can help improve feature 

resolution.  However, in this process, merely regular simple development of HSQ achieves this 

same goal.  

SiCN is an electrically non-conductive material. Since the thickness of the SiCN nanostring is as 

thin as 52 nm and the SiCN thin film is connected to the underlying silicon, no significant charging 

effect occurs during the SEM inspections. An imaging instrument, which does not produce electron 

charge at all, is able to discover finer details of the device morphology. Hence, helium ion 

microscopy is performed to image the SiCN nanostrings, the result of which is displayed in Fig. 

2.14. Seen from panel A and panel B, the bulk silicon pyramid was anisotropically etched. The 

four etching planes at the corner of the silicon anchoring point are displayed. The edges along the 

sides of the SiCN anchoring pad are thinner than the majority middle area because of the KOH 

etch of SiCN. The same thinning edge effect is observed for SiCN strings as shown in panel C.  
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Fig. 2.13 SEM images of SiCN nanostrings and nanowires 
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Fig. 2.14 HIM images of SiCN nanostrings 
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The advantage of using HIM is obvious by direct comparison of HIM and SEM images. At the 

locations of overhanging SiCN pads and suspended SiCN nanostring, where no underlying silicon 

exists, HIM images show as high resolution as they do on the centering area of SiCN pads and the 

silicon substrate. This is because helium ion beam does not build charge on the surface of SiCN. 

In contrast, the SEM images of the locations without underlying Si is relatively blurry compared 

to the SEM images at the locations where bulk silicon is present as background substrate and 

anchoring material beneath SiCN. This is due to the accumulated charge by the electron beam. 

Compared to Si nanostrings, the advantages of SiCN nanostrings and nanowires are obvious. The 

anisotropic etch of bulk silicon makes big gap between the nanostring/nanowire and the substrate 

and a relatively small undercut in the anchoring pads. This etch-release process does not have 

stiction effect even without the assistance of CPD.  

2.4 Conclusion 

This chapter describes the fabrication of nanostrings and nanowires. Common electron resist 

PMMA and high resolution resist HSQ were respectively used for e-beam lithography patterning. 

SOI based nanostrings were fabricated by etching the sacrificial layer and release of the silicon 

film. The SiCN nanostrings and nanowires were released by bulk etching of silicon. SiCN 

nanowires as narrow as 10 nm wide have been achieved, which pave the way for single molecule 

detection. These fabrication processes have high yield and repeatability.
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Chapter 3 Helium ion beam milled 

porous nanostrings 

3.1 Introduction 

3.1.1 Novel structure of porous nanostring 

As stated in the previous chapter, reducing the mass of the string is crucial to enhance the detection 

sensitivity. Narrowing down the string width is direct and effective to lower the mass. However, 

there are technical bottlenecks in terms of fabrication and measurement of ultra-narrow 

nanostrings and nanowires. First, the dimensions of the nanostring and nanowire are defined by 

the lithography process. Therefore, the widths of nanostring and nanowire are confined by the 

intrinsic limitation of the lithography technique, which is EBL in this thesis work.  Etch-release 

process is another factor limiting the widths of the nanostrings and nanowires. Nanostrings and 

nanowires with narrower widths have increased risk to break during etch-release process. Second, 

the interferometry measurement of nanowires becomes challenging because of the increased 

difficulties to focus and align the laser paths precisely on the extremely narrow nanowires.  

To circumvent the issues, a novel structure of porous nanostring is proposed, which has the same 

width but significantly reduced mass due to the removal of material volume from hollow pores. 

By accurate calculation and control of the number and the size of pores along the string, the 

reduced mass of nanostring is precisely controlled. The mechanical property, like the film stress, 

of the nanostring is tuned because of the distribution of pores. Additionally, the surface adsorption 
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area of the string could be increased as long as the radius of the pores is smaller than the thickness 

of the string. This extra benefit provides a larger amount of absorbed biological molecules and a 

higher output signal compared to regular non-porous strings. This novel porous structure is 

expected to simplify the fabrication and measurement as well as tune the physical and chemical 

properties of nanostrings.   

3.1.2 Fabrication challenge of porous nanostring 

Despite the expected merits of the porous nanostring, fabrication by the traditional top-down 

process is technically challenging. Due to the small size and dense distribution of the pores along 

the nanostring, there exists uncertain issues in the process of lithography photoresist development, 

etching of the pores and etch-release of string. For example, the pores need to be etched through 

by RIE. Etching relatively big and sparse pores should not be a problem for an RIE etch of SiCN. 

But when the pores become extremely tiny and densely neighbored, it is hard for the etching gases 

to reach the bottom of the trench and the reaction products to escape from the trench. Since RIE 

etch of SiCN is isotropic, over-etch may result in lateral etch, which enlarges the pore size. Besides, 

as shown in the SEM image and discussed in the previous section, KOH etches the SiCN film. The 

circular edges of the small pores could be etched by KOH. In the case of dense distribution of 

pores, the nanostring may break by KOH etching. It is estimated that traditional top-down 

fabrication may have device failure and low yield. Hence, a method which does not alter the 

existing process of regular nanostrings but only etches pores in the suspended nanostring is 

preferred.  
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3.1.3 Post-fabrication of ion beam milling  

Since there is no material etch selectivity between the target pores and the rest of string, the target 

material should be removed by a physical method. FIB milling is directional with high energy, 

which sputters away the target material at accurate locations without interfering with the non-target 

area. Hence, FIB technique is a good candidate to mill the nanostring from the top surface until 

etching through the bottom to form the pores. Based on the nature of FIB technique, this proposed 

novel fabrication method could precisely control the dimension, location and the number of pores 

in the nanostring.  

There are two main stream sources of ion beam for both imaging and milling purpose, Gallium 

and Helium. Although Gallium ion beams are more frequently used, Helium ion beam was chosen 

instead considering the specific characteristics of the SiCN nanostring sample. The reasons are 

stated in detail as follows. First, the FIB milling needs to be performed under microscopy so that 

the ion beam can precisely locate the target area of the sample. Helium ions provide higher imaging 

resolution compared to Gallium ions. The sample SiCN nanostrings have width varying from 

180nm-300nm. Thus, Helium is a better option as an imaging source. Second, when the Gallium 

ion beam mills, the ions tend to deposit a relatively thick layer on the surface of the target sample. 

As the SiCN film is as thin as 50 nm, the added thickness caused by Galium ion deposition 

increases the thickness and the mass of the nanostring. This causes side effects to the mass sensitive 

sensors as the added mass lowers the sensitivity. In contrast, the Helium ion beam does not 

introduce as significant of a deposition layer while milling. Third, Gallium element is chemically 

active and the deposited Gallium ions on the sample may possibly alter the chemical properties of 

the surface. When applied as a biosensor, the surface modification may be affected by the 

deposited Gallium ions. However, as a noble element, Helium is not chemically active and less 
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likely to cause problems for surface functionalization. In summary, Gallium ion beams potentially 

bring physical and chemical alternation to the milled sample while having a weak resolution 

compared to Helium. Hence, Helium ion beam is selected to mill pores along the regular SiCN 

nanostrings. 

Recently, Helium ion beams have been reported for the in-situ modification and imaging of 

nanoscale features [115–120].  More specifically, finely focused Helium ion beams have been used 

for the milling of pores in SiN [121,122] and Si [123] membranes. Such accuracy offers potent 

possibilities for the tuning of mechanical properties of suspended structures. More specifically, 

local milling of nanostrings would enable design of resonant mode shapes and possible control 

over clamping issues [96,99,124].  

3.1.4 Content of this chapter 

In this chapter, a novel structure of porous SiCN nanostring has been proposed [125]. The method 

of helium ion microscope-assisted nanomachining of resonant nanostrings has been first 

demonstrated. More specifically, the helium ion beam is used to locally mill pores along the length 

of the glassy nanostrings. This effect of this machining on resonant mode shape and frequency is 

assessed using both finite element analysis and experimental observation.  

 

3.2 Experiment 

3.2.1 Helium ion beam milling of SiCN nanostrings 

As a typical post fabrication process, focused ion beam milling was performed on the regular SiCN 

nanostrings which were already fabricated from top-down process as described in Chapter 2. As 
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initial demonstration of the feasibility of the ion beam milling process, relatively large nanostrings 

with width from 180nm-300nm were selected. Nanowires are very delicate, which means the 

energy of bombarding ions need to be tuned and controlled to avoid physical damage to the 

nanowire. 

Helium ion milling of holes on 200 nm-wide nanostrings was performed in a Zeiss Orion NanoFab 

Helium Ion Microscope (Carl Zeiss AG, Oberkochen, Germany). The milling was performed 

using an ion beam current of 13.7 pA, a beam energy of 31 keV, and a nominal beam size of 0.5 

nm. The patterning was performed with a step size of 1 nm at a dose of 30 nC/m2. For a given 

device, the initial beam alignment took 10 min. The sample positioning and stage settle-down 

took an additional 10 min. The holes were then patterned successively with a milling time of 5 s 

per hole. The modification consisted of milling a linear array of holes along the length of the 

string. The individual holes had a diameter D = 45 nm, with a center-to-center spacing of s = 120 

nm. 

3.2.2 Laser interferometry measurement 

An optical interferometric technique [32,71] was employed to measure the resonance frequency 

of the nanostrings. The resonator chip was attached to a piezoelectric disc and placed in a vacuum 

chamber (10-3 Torr). The piezoelectric element was actuated using the tracking output of a 

spectrum analyzer (Agilent E4411B). The beam of a 633 nm He-Ne laser source was expanded, 

power attenuated, directed by a 50: 50 beam splitter and focused by a microscope objective lens 

on the resonator string surface. The respective reflections from the vibrating string and the 

underlying substrate induce interferometric modulation of the optical signal. The resulting fringe 

pattern was passed through the objective lens, redirected by the beam splitter, focused by a convex 
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lens, and impinged on the AC coupled photo-detector. The photodetector output is then fed back 

to the spectrum analyzer. The resonant frequency was measured at the largest amplitude of 

vibration.  

 

Fig. 3.1 Fabry-Perot type interferometer setup. From reference [70] 

 

3.2.3 Finite element analysis  

Finite element analyses were performed using COMSOL Multiphysics version 4.3 (COMSOL 

Group, Burlington, MA, USA) in 3D solid, stress-strain mode using its structural mechanics 

module. The doubly clamped beam was modelled as a rectangular box with dimensions of 15 µm 

in length, 200 nm in width, and 50 nm in thickness, and clamped at both extremities along the 

long axis. The material properties employed were a density ρ = 2200 kg/m3 and a Young’s 

modulus of E = 108 GPa, as per experimentally measured values reported in ref. [98]. The intrinsic 
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tensile stress was defined along the longer axis in the linear elastic material model as an initial 

stress. 

For the unmilled beams, a mesh composed of 7703 tetrahedral elements was created using the 

physics-controlled meshing technique. The eigenfrequency analysis was performed in two steps. 

Firstly stationary analysis was performed to solve for the effect of initial stress on the resonator. 

Secondly the frequency response of the resonator was determined through eigenfrequency 

analysis. Additional simulations performed with 57,117 tetrahedral elements yielded resonant 

resonant frequencies that were within 0.02% of the one obtained with 7703 elements. 

We also simulated the effect of the milled holes on the calculated resonant frequencies. In those 

simulations, linear arrays of holes with 45 nm diameter and centre-to-centre spacing of 120 nm 

were defined along the length of the string. Additional simulations in which the holes were 

substituted by a hypothetical material of Young’s modulus equal to the one of the SiCN, but with 

a near-zero density were also conducted. These additional simulations were performed to untangle 

effects related to mechanical properties from effects related to density. The eigenfrequencies were 

computed through the aforementioned two steps analysis. Both sets of simulations employed a 

mesh of 92,243 elements in order to insure accurate rendering of the holes. Additional simulations 

involving 288,720 elements yielded resonant frequencies falling within 0.1% of those obtained 

with 92,243 elements. The frequency shifts were calculated with respect to the eigenfrequency of 

the original resonator.  
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3.3 Results and Discussion 

3.3.1 Porous SiCN nanostring 

Figure 3.2 (a) shows an array of SiCN nanostrings milled with a helium ion beam. Figures 3.2 

(b)(c)(d) shows higher magnification images of the nanostring indicated by the arrow in (a). The 

presence of the linear array of milled pores is clearly visible along the length on the structure.  

 

Fig. 3. 2(a) Array of nanostrings with helium ion beam-milled pores, (b)(c)(d) High magnifications 

images of milled nanostring shown by arrow in (a). 
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The disadvantage of involving FIB technique for porous nanostring fabrication is low etching 

speed of nanopores- compared to normal top-down fabrication. As shown in Fig. 3.3, the FIB 

moves to the designed location, sputters away the material until etching through, then moves to 

the next location, repeating the same action. Similar to the case of EBL, this time consuming 

procedure is not suitable for batch fabrication. Nevertheless, by the nature of FIB, the HIM milling 

based post-fabrication method is a flexible, controllable and repeatable process with high yield. 

 

 

Fig. 3.3 FIB milling of nanostring: (a) regular nanostring; (b) ions mill through the string and form 

the pores 

 



67 

 

3.3.2 Tuning of resonant frequency of porous nanostrings 

 

 

Fig. 3. 4 Finite element analysis of the resonant frequency of SiCN nanostrings of length L = 15 

mm, width W = 200 nm and thickness t = 50 nm under varying tensile stress. Results for non-

milled strings and strings milled with linear array of pores of diameter D = 45 nm and center-to-

center spacing s = 120 nm are shown. 

 

The fundamental resonant frequency of a beam of rectangular cross-section, clamped on both 

ends, under no stress, and vibrating perpendicular to is thickness is given by [126,127]: 

 

(3.1) 
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where E, t and L are the Young’smodulus, density, thickness and length, respectively. When a 

tensile stress is present along the axial direction, the resonant frequency f0 will be changed to a 

new value f1: 

 

The reader can consult ref [127] for the derivation of Equations 3.1 and 3.2. A systematic analysis 

of clamped-clamped resonators fabricated in this material has been reported in [98]. In that work, 

clamped-clamped resonators showed a L´0.999 dependence of f0, suggesting that the devices were 

operating in the high-stress limit and thus dominated by the second term of Equation 3.2. The 

same analysis of singly clamped vs doubly clamped devices inferred a density ρ = 2200 kg/m3 and 

a Young’s modulus of E = 108 GPa [128]. This being said, this material was also found to present 

substantial variation of tensile stress within different locations of a given wafer, and from wafer 

to wafer. In our experiments, the tensile stress each device is under is thus a priori not precisely 

known. 

The simulated resonant frequency of non-milled nanostrings of width W = 200 nm, thickness t = 

50 nm and length L = 15 um as function of tensile stress is found in Figure 3.4. The resonant 

frequencies range from f0 = 1.6 MHz for σ = 0 MPa to f0 = 20.6 MHz for σ = 800 MPa. Once 

again, the relationship between frequency and stress becomes linear for stresses above 350 MPa, 

further confirming that the frequency becomes dominated by second term of Equation 3.2 above 

those values.  As described later in this section, the simulation results agree with the experiment 

values. 

(3.2) 



69 

 

The simulated resonant frequency of milled nanostrings of similar dimensions is shown on same 

figure. In these simulations, a linear array of holes of diameter D = 45 nm and center to center 

spacing s = 120 nm is included in the modelling. As seen in Figure 3.4, the presence of the holes 

reduces the resonant frequency by 4.5% independently of tensile stress. 

The presence of holes is expected to affect both the effective mechanical properties of the string 

(such as Young’s modulus and tension), as it does affect its effective linear density. While a 

reduction of tension and Young’s modulus would decrease the resonant frequency, a reduction of 

linear density would rather increase it. To untangle the effects, another set of simulations was 

conducted in which the holes were rather replaced by a hypothetical material whose Young’s 

modulus was equal to the one of the SiCN, but whose density was near zero. In that case, the 

nanostructuring increased the simulated resonant frequency by ~3%. Indeed, by keeping the 

average Young’s modulus constant, these simulations now solely accounted for the reduction of 

linear density of the material. From Equation 3.1, the following approximate relationship is 

derived: 

 

 

While the volume of the original string equals 150 x 106 nm3, the combined volume of the holes 

totals 9.94 x 106 nm3. The holes thus reduce the linear density of the string by 6.7%. Equation 3.2 

would thus predict that such 6.7% reduction would result in a 3.3% increase of resonant frequency, 

as observed in the simulations. 

(3.3) 
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As mentioned above, the presence of fully voided holes did however result in a net reduction of 

4.5% of the frequency, in spite of the 3.3% increase that would result if only change of effective 

density would be involved. In addition, this 4.5% net relative decrease is independent of tensile 

stress, thus indicating that the presence of holes affects both the Young’s modulus and the axial 

stress (second term of Equation 3.2) equally. This behavior was not unexpected given the 

relationship existing between Young’s modulus E, stress σ and strain ε: 

   

Indeed, the milling of the holes is not expected to relieve the beam from the tensile strain σ it is 

under. This being said, the milling of holes effectively reduces the average Young’s modulus E, 

thus in turn affecting the stress σ the device is under. Such mechanical effect would offset the 

effect of reduction of density with the net result of having the string’s resonant frequency be 

reduced by the milling through reduction of both E and σ. 

Non-milled and milled devices were then measured using the interferometry system. The average 

resonant frequency of non-milled devices was measured at 13.5 ± 0.2 MHz. The devices showed 

a resonant quality of Q = 5500 as measured from the full-width at half-maximum. When 

comparing this result to the simulated values (Figure 3.4), this corresponds to a tensile stress 

approximately 375 MPa, within the range usually observed from this material. In turn, the 

resonant frequencies of the milled devices were measured to be 12.8 ± 0.3 MHz. A ~5% net 

reduction of frequency is thus observed, as was predicted by the FEA analysis of the devices. The 

quality of the resonance was not measurably affected by the milling. This being said, this 

reduction of resonant frequency is accompanied by a net increase of surface-to-volume ratio. 

Indeed, a 15 m x 50 nm x 200 nm non-milled string possesses a volume of 150 x 106 nm3and a 
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surface area of 7.5 x 106 nm2, corresponding to a surface to volume ratio of 0.05 nm-1. In turn, the 

milling of pores with diameter of D = 45 nm and center to center spacing of s = 120 nm reduces 

the volume of the beam to 140 x 106 nm3, while augmenting its available capture surface to 8.38 

x 106 nm2. This corresponds to a new surface to volume ratio of 0.06 nm-1, a 20% increase 

compared to the non-milled devices.  

 

3.4 Conclusion 

We have reported the use of helium ion milling for the post-fabrication modification of 

nanomechanical resonators. More precisely, arrays of pores were fabricated along the length of 

glassy nanostrings. This patterning resulted in a slight reduction of the resonant frequency of the 

devices, while increasing their surface to volume ratio. Helium ion milling could therefore be used 

for the post-fabrication tuning and trimming of nanomechanical resonators. This HIM milled 

porous nanostringis an alternative way to achieve small-mass compared with narrowing down the 

regular nanostrings. Without putting challenge to the limitation of EBL, this method opens a new 

route to enhance the sensitivity of nanomechanical string biosensors. Helium ion milling could 

therefore be used for the post-fabrication tuning and trimming of nanomechanical resonators. This 

post-fabrication method has the advantage of flexible and precise control over the dimension, 

locations and numbers of the milled patterns. Therefore, strings can be customized for target 

biochemical analytes.
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Chapter 4 Diazonium functionalization 

of SiCN material 

4.1 Introduction 

4.1.1 Surface modification for biosensors 

A biosensor is composed of a physical transducer, which converts biological analytes information 

into an output signal, and interfacial functional layers, which activates the interaction between the 

molecules of the sensor surface and environment [37], as shown in Fig. 4.1. Usually, the physical 

transducer determines the merits and limitations of the sensor detection. However, it is the 

functional layer that determines the selectivity and stability of the biosensor. 

Before the nanostring can be used as a platform for biological sensing, the string surface needs to 

be bio-functionalized. Bio-functionalization is a technique for modifying material surface 

properties with biologically-relevant moieties. In general, the surface functionalization process of 

a biosensor is achieved in three steps as shown in Fig. 4.2 [129]. The first step is surface 

modification to produce chemical functional groups. The second step is to immobilize the probing 

agent by bio-conjugation to the functional groups. A third step is to passivate with blocking agent 

to avoid non-specific binding and guarantee the selectivity. 

This surface modification, including the surface chemistry process and the immobilized bioactive 

molecules, are critical to the stability and selectivity of any biosensing system[130,131]. For a high 
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quality, stable and reliable biosensor, a robust bio-interface functional layer should have important 

properties such as strong adhesion to the substrate, control of density of functional groups and long 

term thermal, ambient and mechanical stability [131,132]. Biocompatibility is another desired 

property of surface modification, in which the chemistry process keeps both the substrate and 

environment natural and not disturbed. Foreign introduced toxic agents affect the interactions 

between analytes and the substrate which results in error of sensitivity and selectivity. 

 

 

Fig. 4.1 Elements of a typical biosensor 
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Fig. 4.2 General procedure of surface functionalization of a biosensor 

 

4.1.2 General methods of surface modification  

Various surface modification approaches enabling the anchoring of bio-active layers or sites have 

been explored in the past two decades. Depending on the mechanism of adhesion between material 

surfaces and the  modification layer, they can be roughly divided to “physisorption” and 

“chemisorption” [133,134]. Physisorption is an adsorption process in which Van der Waals 

interactions cause intermolecular forces between the material surface and adsorbent while the 

https://en.wikipedia.org/wiki/Van_der_Waals_force
https://en.wikipedia.org/wiki/Van_der_Waals_force


75 

 

structure of the molecules and atoms remain minimally perturbed. Typical examples of 

physisorption methods, like spin coating and painting, suffers from rather fragile and short term 

adhesion. Hence physisorption is not suitable for practical bio functionalization application. 

Chemisorption, on the other hand, involves chemical reactions, forming chemical bonds between 

the surface of the substrate and organic polymers. Covalent bonding is preferred as it forms strong, 

stable and durable adhesion between the functional layer and substrate.  

There are a number of methods for chemical surface modification. The most commonly used 

methods are thiol and silane self-assembled monolayers (SAM). Thiol monolayers do not provide 

covalent bonding but the interaction is strong and stable, especially on gold surface [135]. Surface 

modified by thiol chemistry has ordered alkaline monolayers. This unique property favors the 

specific binding between target molecules and sample surfaces while minimize the non-specific 

binding [136]. However, thiol SAM only works on metal surfaces. Organosilanes chemistry has 

the flexibility to form more defined quasi-crystalline monolayers on surfaces of inorganic 

materials, like silicon, glass, and metals. The method of silane monolayer has been intensively 

studied to apply to micro- and nanoscale devices, such as MEMS electronics and optics. Silane 

monolayers for surface functionalization has been demonstrated to immobilize antibodies for 

immunoassays on NEMS strings[137–139]. However, the siloxane bonds are subject to hydrolysis 

when heated or exposed to alkaline pH, which cause the instability of the self-assembled 

monolayer. Electrochemistry is another widely used surface modification technique. Bacause 

electrochemistry has good controllability, uses mild chemicals, and does not cause the material 

surface deformation or deterioration. However, electrochemistry is restricted to materials that are 

conductive or at least semi-conductive. Hence, a simple, mild, versatile and biocompatible 

chemistry process is imperative for surface modification. 
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4.1.3 Diazonium induced surface modification 

Recently, a versatile diazonium salt reduction-induced aryl film grafting process has been reported 

[133,135,140]. This diazonium chemistry process overcomes the drawbacks of traditional 

chemical surface modification methods and meets the requirements for ideal surface modification 

as mentioned above.  

In this process a thin film is covalently grafted to the substrate by chemical reduction of diazonium 

salts induced by reducing agents. This one-step redox process is readily implemented in aqueous 

environments, at room temperature, atmospheric pressure, ambient pressure and does not have the 

requirement of sophisticated equipment. These mild processing conditions preserve the nature of 

the substrate and biological environment to optimize the biocompatibility. As with other types of 

chemical absorption, diazonium chemistry forms true chemical bonding on the material surface, 

which has high thermal, mechanical and ambient stability over long time periods. After being 

immersed in organic solvents with ultrasonic treatments, bonding between the substrate and 

grafted film demonstrated robust stability [140]. The thickness of diazonium-derived aryl layers is 

controllable and thus the density of functional groups are controllable and can be customized to 

the target samples [141,142]. Moreover, this chemistry modification is applicable to all types of 

materials.  

Due to these properties, diazonium chemistry is promising as universal surface modification 

method for the bio functionalization of biosensors. Significant research involving diazonium-

induced surface modification of biosensors has been conducted in recent years [132,142–149]. 

Most of these reports were however limited to electrochemical sensors and surfaces such as carbon 

and metals.  
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As stated in the Chapter 2, the unique property of SiCN makes it an optimal material for fabricating 

ultra-small nanowire NEMS. Hence, the stability and selectivity of SiCN NEMS biosensors rely 

on the quality of surface functionalization of the SiCN material. Electrochemistry, the most 

frequently used method, does not apply to this non-conductive material. The silane monolayer 

method does not form stable chemical bonds and results in inaccuracy and low repeatability of 

measurement. The diazonium induced surface modification process is advantageous compared to 

other types of chemisorption techniques in this scenario, which makes it a perfect candidate for 

bio-functionalization of SiCN material. An additional benefit of the diazonium chemistry is that 

the aryl film is homogenous and the thickness of the organic layer is controllable from tens to 

hundreds of nm. As stated in the previous section, the small mass of the string favors higher 

detection sensitivity. The ultra-thin organic layer does not add on significant mass and, if 

controllable accurately, does not reduce the detection sensitivity.  

The investigation of functionalization of glassy SiCN material has significant impact to the entire 

group of glassy materials based biosensors, like the fiber-optics based biosensor.  

4.1.4 Methods of surface characterization 

In a surface functionalization process, after each step of surface modification and immobilization 

of biological reagents, the attachment of polymer and analytes needs to be verified by surface 

characterization. Non-spectroscopy surface characterization methods, like Zeta potential, water 

contact angle, and dye assays, are simple, rapid, and common because of their low cost and simple 

manipulation. These techniques obtain qualitative measurement results in a timely way but each 

technique is confined to certain types of sample and is not applicable universally. Additionally, 

they pose a challenge when precise and qualitative assessment is required. On the other hand, the 
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most commonly used surface characterization methods are spectroscopy and microscopy, which 

provide precise analysis of elementary composition, functional groups, chemical bonding, 

morphology, and topography of the top several nanometers of the sample surface. Typical surface 

characterization tools are X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion 

mass spectrometry (ToF-SIMS), Fourier transform infrared spectroscopy (FTIR), Auger electron 

spectroscopy, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), transmission electron microscopy (TEM) and atomic force microscopy (AFM). The 

majority of these tools requires vacuum and relatively long operation time. Thus, the analysis 

results may contain inevitable errors in the case that the functional group or the chemical bonding 

between the polymer and substrate is unstable, hyperactive, or sensitive to ambient. In 

circumstances where real time monitoring of bioactivity is required, these spectroscopy and 

microscopy tools are not suitable because of significant data acquisition time delay. These methods 

have instrumental limitations due to their working mechanism, like restriction to certain 

dimensional resolution and insensitivity to particular elements. In addition, the tools are expensive 

and require high maintenance. However, comprehensive and accurate information of the sample 

surface can be obtained by combination of surface analysis from complementary tools. 

XPS, also named as electron spectroscopy for chemical analysis (ESCA), is a frequently used 

quantitative measurement technique. It supplies comprehensive and informative chemical 

analysis. Full elemental composition as well as chemical bonding of the material within a surface 

depth ofup to 10 nm can be obtained. Various types of materials, including semiconductors, 

polymers, bio-materials, inorganic compounds, and metal alloys, can be precisely analyzed by 

XPS. However, XPS is not able to detect elements with an atomic number less than 3 or, in another 

words, hydrogen and helium.  

https://en.wikipedia.org/wiki/Transmission_electron_microscopy
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The basic physics principle of XPS is the photoelectric effect phenomenon discovered by Albert 

Einstein in 1905 which won the Nobel Prize in 1921 [150]. K. Siegbahn initiated photoemission 

as an analytical tool, now known as XPS, in the 1960s, and won the Nobel Prize for Physics in 

1981. As shown in Fig. 4.3, the configuration of a XPS instrument includes an X-ray source, an 

electron detector, an electron energy analyzer, an electron collection lens and an ultra-high vacuum 

(UHV) chamber. The photons generated by the X-ray source collide with electrons in different 

atomic orbitals on the surface of the sample. The electrons gain the energy to escape from the 

binding energy of the atomic nucleus and are collected by the electron collection lens. The electron 

energy analyzer measures the kinetic energy of ejected electrons and the electron detector system 

counts the electrons. The kinetic energy of electrons is determined by the energy of the photons 

(ℎ𝜈), the binding energy of electrons (𝐵. 𝐸.𝐹), and work function (𝜙𝑠𝑎𝑚𝑝𝑙𝑒), as shown in Equation 

4.1.  

                                                      𝐾. 𝐸 = ℎ𝜈 − 𝐵. 𝐸.𝐹 − 𝜙𝑠𝑎𝑚𝑝𝑙𝑒                                           (4.1) 

The binding energy is obtained based on the calculation of kinetic energy of the electrons as shown 

in Equation 4.2 [151]. 

                                                       𝐵. 𝐸.𝐹 = ℎ𝜈 − 𝐾. 𝐸 − 𝜙𝑠𝑎𝑚𝑝𝑙𝑒                                            (4.2) 

XPS is the primary characterization instrument for surface analysis of biomedical samples and 

polymers. In this chapter, XPS is used to characterize the surface of diazonium modified material 

surfaces. 
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Fig. 4.3 Configuration of XPS 

 

4.1.5 Structure of this chapter 

Fig. 4.4 shows the structure of this chapter. Before applying the diazonium induced polymer 

grafting process as the surface modification method to functionalize the SiCN NEMS 

sensor, verification of the diazonium chemistry with SiCN itself was needed. Therefore, in 

this chapter [152], first the SiCN surface was modified by the diazonium salt induced aryl 

film grafting process and characterized with XPS. After the validation of XPS spectrum 

analysis, sandwich immunoassay was performed on the diazonium treated SiCN surface. 

As the most commonly used bio-conjugation strategy, carboxylic acid group terminated 

aryl diazonium salt was adopted as the surface modification reagent. The carboxylic acid 

group easily reacts with the amino group in the antibody and forms the covalent amide 

bond. Due to the high specific affinity of primary and secondary antibodies, typical rabbit 
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IgG and anti-rabbit IgG are chosen as the probe protein and target protein, respectively. 

FITC labelled anti-rabbit IgG and AuNP conjugated anti-rabbit IgG were used individually 

as markers to visually inspect the absorption of anti-rabbit IgG to the substrate. In each 

case, confocal microscopy and SEM microscopy were individually used for 

characterization of the sample and control. The conclusion of these experiments is critical 

for the feasibility of diazonium modification of SiCN NEMS sensors. To the best of our 

knowledge, this work is the first exploration of taking diazonium salt as a linker chemistry 

to modify the SiCN material surface as well as the first application of diazonium chemistry 

to functionalize nanostring-based NEMS biosensors.  

 

Fig. 4.4 Diagram of structure of chapter 4 
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4.2 Experiment 

4.2.1 Synthesis of aryl diazonium salt 

Diazonium salts were prepared from the corresponding anilines using a previously 

published method [153]. Briefly, the appropriate aniline (4-bromoaniline or 4-

aminobenzoic acid, 0.1 moles, Sigma-Aldrich) was dissolved in fluoroboric acid (48%, 50 

ml, Sigma-Aldrich) and then cooled in an ice water bath. After cooling to 0°C, sodium 

nitrite (10 g, Sigma-Aldrich) dissolved in DI water (20 ml) was added drop by drop while 

stirring. The reaction mixture was further cooled in an ice water bath and stirred for another 

1 h.  The resultant precipitate was filtered in a Buchner funnel and washed with cold 

anhydrous ether (Sigma-Aldrich).  

4.2.2 Diazonium induced SiCN surface modification 

The diazonium salt induced polymer grafting chemistry process as reported in [140]was 

employed to modify the SiCN material. This surface modification process was performed 

in an aqueous environment at atmospheric pressure and at room temperature. The modified 

SiCN surfaces were analyzed by XPS to verify the bonding between the grafted layer and 

the SiCN thin film.  

As the initial verification step, diazonium salt 4-bromobenzenediazonium tetrafluoroborate 

(Br-C6H4-N2BF4) was selected as the reactant because the element Br does not exist in the 

material surface or ambient but only exist in the final product. If Br signal was detected in 

the modified SiCN surface by XPS analysis, it verifies the attachment of aryl film to 

substrate. Thus, Br serves as a marker element for easy subsequent XPS assessment.  
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4-carboxy benzenediazonium tetrafluoroborate (COOH-C6H4-N2BF4) is employed to bio-

functionalize the SiCN sensor surfaces, because the carboxyl group (-COOH) is commonly 

leveraged for bio-conjugation. However, the compositional elements of this group, carbon 

and oxygen, also exist in the SiCN substrate. A carboxyl group bonding to SiCN is able to 

be analyzed by XPS but the analysis is more complicated than that of the Br group. For this 

reason, Br-benzene diazonium salt was first used for initial surface modification test and 

simpler XPS analysis. Once the process was validated by XPS, the SiCN chips were bio-

functionalized by 4-carboxy benzenediazonium tetrafluoroborate (Fig. 4.5). 

 

 

Fig. 4.5 Molecule structures of (A) 4-bromobenzenediazonium tetrafluoroborate and (B) 4-

carboxy benzenediazonium tetrafluoroborate 
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L-ascorbic acid (VC) was selected as the reducing agent. Two identical SiCN bare chips, 

one as the sample and the other as control, were cleaned in cold (<40 ℃) piranha (3:1 96% 

H2SO4: 30% H2O2) for 15 min and BOE (buffered oxide etch, 10:1 HF: NH4F) for 3 min to 

eliminate organic contamination and possible oxidation on the SiCN surface. A 0.05M 4-

bromobenzenediazonium tetrafluoroborate solution and a 0.05M L-ascorbic acid solution 

in Milli-Q water were individually prepared. A 2 mL 4-bromobenzenediazonium 

tetrafluoroborate solution was poured dropwise onto the SiCN sample chip. Further, 1 mL 

of L-ascorbic acid (VC) solution was added dropwise to the diazonium solution. The SiCN 

sample chip was left to incubate in the mixture while in a glass petri dish for 60 min at 

room temperature. The negative control experiment was carried in parallel by immersing 

the SiCN control chip into a 1 mL 0.05M L-ascorbic acid (VC) solution, without any 4-

bromobenzenediazonium tetrafluoroborate, for 60 min. The sample and control chips were 

then individually rinsed in water, ethanol, acetone, sonicated in dimethyl formamide (DMF) 

for 5 min, and dried under nitrogen flow. 

4.2.3 XPS surface analysis 

The surface of SiCN sample and control was analyzed by XPS. The XPS measurements 

were performed on a Kratos AXIS ULTRA spectrometer using a monochromatic Al Kα 

source (hν=1486.6 eV) at a power of 170 W and 90° take-off angle (TOA). The data was 

collected from an analysis area of 400 µm x 700 µm. The instrument base pressure was 

lower than 5 x 10-8 Pa. The resolution was 0.55 eV for Ag 3d and 0.70 eV for Au 4f peaks. 

The survey scans and the high-resolution spectra were carried out with a pass energy of 160 

eV and 20 eV, respectively. For Br, 50 X high resolution scans were run with a step of 0.1 

eV. An electron flood gun was used for charge neutralization. Data were calibrated by 
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setting the main C 1s component at 284.8 eV. Vision-2 instrument software was employed 

for data acquisition and CasaXPS was used for its processing.  

4.2.4 Sandwich rabbit IgG assay  

The whole strategy of Rabbit IgG antibody and rabbit IgG immobilization on SiCN sensor surface 

is described in Figure 4.6. 

4.2.4.1 AuNP (Gold Nanoparticle) labelled sandwich rabbit IgG assay  

4.2.4.1.1 Diazonium surface modification 

First, SiCN chips were surface modified using 4-carboxybenzenediazonium 

tetrafluoroborate (C7H5BF4N2O2) as a reactant. As opposed to 4-bromobenzenediazonium 

tetrafluoroborate, 4-carboxybenzenediazonium tetrafluoroborate supplies an active 

carboxylic acid group as a chemical active group to bind to the proteins The procedure was 

the same as the one described in section 4.2.2, except 4-bromobenzenediazonium 

tetrafluoroborate was replaced by 4-carboxybenzenediazonium tetrafluoroborate. Four 

SiCN chips (A1, B1, C1, D1) were pre-treated with the same cleaning procedure and 

incubated in the mixture of 0.05M 4-carboxybenzenediazonium tetrafluoroborate and 

0.05M L-ascorbic acid, with a 2:1 volume ratio, for 60 min. The chips were then rinsed in 

water, ethanol, acetone, sonicated in DMF and nitrogen dried.  

4.2.4.1.2 Activation of carboxyl groups 

Fresh 0.4M EDC (N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride) 

solution and 0.1M NHS (N-hydroxysuccinimide) solutions were made and mixed together 

in a 1:1 volume ratio. The four carboxyl-bearing SiCN chips were incubated in the mixture  
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Fig. 4.6 Sandwich assay using FITC and AuNP as labels: (a) SiCN surface modification by aryl 

diazonium salt; (b) Bio-conjugation of recognition probe to aryl layer; (c) Rabbit IgG binds to 

rabbit IgG antibody; (d) FITC-a-rabbit IgG immobilization to rabbit IgG;  (e)AuNP-a-rabbit IgG 

immobilization to rabbit IgG 
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for 30 min at room temperature. After this reaction time, the chips were rinsed and blow-

dried in nitrogen. 

In this AuNP labelled sandwich rabbit IgG assay, due to their high mutual specificity and 

affinity anti-rabbit IgG was selected as the recognition bioreceptor, while rabbit IgG was 

used as the target. AuNP conjugated anti-rabbit IgG was adopted as the detection marker. 

 

4.2.4.1.3 Immobilization of recognition bioreceptor 

The four SiCN chips baring activated carboxyl groups were incubated in 100µg/ml goat 

anti-rabbit IgG solution (polyclonal, Sigma-Aldrich) at room temperature for 2 h. The chips 

were rinsed with PBST (Phosphate Buffered Saline Tween-20) and then incubated in 5% 

BSA (bovine serum albumin) at room temperature for 1 h to block the non-specific binding 

sites. After that, the chips were rinsed in PBST. 

4.2.4.1.4 Immobilization of target 

Two chips (A1 and B1) were immobilized with the detection target by incubating in 

200µg/ml rabbit IgG solution (polyclonal, Sigma-Aldrich) at room temperature for 1 h. In 

parallel, as a control, the other two chips (C1 and D1) were incubated in 200µg/ml goat 

IgG solution (polyclonal, Sigma-Aldrich) at room temperature for 1 h. After that, the chips 

were rinsed in PBST. 

4.2.4.1.5 Immobilization of detection marker:  

Chips A1 and C1 were immersed in 40nm AuNP (4.5 x 1011/ml) conjugated anti-rabbit IgG 

solution (10µg/ml, Ted Pella) at room temperature for 1 h. Chips B1 and D1 were immersed in 1:3 
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diluted solution of 40nm AuNP conjugated anti-rabbit IgG at room temperature for 1 h. After 

incubation, the chips were water rinsed and nitrogen dried.  

4.2.4.2 SEM and EDX  

A high resolution field emission scanning electron microscopy (Zeiss Sigma FE-SEM) was used 

to detect the presence of the gold nanoparticles immobilized on the surface of chips A1, B1, C1 

and D1. Images were obtained at magnification from 10 000x up to 200 000x under an acceleration 

voltage of 15 kV by using secondary electron (SE) in-lens and backscattered electron (BSE) 

detector.  

An energy-dispersive X-ray detection instrument (EDX) was used to identify the elemental 

composition of the surfaces of chips A1, B1, C1 and D1. An Oxford Instruments X-MaxN 150mm2 

Silicon Drift Detector (SDD) detector was used for point analysis and mapping of elemental spatial 

distributions. 

4.2.4.3 FITC labelled sandwich rabbit IgG assay  

The FITC labelled sandwich rabbit IgG assay was similar to the AuNP labelled sandwich rabbit 

IgG assay except that FITC conjugated anti-rabbit IgG was used as the detection marker. 

Four SiCN chips (A2, B2, C2, D2) were surface modified with carboxyl group by diazonium 

chemistry and activated by EDC and NHS mixture with the same procedure as stated in section 

4.2.4.1. The method for immobilization of the bioreceptor and target is similar to that shown in 

section 4.2.4.1. Briefly, the four chips (A2, B2, C2, D2) were incubated in 100µg/ml goat anti-

rabbit IgG solution (polyclonal, Sigma-Aldrich) for 2 h and 5% BSA (bovine serum albumin) for 

1 h at room temperature in consequence. Chips A2 and B2 were incubated in 200µg/ml rabbit IgG 

http://photometrics.net/analytical-techniques/field-emission-scanning-electron-microscopy-fesem
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solution (polyclonal, Sigma-Aldrich) for 1 h whereas chips C2 and D2 were subject to 200 µg/ml 

goat IgG solution (polyclonal, Sigma-Aldrich) as a control for 1 h at room temperature, 

respectively.  

Chips A2 and C2 were immersed in 1:200 diluted FITC conjugated anti-rabbit IgG solution 

(Sigma-Aldrich) while Chips B2 and D2 were immersed in 1:400 diluted FITC conjugated anti-

rabbit IgG solution at room temperature for 1 h respectively. 

4.2.4.4 Confocal microscopy imaging 

Chips A2, B2, C2, D2 were individually imaged on a Zeiss LSM 710 Laser scanning confocal 

microscope mounted on an Axio-observer inverted microscope (ZEN 2011, Jena, Germany) with 

a plan Apochromat 20x (NA 0.8) lens. Fluorescence signal was collected with a 488nm laser 

excitation and with an emission wavelength range of 492nm-590nm. Images were digitized at 16 

bit with a Nyquist sampling rate using a pinhole size of one airy unit. 

The above mentioned positive samples and negative controls for AuNP and FITC labelled 

sandwich rabbit IgG assay are summarized in Table 4.1. 
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Table 4.1 Description of Samples 

Sample Control type Dilution ratio Label 

A1 positive 1:1 AuNP 

B1 positive 1:3 AuNP 

C1 negative 1:1 AuNP 

D1 negative 1:3 AuNP 

A2 positive 1:200 FITC 

B2 positive 1:400 FITC 

C2 negative 1:200 FITC 

D2 negative 1:400 FITC 
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4.3 Results and Discussion 

4.3.1 One-step modification of the SiCN surface 

The SiCN surfaces have been modified in one simple step of redox reaction in an aqueous 

environment, at ambient pressure and room temperature. The mechanism of aryl diazonium 

salt induced surface modification is due to the dediazonation caused by one electron 

reduction and the creation of free aryl radical [133,140,143]. In the case of the SiCN surface 

modification described here, shown in Fig. 4.7 (A) and (B), the aryl diazonium salt is 

reduced by L-ascorbic acid, and the free aryl radical forms strong chemical bonds to the 

SiCN surface atoms. 

The SiCN sample modified by 4-bromobenzene diazonium tetrafluoroborate and the 

negative control were surface analyzed by XPS. Bromine was used as the marker element 

to indicate if aryl films were successfully grafted on the sample surfaces. Bromine is indeed 

a component of the aromatic ring but not a component of the pristine samples. The XPS 

high resolution spectra, as shown in Fig. 4.7 (C) and (D), exhibited a significant peak at 71 

eV which are attributed to the Br 3d5/2 signal. Presence of such Br peak thus confirmed 

the bonding of the aromatic ring to the substrate. Because the SiCN was sonicated in 

dimethyl formamide (DMF) for 5 min after surface modification. Physisorption on the 

SiCN chip were removed by the vigorous ultrasonication. Hence, the bonding between 

aromatic ring and the substrate was due to strong chemical adhesion. It is already proven 

in literature that aryl film forms covalent bonding on the surfaces of carbon, silicon and 

gold [135,143,154–156]. Therefore, it is reasonable to assume that the aromatic ring formed 

covalent bonding to the SiCN substrate. The high resolution spectrum from the negative 
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Fig. 4.7 Reaction mechanism and XPS analysis of aryl diazonium modification of SiCN 

surface: (a) Aryl diazonium salt reduction by electrons; (b) the created free aryl radicals 

strongly bond to the SiCN surface; (c) XPS high resolution scans of Br element spectra on 

aryl diazonium modified SiCN sample and control surfaces; (d )XPS experimental bromine 

spectrum and theoretical Br 3d fitted curves. 
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control sample is below the noise level and does not show any peak at this range. The results 

demonstrate the successful modification of SiCN surfaces by aryl diazonium salt and 

confirm the formation and grafting of aryl films on the modified SiCN surface. 

4-carboxy benzenediazonium tetrafluoroborate was employed to bio-functionalize the 

SiCN sensor surfaces, as the carboxyl group (-COOH) is commonly employed for bio-

conjugation. However, the compositional elements of this group, carbon and oxygen, also 

exist in the SiCN substrate. For this reason, Br-benzene diaznonium salt was first used for 

initial surface modification tests and XPS analysis. Once the process was validated by XPS, 

the SiCN chips were bio-functionalized by 4-carboxy benzenediazonium tetrafluoroborate.  

The mechanism of 4-carboxy benzenediazonium tetrafluoroborate reduction induced 

aromatic ring grafting on the SiCN substrate is the same with that of 4-bromobenzene 

diazonium tetrafluoroborate. As shown in Fig. 4.8, by one electron reduction, the diazo 

group is lost from 4-carboxy benzenediazonium tetrafluoroborate and the aryl radical 

bearing carboxyl group is produced (R1). This active aryl radical strongly bonds to the 

SiCN and thus the surface is modified with carboxyl group (R2). In case of large availability 

of reducing agent or prolonged exposure time, further reduction happens and produces 

abundant aryl radicals. These radicals either fill the space on the SiCN surface to form a 

monolayer or bond to the aromatic rings, which are already on the SiCN surface, to form 

multilayers (R3 and R4).  



94 

 

 

Fig. 4.8 Mechanism of diazonium reduction induced monolayer and multilayer of carboxyl group 

grafting on SiCN surface 
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The carboxyl group introduced onto the SiCN surface enabled the covalent immobilization 

of proteins by formation of an amide bond between proteins and the surface. EDC/NHS, 

the molecule structures of which are depicted in Fig. 4.9, was used to activate the carboxyl 

groups. The carboxylic acid group was converted to carboxyl-NHS ester using EDC as an 

intermediate. The NHS ester reacts with the primary amine in proteins and forms an amide 

bond. This mechanism is illustrated in Fig. 4.10. This strategy was thus employed to 

covalently bind anti-rabbit IgG onto the nanostrings.  

 

Fig. 4.9 The molecule structures of (A) EDC and (B) NHS. 
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Fig. 4.10 Mechanism of carboxyl group activation via EDC/NHS and amide bond formation from 

carboxyl group and amino group 

 

 

4.3.2. SEM and EDX of AuNP 

As shown in Fig. 4.6, after immobilization of aryl molecule baring carboxylic acid group and 

activation of these carboxyl groups by EDC and NHS, the anti-rabbit IgG were immobilized 

to the SiCN chips as recognition reagent by covalent bonding. BSA, the most frequently used 

blocking protein, was used to prevent non-specific binding sites on the SiCN surface. Next, the 

detection target rabbit IgG were immobilized due to the affinity between anti-rabbit IgG and 

rabbit IgG. At the last step, anti-rabbit IgG labelled with AuNP and FITC were individually 

immobilized due to the affinity between anti-rabbit IgG and rabbit IgG. Therefore, if the 

labels AuNP and FITC are detected under microscopy, it proves the adsorption of the target 

molecule rabbit IgG on the SiCN chips.  
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As a control, the SiCN chips baring anti-rabbit IgG and passivated with BSA was subject to 

non-specific target goat IgG solution and then anti-rabbit IgG labelled with AuNP and FITC. 

It is known that goat IgG does not have specific bonding with anti-rabbit IgG. Therefore, if no 

label signal were observed under microscopy, it indicated the goat IgG does not exist on the SiCN 

chips. Hence, the presence of labels in sample surfaces and non-presence of labels in control 

surfaces could verify the specific detection.  

Fig. 4.11 shows the SEM images of AuNP distribution on sample chip A1 and control chip C1. 

Obviously, the chip A1 has a dense and roughly uniform AuNP distribution over the random area 

under low magnifications of 10 000x and 20 000x, respectively. Almost no AuNP was observed 

on control chip C1. It is noticeable that these results were obtained under the condition that AuNP 

conjugated anti-rabbit IgG was in stock high concentration. To exclude the possibility of non-

specific binding by saturation, a 1:3 diluted AuNP conjugated anti-rabbit IgG was applied on 

sample chip B1 and control chip D1. The results are shown in Fig. 4.12. B1 has roughly uniform 

coverage of AuNP but at a lower density of distribution compared to that of A1. Very small amount 

of AuNP sparsely appears on chip D1 under magnification of 10 000x, meaning tiny amount of 

non-specific binding of AuNP to substrate. This is possibly due to the interaction between 

polyclonal goat anti-rabbit IgG and goat IgG. The interaction of AuNP itself to the IgG molecules 

on the substrate maybe another reason. No AuNP are shown under magnification of 20 000x. The 

contrast of AuNP density between samples and controls in Fig.11 and Fig.12 concludes the 

selective binding of AuNP conjugated rabbit IgG to substrate.  
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Fig. 4.11. Comparison of presence of AuNP on the surface of sample chip A1 and control chip C1: 

(A) AuNP distribution on chip A1 under 10 000 times magnification, scale bar stands for 1µm; (B) 

AuNP distribution on chip A1 under 20 000 times magnification, scale bar stands for 200nm; (C) 

AuNP distribution on chip C1 under 10 000 times magnification, scale bar stands for 1µm; (D) 

AuNP distribution on chip C1 under 20 000 times magnification, scale bar stands for 200nm.  
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Fig. 4.12 Comparison of presence of AuNP on the surface of sample chip B1 and control chip D1: 

(A) AuNP distribution on chip B1 under 10 000 times magnification, scale bar stands for 1µm; (B) 

AuNP distribution on chip B1 under 20 000 times magnification, scale bar stands for 200nm; (C) 

AuNP distribution on chip D1 under 10 000 times magnification, scale bar stands for 1µm; (D) 

AuNP distribution on chip D1 under 20 000 times magnification, scale bar stands for 200nm. 
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Fig. 4.13 compares the density of AuNP on chips A1 and B1. Under 50 000x and 200 000x 

magnification, the ratio of AuNP of A1 to B1 is around 3:1 which is linear to the concentration of 

AuNP conjugated rabbit IgG. Under 100 000x magnification, the ratio of AuNP of A1 to B1 is 

around 2:1.  

 

Fig. 4.13 Comparison of presence and density of AuNP on the surface of chips A1 and B1 under 

high magnification: (A) AuNP distribution on chip A1 under 50 000 times magnification, scale 

bar stands for 100nm; (B) AuNP distribution on chip A1 under 100 000 times magnification, scale 

bar stands for 100nm; (C) AuNP distribution on chip A1 under 200 000 times magnification, scale 

bar stands for 20nm; (D) AuNP distribution on chip B1 under 50 000 times magnification, scale 

bar stands for 200nm; (E) AuNP distribution on chip B1 under 100 000 times magnification, scale 

bar stands for 100nm; (F) AuNP distribution on chip B1 under 200 000 times magnification, scale 

bar stands for 20nm. 
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The SEM result shown in Fig. 4.11, Fig. 4. 12 and Fig. 4.13 verifies the fact that target molecules 

are immobilized onto the probe molecules by specific binding. The immobilization of recognition 

molecules is based on covalent bonding between amino acid and bio-active group in the aromatic 

ring. Diazononium derived aryl film is an effective surface modification method for specific 

detection. 

Fig. 4.14 is a supplementary proof in addition to the SEM images. This figure shows the EDX 

analysis of the SiCN substrate immobilized with a sandwich rabbit IgG structure. The point 

analysis of the particle (panel B) shows significant peaks for elements gold, silicon, carbon and 

nitrogen, which proves the attachment of AuNP onto the SiCN substrate. The elements map shows 

their relative proportions on and off the particle. As seen from Panel C, despite of background 

noise of sparse gold distribution off the particle, the contrast of gold density on and off particle is 

high enough to prove the existence of AuNP on surface. Panels D, E, and F show less silicon, a bit 

more carbon and almost the same amount of nitrogen on the particle, which agrees with the fact 

that AuNP conjugated anti-rabbit IgG molecules contains carbon and nitrogen but not silicon. The 

shapes of elements mapping are slightly distorted due to the electron astigmation at high 

magnification but they still reflect the concentrations of the elemental distributions effectively.  
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Fig. 4.14 EDX analysis of substrate immobilized with AuNP: (A) SEM image of AuNP; (B) EDX 

spectrum of a point of the particle, showing peaks of gold, silicon, carbon and nitrogen; (C) map 

of distribution and relative intensity of element gold in scanned area; (D) map of distribution and 

relative intensity of element silicon in scanned area; (E) map of distribution and relative intensity 

of element carbon in scanned area; (F) map of distribution and relative intensity of element 

nitrogen in scanned area.  Scale bar stands for 50nm. 
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4.3.3. Fluorescent images of FITC 

As seen in Fig. 4.15, FITC as a detection marker was present only in chips A2 and B2 but not in 

control chips C2 and D2. It is obvious that the FITC color in A2 is brighter than that of B2 while 

almost no visible color difference exists between C2 and D2. 

 

Fig. 4.15 Comparison of presence of FITC on the surface of sample chip A2, B2 and control chip 

C2, D2: (A) FITC distribution on chip A2; (B) FITC distribution on chip B2; (C) FITC distribution 

on chip C2; (D) FITC distribution on chip D2. Scale bar stands for 2um. 
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Table 4.2 Mean optical intensity of FITC on the surface of sample chips A2, B2 and control 

chips C2, D2 

Sample Intensity (AU) Signal to Noise Ratio 
Dilution Ratio of FITC 

Conjugated Anti-Rabbit IgG 

A2  

C2 

37,967  

205 

185 1:200 

B2  

D2 

25,791  

245 

105 1:400 

 

 

To make quantitative comparison, Table 4.2 shows the mean optical intensity and the ratio of 

signal level compared to background noise. The signal to noise ratio of 185 and 105 under FITC 

dilution ratio of 1:200 and 1:400 respectively is high enough to prove the selective absorption of 

FITC conjugated anti-rabbit IgG to target molecule rabbit IgG. The optical intensity of A2 is 47% 

larger than that of B2, which means non-saturation binding of FITC conjugated anti-rabbit IgG to 

the substrate. The optical intensity of C2 and D2 are almost the same and does not differ with FITC 

concentration, which further verifies almost no non-specific binding of FITC conjugated anti-

rabbit IgG to substrate. Hence, the chemical bonding of probe molecule anti-rabbit IgG to the aryl 

film on SiCN substrate induced by diazonium modification has been proved. 
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4.4. Conclusion 

Diazonium salt induced aryl film grafting process has been introduced for surface modification of 

SiCN glassy material for the first time. To verify the grafting of aryl film to the SiCN surface, the 

chemical bonding between the aryl film layer and the SiCN surface was first analyzed by XPS. 

After this initial verification, rabbit IgG sandwich immunoassay was performed on the modified 

SiCN surfaces. For visual detection, FITC and AuNP were individually used as labels which were 

attached to detection anti-rabbit IgG. Control experiments were performed in parallel to verify the 

specific detection based on covalent bonding of antibody to aryl film. The resulting SEM images 

of AuNP distribution and confocal microscopy images of fluorescence both demonstrate uniform 

and dense coverage of detection target on the samples. As a contrast, the control rarely shows a 

signal. As a proof of concept, it can be concluded that diazonium chemistry is an effective and 

simple method to modify glassy SiCN materials. The next step was to apply diazonium chemistry 

to SiCN NEMS sensor for biofunctionalization, as shown in the next chapter. 

The significant advantage of this diazonium chemistry process is its universal application to all 

types of materials and is a competitive alternative to electrochemistry. Potentially, this surface 

modification method can be expanded to sensors with various surface materials. 
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Chapter 5 Diazonium functionalization 

of SiCN nanostring biosensors 

5.1 Introduction 

5.1.1 Surface modification of MEMS/NEMS beam sensors 

An ideal biofunctionalization layer should have high performance in the three aspects: sensitivity, 

specificity, and stability. As stated in the previous two chapters, based on the mass sensitive 

principle, the easiest way to reach high sensitivity is to lower the mass of the beam itself and make 

it comparable to that of the detection target. That is the primary motivation of scaling down beam 

resonators from micro- size to nanoscale dimensions. As with any type of biosensors, surface 

modification is of crucial importance to MEMS/NEMS beam sensors. However, the strategy to 

graft functional group onto the suspended nanostring and nanowire device is challenging compared 

to that of micro-beams. First, surface modification involves ionized gas (plasma, corona discharge, 

and flame treatment) which may not only deteriorate the surface of the material but even damage 

the tiny and fragile suspended nanostring. It is possible to cause permanent failure of the NEMS 

device itself. Second, MEMS sensors with silane monolayers easily decompose and result in 

desorption of bio-analytes from material surfaces [157,158]. This may not be a significant problem 

for micro-beam sensors due to their relatively larger size, but for the small surface size and device 

mass of nanostrings, the coverage of modification layer and analytes is largely reduced when the 

silane monolayer decomposes. The decomposition of the silane layer can result in inaccurate 
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quantitative measurement and reduction of the detection sensitivity. The wet chemical and 

electrochemistry surface modification methods seem to be a good candidate for the case of NEMS 

surfaces due to their flexible adaptability to different materials. As stated before, SiCN material is 

chosen for its amenability to nanometer-scale machining. However, electrochemistry requires 

electron transfer at the surface which is not suitable for SiCN. The traditional wet chemical surface 

modification methods often use harsh chemicals, organic solvents, or strong bases, which cause 

side effects to common biosensors. In particular circumstances when vigorous fluid wash is 

needed, there is a potential risk to physically damage the nanostrings. To summarize, compared to 

larger, static biosensors, the NEMS biosensor requires a special type of surface modification. 

Beyond the general requirements for all type of biosensors, additional restrictions are preferred for 

the surface modification for nanostring biosensors. First, the surface modification process should 

be gentle enough not to physically or chemically deteriorate the material surface and structure of 

the device. Second, the bonding between the functional group and substrate is robust and stable to 

maintain constant coverage of the layer. Third, the thin functional layer with small added mass 

should not lower the sensitivity of the device. Fourth, etching the material or introducing 

contamination should be avoided as they change the mass of the nanostring. Finally, stiction effects 

often takes place when MEMS/ NEMS beams are removed from liquid and dried. The proper 

solution is one factor in preventing possible stiction of the nanostrings to the substrate. 

5.1.2 Diazonium chemistry for NEMS biosensors 

As investigated in literature, diazonium induced aryl film bonding to the substrate is thermally and 

mechanically stable [143]. This ensures a stable coverage of functional groups. Various methods 

of diazonium salt induced polymer grafting [143] has been investigated and reported in recent 
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years, as depicted in Fig. 5.1. The key to diazonium chemistry is the loss of the diazonium group 

from aryl diazonium salt and the creation of aryl radicals, which reacts with the material surface 

and forms bond between the aryl layer and the substrate. Multiple trigger mechanism that are able 

to cause the dediazonation reactions have been explored on different materials [143]. These 

methods include electrochemisty, photochemistry, ultrasonication, heating and microwave, 

mechanical grafting, reducing substrate, reducing agent. However not all of them fit the specific 

needs of fragile nanostrings. For instance, ultrasonication and mechanical grafting can cause the 

breaking of nanostrings. For heating induced dediazonation, the aryl layer and the nanostring cools 

down to room temperature after chemical reaction. The heating temperature required for 

diazonium group lost is relatively high. But in the case of suspended nanostrings, the mismatch of 

material properties between the functional layer and substrate can be a factor which can alter their 

mechanical properties and thus their resonant frequencies. Depending on the photosensitivity of 

the material surface itself, the wavelength and dose of light used in the photochemistry may need 

to be studied and minimized. Electrochemistry requires substrate to be conductive and restricted 

from non-conductive insulators. Spontaneous diazonium reduction takes place only on the surface 

of the reducing substrate. 
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Fig. 5.1 Methods for diazonium salt reduction and aromatic ring grafting 

 

In contrast, a variety of reducing reagents are effective for providing electrons for dediazonation 

and producing aryl radicals [133,159]. This process is conducted in room temperature, open air, 

ambient pressure and aqueous. No strong solvents, electricity, light or mechanical vibration is 

needed. Hence, this process is considered to be both chemically and physically harmless to the 

nanostring surface. The simple reagent involved in this one step chemistry reaction does not 

produce byproducts. Another benefit is that aryl molecules terminated with active functional 

groups are directly bonded to the surface of the material itself without any intermediate layer, 

which only adds a small amount of extra mass of the modified layer. For nanostrings, a mass as 

small as possible is preferred, thus this chemistry maintains the high sensitivity of the nanostring. 
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During the device nanofabrication process, after the nanostring is released from KOH etching of 

bulk Silicon, the device is water rinsed and nitrogen blow dried. It is observed that the suspended 

nanostring does not encounter the problem of stiction in water. No critical point drying is required. 

No transition from water to IPA is required to prevent stiction. Therefore, it is reasonable to assume 

that the water based diazonium reduction chemistry has a small chance of causing stiction of the 

nanostrings. Based on the above merits of the diaznonium reduction induced chemical process, 

diazonium chemistry is a promising functionalization method for nanostrings in high sensitivity 

detection. 

5.1.3 Structure of this chapter 

The previous chapter presented the initial validation of the effectiveness of diazonium induced aryl 

film grafting chemistry process as a surface modification method of SiCN material.  This chapter 

shows how diazonium salt chemistry has been developed to bio-functionalize the SiCN nano-string 

resonators[70]. The same covalent bio-functionalization protocol, as used on SiCN bare chips 

previously, has been employed and applied onto the SiCN nanostrings to keep the agreement with 

the XPS analysis and immunoassay. Anti-rabbit IgG proteins were covalently immobilized onto 

the nanostring surface by forming amide bonds. A blocking layer was then added to inhibit non-

specific binding. The nanostrings were then exposed to solutions containing the target analyte, 

rabbit IgG. The mass-sensitive resonant frequency was assessed before and after the 

immobilization of the protein in each step. The added mass of the recognition agent and target 

protein were individually calculated from the resonance frequency shifts. Negative control 

experiments were performed by exposing similarly functionalized devices to solutions containing 

goat IgG. Helium ion microscopy (HIM) was conducted on the functionalized and pristine 

nanostrings to further observe the immobilized analytes wrapped on the nanostrings. 
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5.2 Experiment 

5.2.1 Laser interferometry measurement 

The resonant frequency of the nanostrings are measured using the same method as 

described in section 1.3.1.2 

5.2.2 Nanostring resonator surface biofunctionalization 

Similar to the biofunctionalization procedure of SiCN chips described in details in chapter 

4, the biofunctionalization of the double clamped nanostrings includes diaznonium salt 

induced surface modification, immobilization of molecular probe, adsorption of molecular 

target, and non-adsorption of control analyte, as illustrated in Fig. 5.2. Three identical SiCN 

resonator chips (A, B, C) were chosen for this experiment. Each of the chips has an array of 

SiCN nanostrings, with lengths of 15 µm and varying widths ranging from 180 nm to 300 nm, 

as shown in the SEM image (Fig. 2.13). For the purpose of clarity, it is noted that chip A is 

immobilized with only the probe molecules onto the nanostring, which corresponds to the 

case shown in panel B of Fig. 5.2. Chip B is used to absorb the target molecules onto the 

nanostring, as shown in panel C of Fig. 5.2. Chip C is used as a control in which nanostrings 

are exposed to non-target molecules, as the case in panel D of Fig.5.2. 

5.2.2.1 Diazonium surface modification of nanostring resonators 

The protocol of diazonium surface modification of nanostring resonators are exactly the same 

as the protocol used for surface modification of SiCN bare chips as described in chapter 4.2.4. 

First, the three identical SiCN resonator chips (A, B, C) were pre-cleaned with cold (<40 

℃) piranha (3:1 96% H2SO4: 30% H2O2) for 15 min and BOE (buffered oxide etch, 
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10:1 HF: NH4F) for 3 min. A 0.05M 4-carboxybenzenediazonium tetrafluoroborate 

solution and a 0.05M L-ascorbic acid solution in Milli-Q water were individually prepared.  

 

 

Fig. 5.2 Surface modification and immobilization of molecular probe and target onto SiCN  

nanostrings. (a) SiCN resonators were modified by aryl diazonium salt; (b) The probe anti-

rabbit IgG antibody was immobilized onto the diazonium layer; (c) The target rabbit IgG binds 

to the probe rabbit IgG antibody; (d) The control goat IgG does not bind to the probe rabbit 

IgG antibody. 
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A 2 mL 4-carboxybenzenediazonium tetrafluoroborate solution was poured dropwise onto 

the SiCN nanostring resonator chips. 1 mL of L-ascorbic acid (VC) solution was added 

dropwise to the diazonium solution. The SiCN resonator chips were incubated in the mixture 

for 60 min at room temperature. Then the chips were individually rinsed in water, ethanol, 

acetone, and DMF without sonication to prevent mechanical damage to resonator strings, 

followed by gentle nitrogen blow dry. The aromatic polymer layer with carboxyl group was 

then grafted onto the nanostring surfaces. 

5.2.2.2 Activation of carboxyl groups 

Immediately after surface modification, the carboxyl-bearing SiCN resonator chips were 

incubated in the mixture of 1:1 volume ratio of 0.4M EDC (N-(3-dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride) solution and 0.1M NHS (N-hydroxysuccinimide) 

solution for 30 min at room temperature and then were rinsed by PBS (phosphate buffered 

saline). 

5.2.2.3 Immobilization of recognition bioreceptor 

Three resonator chips (A, B, C) were individually immersed in a solution of 1 mL goat anti-

rabbit IgG (100µg/ml in PBS, polyclonal, Sigma-Aldrich) and incubated at room 

temperature for 2h. The goat anti-rabbit IgG was immobilized onto the SiCN resonator 

surface by covalently binding to the activated carboxyl groups. The chips were rinsed and 

then immersed in 1% BSA at room temperature to block the non-specific binding sites of 

the surface. After 1 h, the chip surfaces were rinsed and dried. 

One resonator chip (A) was loaded in the interferometry system to measure the resonance 

frequency associated with the added mass of anti-rabbit IgG and BSA. The other two 
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samples (B and C) were used for the further capture of the target protein and for the negative 

control experiments, respectively. 

5.2.2.4 Capture of target and negative control  

The target protein rabbit IgG was adsorbed to the sensor surface by incubating the 

bioreceptor-grafted resonator chip B in 1 mL of rabbit IgG solution (200µg/ml in PBS, 

polyclonal, Sigma-Aldrich) for 1 h at room temperature. This chip was rinsed and nitrogen 

blow dried. The shift of resonant frequency of chip B due to the total mass of anti-rabbit 

IgG, BSA and rabbit IgG was measured by the optical interferometry system. 

Control experiment was conducted to observe the non-specific absorption of non-target 

analyte onto the recognition reagent. Specific detection of target molecule rabbit IgG need 

to be verified by compare with control experiment. For this purpose, chip C was incubated 

in 1 mL goat IgG solution (200 µg/ml in PBS, polyclonal, Sigma-Aldrich) for 1 h at room 

temperature, rinsed and dried. Finally, chip C was also subjected to resonant frequency 

measurement to evaluate the shift of resonant frequency caused by absorption of anti-rabbit 

IgG, BSA and possible non-specific bonding of goat IgG. 

5.2.3 Helium ion microscopy inspection of functionalized 

nanoresonators 

Helium ion microscopy is a relatively novel ultrahigh resolution imaging technique. One 

outstanding merit of helium ion imaging compared to SEM is that no charge is built on the surface 

of non-conductive samples. HIM does not require deposition of a conducting layer of metal on top 

of the insulating samples and therefore is able to provide a true rendering of topography especially 

when the surface roughness and feature size are smaller than tens of nanometers. As additional 
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validation of the absorption of proteins onto the nanostrings, high resolution HIM (Zeiss ORION 

NanoFab) was performed to inspect the surface protein coverage of both the functionalized 

resonator chip B and a pristine chip as contrast. Both chips were inspected at beam energy of 31 

kV, beam current of 0.4 pA and stage tilt angle of 45°. 

 

5.3 Results and Discussion 

5.3.1 Covalent immobilization of Anti-Rabbit IgG to 

SiCN resonator  

The resonant frequency of a clamped-clamped beam of rectangular cross-section under a 

tensile stress  , vibrating in the direction perpendicular to its width, is given by [126]: 

 

 , (5.1) 

where l, t, E, and  are the length, thickness, Young’s modulus and density, respectively. 

A prior study conducted on similarly fabricated nanostrings showed that a tensile stress of 

100 – 150 MPa was sufficient to have the nanostring deemed as operating in a high-stress 

limit [96]. With an average tensile stress of ~175 MPa, the nanostrings reported here are 

thus similarly operating in this regime. The second term of Equation 5.1 thus dominates 

over the first one, and the relationship becomes: 
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More specifically, the strings employed in this study possessed a length l = 15 µm and a 

density of  = 2200 kg/m3 [96]. The frequency of the first resonance mode is thus expected 

to be fi = 14.2 MHz. Fig.5.3 shows that the bare devices displayed resonant frequencies 

ranging from f = 14.0 MHz to f = 14.6 MHz, thus in agreement with Equation 5.2. The 

range of experimental frequencies observed is attributed to local variations of stress within 

the wafer, as was observed in prior studies [31,96,98]. 

The binding of anti-rabbit IgG and BSA onto the nanostrings was quantified through 

assessment of resonant frequency downshifts. Fig.5.3 (A) reports the resonant frequency of 

the nanostrings before and after the immobilization of anti-rabbit IgG and BSA. 

Significant average frequency downshifts from 251.5±22.8 KHz to 419.4±31.3 KHz, 

corresponding to different resonator string widths, were observed. The corresponding 

added mass was calculated using Equation. 5.3:  

 

                                  ∆𝑓 =
𝑓0∆𝑚 𝑠 ⁄

2ρ
(

1

𝑡
+

1

𝑤
)                      (5.3)             

 

where f0 and ∆f are the unloaded resonant frequency and the absolute value of frequency 

shift induced by the loaded mass, ∆m s ⁄ is the mass-per-area; and ρ, 𝑠, 𝑣, 𝑙, 𝑡, 𝑤 are the 

density, effective area, volume, length, thickness and width of the nanostring, respectively.  
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Fig. 5. 3 Resonant frequency change of nanostring resonators in samples A, B and C due to 

surface functionalization. Each of the chips has an array of 20 devices. The resonant 

frequency is obtained based on statistical analysis of 5 devices of the same string width. (A) 

Chip A: bare device versus the attachment of aryl film, anti-rabbit IgG and BSA. The black 

squares and red circles respectively designate the bare resonators and resonators 

immobilized with probe i.e. anti-rabbit IgG and BSA. (B) Chip B: bare device versus the 

attachment of aryl film, anti-rabbit IgG, BSA and rabbit IgG. The black squares and red 

circles respectively designate the bare resonators and resonators immobilized with probe 

i.e. anti-rabbit IgG and BSA and target rabbit IgG. (C) Chip C: bare device versus the 
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attachment of aryl film, anti-rabbit IgG, BSA and goat IgG. The black squares and red 

circles respectively designate the bare resonators and resonators immobilized with probe 

i.e. anti-rabbit IgG, BSA and control goat IgG. (D) Comparison of down shifts of resonant 

frequencies due to the surface adsorption of probe, probe and target, and probe and control. 

The red circles designate the resonators of chip A immobilized with probe i.e. anti-rabbit 

IgG, BSA. The black squares correspond to the resonators of sample B immobilized with 

probe and target rabbit IgG. The blue triangles designate the resonators of sample C 

immobilized with probe and control goat IgG. 

 

 

Table 5.1 Analysis of average resonant frequency shift and added mass of the resonator array of 

sample A due to the attachment of aryl film, anti-rabbit IgG and BSA. 

Nanostring width (nm) 300 250 200 180 

Average unloaded frequency f0 (MHz) 14.54±0.01 14.45±0.01 14.41±0.02 14.42±0.02 

Average shift frequency due to probe Δf 

(KHz) 

(2.5±0.2)*102 (2.7±0.2)*102 (3.2±0.2)*102 (4.20±0.3)*1

02 

Added mass of probe Δm (fg) 17±2 15±1 15±1 17±1 

Added mass-per-area of probe Δm/s 

(fg/µm^2) 

1.6±0.2 1.7±0.1 2.0±0.12 2.5±0.2 
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Table 5.1 summarizes the added mass inferred from these experiments. An average mass-per-area 

of 1.94 ± 0.20 fg µm2⁄  was obtained for different string widths. It was observed that the frequency 

shift increased as the string width decreases, i.e., narrower strings showed more sensitive response. 

This can be expected from the following argument. Since f0 does not change with string width 

[96], ∆f is proportional to the ratio of the effective surface area and the volume of the string, 

assuming that the bio molecules are uniformly distributed on the string surfaces i.e. the added 

mass-per-area remains constant for different string widths. Further derivation shows ∆f increases 

when the string width decreases (Eq. 5.3).  

The mass sensitivity 𝛿𝑚 of a mechanical resonator is: 

                                                                  

                                                                   𝛿𝑚 = 2𝑀𝑒√
∆𝑓

𝑄𝜔0
10−𝐷𝑅 20⁄                                           (5.4) 

 

where 𝑀𝑒 is the effective mass of the resonator, ∆𝑓 is the measurement of the bandwidth 

of the instrument, 𝑄is the quality factor of the resonator, 𝜔0 = 2𝜋𝑓0, 𝐷𝑅 is the dynamic 

range. Considering 𝑄 = 5000, 𝐷𝑅 ≈ 40, ∆𝑓 = 100, the calculated mass sensitivity for 

the resonator arrays are in the range of 90 𝑧𝑔 to 149 𝑧𝑔 depending to the different widths. 

The experimental results of added mass are in the 𝑓𝑔 level, well within the sensitivity. This 

also indicates that these resonators are potentially able to detect samples of much lower 

concentrations. 
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5.3.2 Specific detection of target rabbit IgG attached to 

resonator 

Fig.5.3 (B) shows nanostring frequency shifts due to the immobilization of anti-rabbit IgG, 

BSA and rabbit IgG (sample B). In turn, Table 5.2 summarizes the total added mass inferred 

from these shifts. The mass of the target rabbit IgG was obtained by subtracting the 

combined mass of the anti-rabbit IgG and BSA from the total combined mass of rabbit IgG, 

anti-rabbit IgG, and BSA. An average added mass-per-area of 1.2 ± 0.1 fg µm2⁄  is thus 

attributed to the capture of rabbit IgG.  

Table 5.2 Analysis of average resonant frequency shift and added mass of the resonator 

array of sample B due to the attachment of aryl film, anti-rabbit IgG, BSA and target rabbit 

IgG. 

Resonator string width (nm) 300 250 200 180 

Average unloaded frequency f0 (MHz) 14.41±0.01 14.43±0.02 14.52±0.02 14.61±0.01 

Average shift frequency due to probe 

and target Δf (KHz) 

(4.0±0.5)*102 (4.7±0.5)*102 (5.4±0.4)*102 (6.2±0.2)*102 

Added mass of probe and target Δm (fg) 27±4 27±3 25±2 25±1 

Added mass-per-area of probe and 

target Δm/s (fg/µm^2) 

2.6±0.3 3.0±0.3 3.3±0.2 3.7±0.1 

Added mass-per-area of target Δm/s 

(fg/µm^2) 

1.0±0.3 1.3±0.3 1.4±0.2 1.1±0.2 

Total number of target molecules (41±1)*103 (47±1)*103 (43±7)*103 (30±6)*103 

 



121 

 

 

Previous study shows that during the process of antibody bio-conjugation to the carboxylic 

acid group by EDC/NHS activation, only 20% to 25% of the antibody is oriented on the 

surface of the sample [160]. In this experiment, less than 1/3 of the anti-rabbit IgG 

molecules were able to bind to the target rabbit IgG. As each anti-rabbit IgG molecule has 

two binding sites, the expected number of target molecules is 40% to 67% of the number 

of anti-rabbit IgG molecules. However, the aggregation effect between rabbit IgG 

molecules may result in non-specific binding. Hence, the number of target rabbit IgG 

molecules can be estimated in Equation 5.5. 

                                    𝑁𝑟−𝐼𝑔𝐺 = 2𝑅𝑜 ∗ 𝑁𝑎−𝑟−𝐼𝑔𝐺 + 𝑁𝐴                                          (5.5) 

In which 𝑁𝑎−𝑟−𝐼𝑔𝐺  is the number of anti-rabbit IgG molecules immobilized on the surface 

of the sensor, 𝑅𝑜 is the ratio of the number of the oriented anti-rabbit IgG molecules to the 

number of immobilized anti-rabbit IgG molecules and 𝑅𝑜<1/3, 𝑁𝑟−𝐼𝑔𝐺 is the number of the 

rabbit-IgG molecules, 𝑁𝐴 is the number of aggregation rabbit IgG molecules. Further, the 

mass of the rabbit-IgG molecules can be obtained in Equation 5.6 

                                             𝑀𝑟−𝐼𝑔𝐺 = 2𝑅𝑜 ∗ 𝑀𝑎−𝑟−𝐼𝑔𝐺 + 𝑀𝐴                                    (5.6) 

in which 𝑀𝑎−𝑟−𝐼𝑔𝐺  is the mass of anti-rabbit IgG molecules immobilized on the surface of 

the sensor, 𝑀𝑟−𝐼𝑔𝐺  is the mass of the rabbit-IgG molecules immobilized on the surface of 

the sensor, 𝑀𝐴 is the mass of aggregated rabbit IgG molecules. 

From Table 5.1, the mass of probe is known, which includes the mass of both anti-rabbit 

IgG and BSA molecules. Therefore,  
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                                              𝑀𝑟−𝐼𝑔𝐺 < 2/3 ∗ 𝑀𝑃 + 𝑀𝐴                                             (5.7) 

in which 𝑀𝑃 is the mass of the probe immobilized on the surface of the sensor. 

To verify the experimental results with the theoretical prediction, take the values of mass-

per-area of probe and mass-per-area of target shown in Table 5.1 and Table 5.2 respectively 

into Equation 5.7, it can be seen that the binding of target to probe was saturated for the 

nano resonators with string length of 250 nm and 200nm. Besides, there were small amount 

of aggregation of target molecules. The binding of target to probe for resonators with string 

width of 180 nm and 300 nm was not saturated. One possible reason for this difference is 

the non-uniform distribution of aryl film modified on the sensor surface. Another possible 

factor may be the less or no aggregation in the sensor surface. 

Table 5.3 Analysis of average resonant frequency shift of the resonator array of sample C 

due to the attachment of aryl film, anti-rabbit IgG, BSA and control goat IgG. 

Resonator string width (nm) 300 250 200 180 

Average unloaded frequency (MHz) 14.31±0.03 14.20±0.04 14.02±0.01 13.97±0.08 

Average shift frequency due to probe 

and control (KHz) 

(2.7±0.2)*102 (3.0±0.2)*102 (3.5±0.3)*102 (4.4±0.3)*102 

Average shift frequency due to 

control (KHz) 

(2±3)*10 (3±2)*10 (2±5)*10 (2±5)*10 

Average shift frequency ratio of 

control to target (percentage) 

11% 13% 10% 13% 
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Negative control experiments were performed to verify the specificity of this detection 

(sample C). The negative controls consisted of exposing nanostrings similarly 

functionalized with anti-rabbit IgG to a solution rather containing goat IgG. Fig. 5.3 (C) 

reports the nanostring frequencies before and after their exposure to anti-rabbit IgG, BSA 

and goat IgG. The frequency shift due to any attachment of goat IgG was obtained by 

subtracting the frequency shift associated to the BSA and anti-rabbit IgG probe from the 

shift associated to bound goat IgG, anti-rabbit IgG, and BSA (Table 5.3). As expected, the 

frequency shifts related to bound goat IgG are negligible compared to the frequency shift 

associated to bound rabbit IgG (Table 5.3). The average frequency shifts observed in those 

negative controls are indeed at least one order of magnitude smaller than those observed in 

the positive capture experiments, indicating minimal non-specific attachment of non-target 

protein to the nanostrings.  Capture of small amounts of goat IgG remain possible given the 

polyclonal nature of the two targets, and thus the finite cross species reaction of goat IgG 

with anti-rabbit IgG. Hence, the significantly larger shift obtained from the target protein 

compared to the non-targeted one demonstrate the potential of this platform for molecular 

fingerprinting and multiplexed assays involving a large number of devices. 

Given that the native frequencies of bare nanostrings vary slightly within and across chips, the net 

frequency downshifts for samples A, B and C are plotted for comparison purpose in Fig. 5.3 (D). 

As reported through Tables 5.2 and 5.3, the attachment of the probe onto the nanostring causes 

significant frequency downshifts and the subsequent binding of target leads to a further large shift 

of resonant frequency. Meanwhile, the exposure to the negative control solution results in only 

slightly shifts of the resonant frequency. In all three cases, nanostrings with the same length but 
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narrower width tend to display larger frequency shifts, as expected from the model derived in 

section 5.3.1. The detection threshold is thus effectively improved by using narrower strings. 

The chemical processes may themselves have imparted surface stress that influenced the resonance 

frequencies. Such phenomena have been thoroughly studied in beam sensors [161]. Such effect is 

typically modelled as an effective additional tension applied to the string. This being said, the 

associated frequency shifts are expected to be in the range of f/fr ~ 10-4, where fr is the resonant 

frequency of the unstressed beam [162]. The nanobeams employed here would possess an 

unstressed resonant frequency of ~2 MHz. Any effect of surface stress would thus be in the order 

of a few hundreds of hertz. This range is a thousand-fold less than the net mass-loading shifts 

reported here, which are in the tens to hundreds of kilohertz. Evidently, surface stress effects may 

readily account for some of the experimental errors and noise levels observed in our negative 

control experiment.  

5.3.3 HIM observation protein on resonator surface 

As seen in the HIM images of Fig. 5.4 (a) and (b), a protein layer was wrapped onto the suspended 

SiCN nanostring and grafted on the SiCN anchoring pad surface of the functionalized nano 

resonator chip B. It is noticeable that the protein layer also formed on the Si surface of the slope 

of the anchoring pad and the substrate. This is to be expected given that diazonium chemistry is 

also known to functionalize Si surfaces [143].  

In contrast, Fig 5.4 (c) shows the surface of a pristine nanostring. Both SiCN nanostrings and Si 

substrate are markedly smoother and devoid of the lumps associated to polymer attachment. More 

specifically, the thin undercut slope caused by a previous etching step is observed at the edges of 
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the SiCN nanostring and the anchoring pad. Such observations further support the notion that the 

lumpy material seen in Fig 5.4 (a) and (b) is related to the biological analytes.  

  

Fig. 5.4. Helium ion micrographs of a SiCN resonator immobilized with anti-rabbit IgG and 

rabbit IgG with contrast to its pristine surface. Images taken at a 45° tilt angle (a) The protein 

distribution on SiCN nano resonator anchoring pad and suspended nanostring; (b) High 

magnification view of protein coverage on the suspended nanostring; (c) Pristine surface of a 

SiCN nano resonator before functionalization. 

 

5.4 Conclusions and outlook 

Diazonium salt induced surface modification has been used as the linker chemistry for the 

biofunctionalization of glassy nanostring resonators. After verification of the effectiveness of 

diazonium chemistry for surface modification and biofunctionalization of SiCN material itself in 

the previous chapter, this chapter adapted the same protocol with SiCN nanostring resonator 

A B C 
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arrays. High affinity anti-rabbit IgG and rabbit IgG were immobilized onto diazonium modified 

nanostrings as molecular probes and targets, respectively. Immobilization of analytes onto the 

nanostrings was assessed by the shift of mechanical resonant frequency due to the added mass of 

the analyte. Nanostrings with four different widths ranging from 300 nm down to 180 nm were 

studied. 

 

Immobilization of the probes and targets were individually detected through significant 

resonant frequency shifts, averaged through multiple identical samples. On the contrary, 

negative control experiments showed negligible frequency shifts after exposing the 

resonator sensor to non-target analytes, confirming the high specificity of the detection. 

Larger number of devices are needed for experimental investigation of the quantitative 

relationship between the nanostring width and detection sensitivity. High resolution HIM 

inspection further verified the true grafting of the analyte molecules on the nanostrings. To 

summarize, as a proof of concept, diaznonium chemistry has been demonstrated to be an 

effective modification method to functionalize SiCN nanostring mechanical resonators as 

a biosensor. Using diaznonium modification chemistry offers greater biocompatibility and 

a more stable chemical bonding for such applications. Since diazonium chemistry is 

applicable to many types of materials, this method could readily be expanded to 

multiplexed assays using diazonium salts bearing different bio-conjugation groups and 

different molecular probes. 
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Chapter 6 Conclusion 

6.1 Summary of contributions 

Overall, this work presents novel methods to enhance the sensitivity and stability of NEMS 

resonator-based biosensors.  

In order to increase the sensitivity relatively to the mass change, extremely small mass nanostrings 

and nanowires were fabricated. Two fabrication strategies were pursued to minimize the mass of 

the devices. 

1) With traditional top-down fabrication processes, SiCN nanowires as narrow as 10 nm wide 

were achieved through optimization of an EBL technique.  

2) Alternatively, a novel method which circumvents lithography challenges was used to 

perform post-fabrication modification of the nanostrings. A helium ion beam was employed to 

mill arrays of pores along the length of the nanostrings and effectively reduced the device mass. 

This novel post fabrication method has almost 100% yield. This helium ion beam milling technique 

is flexible, precise and highly controllable, which makes it perfect to tune and trim the physical 

properties, such as film stress, equivalent density, and resonant frequency, of the nanomechanical 

resonators.  

In order to increase the stability and reliability of the nanomechanical string biosensor, a novel 

chemistry process was introduced for the surface modification of SiCN glassy nanomechanical 

resonators.  
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1) The diazonium salt induced aryl film grafting chemistry has been found to provide stable 

and strong chemical bonding to the substrate. As a first step, diazonium chemistry was tested on 

bare SiCN to test its feasibility as a linker on the SiCN strings. The diazonium modified SiCN 

surface was analyzed by XPS. The chemical bonding between the aryl film and the SiCN surface 

was verified. A rabbit IgG sandwich immunoassay, using FITC and AuNP as individual labels, 

was performed on the diaznonium modified bare SiCN surface. The imaging results concluded the 

capability of specific detection based on the covalent bonding of the protein to the diazonium 

modified SiCN suface. 

2) The diazonium linker chemistry was applied to SiCN strings. High-affinity secondary and 

primary antibodies, as probe and target respectively, were immobilized onto the SiCN strings using 

diazonium chemistry as linker. Immobilization of the probe and target were individually assessed 

by the shifts of mechanical resonant frequencies of the nanostrings. Significant frequency shifts 

were observed. Frequency shifts of the control nanostring resonators are within noise-level. As a 

proof of concept, diazonium chemistry has been demonstrated to be an effective modification 

method to functionalize SiCN nanostring mechanical resonators. Hence, the stability and reliability 

of the nanostring resonator biosensors were largely enhanced by the diazonium modification 

chemistry.  

6.2 Future work 

One goal of biosensor research is their adoption for clinical applications. For this purpose, 

multiplexed detection of targets and high sensitivity is necessary. Hence, the recommended future 

work concerning nanomechanical string-based biosensors has two aspects: 
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1) Use the ultra-narrow nanowire resonators for high sensitivity detection. In this case, the 

detection analytes can be either with small molecule weights or at low concentrations. Compared 

to wider nanostrings, the frequency sensitivity relative to the loaded mass of target analyte on the 

ultra-narrow nanostrings and nanowires is expected to increase. The current bottle-neck preventing 

such a work is the difficulties in resonant frequency measurement. As stated in previous chapters, 

it is time-consuming and inaccurate to focus and align laser spot onto ultra-narrow nanowires using 

the current manual interferometry frequency measurement system. Therefore, the interferometry 

system need to be improved. For instance, automated laser path alignment using CCD camera 

technique could increase the alignment accuracy while required less operation time.  

2) Use the porous nanostrings to detect small molecules at low concentrations. Resonant frequency 

measurement is not expected to be difficult in this case. However, the resonant frequency of porous 

nanostrings is slightly reduced compared to regular non-porous nanostrings with the same length 

and width. At this stage, it is uncertain whether the detection sensitivity will increase or not. The 

appeal of the helium ion beam milling method is the flexibility and controllability in the number 

and size of the pores. The pores on the nano-cantilevers can be milled to optimize their dimensions 

thus maximizing the detection of biochemical analytes. In this way, the sensitivity can be enhanced 

by the tailoring capability of ion beam milling.  

3) In this work only one type of functional group was used in the diazonium 

functionalization. Aryl diazonium salts bearing functional groups other than carboxyl 

groups can be tested and compared to maximize detection sensitivity. 

4) The nanosring arrays can be separated to sub-arrays, each of which corresponds to a 

certain type of detection target. This would allow multiple targets to be detected 

simultaneously.  
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5) A sensor can be tailored to minimize the mass of the nanostring and optimize the surface 

chemistry. This sensor could then potentially be employed for single molecule detection. 

This exploration could then reveal fundamental biological and physical properties of the 

molecules. 

6) It would be interesting to systematically study the elemental composition of SiCN 

material. To investigate how the carbon and nitrogen composition affect the tunability of 

SiCN film stress might help to optimize the film deposition and annealing process.  

To summarize, the technology of NEMS resonator based biosensor still remains at its infancy. 

Despite its unique merits, such as label-free, integration with electronics, flexible readout etc., 

issues of sensitivity and stability has limited its clinical application. This thesis work investigated 

two methods to improve the detection sensitivity and stability. These methods are expected to be 

further developed and optimized to implement reliable and ultra-sensitive biological detection.  
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