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Abstract

This work investigates the deposition of silicon carbonitride by plasma enhanced chemical 

vapor deposition and the development of nanomechanical resonators. The film composition 

was controlled through precursor gas flow ratio (NH3:DES) modulation. Post-deposition 

annealing was found to remove incorporated hydrogen, changing the intrinsic stress from 

compressive to tensile. Resonant assaying of nanocantilevers yielded a speed of sound 

of 6.20 x 103 m/s aind 8.35 x 103 m/s for high and low carbon films, respectively. 

Nanobridges with stress-dominated resonant behavior exhibited a IT 1 dependence of 

length on frequency, as well as a dramatic increase in quality, up to Q = 26 000. Vapor- 

deposition of mercaptopropyl trimethoxysilane (MPTMS) was measured in real-time, 

resulting in a detected mass-per-area-per-hour loading of 13.6 ±  0.4 /ig-m"2/h. The 

presence of silanol groups was confirmed on the SiCN surface, which facilitated the binding 

of streptavidin via biotin. Streptavidin was specifically bound to the SiCN resonator surface 

by MPTMS/biotin, and the protein mass-per-area detected was 3.6 mg/m2, corresponding 

to 1 protein per 27 nm2.
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An Introduction to MEMS

1.1 What are MEMS?

Microelectromechanical systems, or MEMS, reside under the broader umbrella term 

microsystems technology, which refers to devices or groups of devices designed to perform 

a certain function while having dimensions well under 1 mm. The crux of this microsystems 

term is that everything in the system is constructed on a common substrate, or rather the 

system is integrated. These systems can be complementary metal-oxide semiconductor 

(CMOS) integrated circuitry (IC) for one of many applications (personal computers, 

signal processing, cellular telephones, etc.), or sensors/actuators of some type. Sensor 

microsystems consist of a sensing element, which transduces the external stimulus into 

an electrical signal, and the supporting circuitry, which receives the electrical signal and 

processes it for further interpretation [1]. Other microsystems include those in which 

a microactuator is employed to perform a useful task, such as micro-manipulation or 

transport. From these three categories (integrated circuits, sensors, and actuators), it is 

the latter two that can be described as MEMS. Thus, MEMS characterize systems in 

which a micro-scale mechanical structure is either acted upon by an external force which 

is transduced into an electrical signal by a specific method, or in which the structure

1
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itself generates a mechanical force to perform work. Recently, the MEMS term is no 

longer restricted to systems in which there moving structures, but also extends to include 

thermal, magnetic, optical, or other transduction methods [2]. Essentially, MEMS are the 

microscopic eyes, ears, noses, and hands of the 21st century.

1.2 The Evolution of MEMS

The rapid progression of the MEMS field is due to many of the same factors that have 

led to the success of Integrated circuitry. First, the dominance of silicon MEMS directly 

mirrors the use of silicon as the primary IC substrate. The ability to produce silicon of 

amazing purity (99.999999999% pure) [3] in large, flawless single crystals made silicon the 

material of choice for semiconductor electronics [4]. Based primarily on silicon, fabrication 

techniques and processes were developed to create integrated circuitry, and over the years 

these techniques were extensively refined [5]. Wet chemical iso/anisotropic etching of 

silicon and silicon-containing materials, photolithography for pattern transfer and masking, 

plasma and dry-etching methods, the wide array of material deposition techniques, impurity 

doping, as well as many others aided in the advancement of the integrated circuit, and 

eventually CMOS processing as it is today. Aditionally, all of these techniques lend 

themselves quite readily to batch fabrication, which drives down the per unit cost, which in 

turn has greatly contributed to the proliferation of this technology [6]. Perhaps the leading 

contributor to the growth of silicon MEMS is the success of the IC industry itself, which 

provides a variety of well-developed fabrication methods that can be directly applied to 

mechanical structures. Silicon was an appropriate choice as the first MEMS material 

not only because of its success as a semiconductor or the vast collection of fabrication 

techniques available to it, but also because of the optimized mechanical properties of its 

highly pure, defect-free, single-crystal form [7]. Photolithography and etching techniques 

then allow small mechanical components to be defined and precisely machined. Finally, 

these factors which allowed for the development of silicon micromechanics from IC 

technology are also directly responsible for enabling the integration of these two fields 

to create full-fledged integrated microsystems. Indeed, as described by Petersen in his 

1982 paper ’’Silicon as a Mechanical Material”, silicon MEMS and micromechanics is
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an evolution of microelectronics technology as the diversity of devices is pushed ever 

further [7].

1.3 Commercialization of MEMS: The Accelerometer

Microelectromechanical systems have reached maturity within the past decade, it has 

moved out of the laboratory setting and into our homes, automobiles, and hands. MEMS 

devices have found applications where their small size, integrated nature, and, often most 

importantly, their ability to be batch fabricated for a fraction of the cost of conventional 

devices have made them commercially successful. The quintessential examples of this 

are the accelerometers built and marketed by Analog Devices, Inc., the most famous of 

which is the ADXL50 [8], recently replaced by the ADXL78 [9]. The monolithic design 

of the ADXL50 meant that the entire device, including sensing structure, accompanying 

circuitry, and self-testing portions could be produced on a single chip of silicon, allowing 

for rapid, mass-fabrication. This in-tum drove down the cost of the device, making it 

competitive and even superior to conventional devices for use as an automobile crash sensor 

for airbag deployment. Recently Analog Devices has been enjoying more success through a 

partnership with Nintendo Co., Ltd. [10]. The Nintendo Wii video game console launched 

in November 2006 with the hook of the entire system being its novel control scheme. 

Instead of relying solely on buttons to play a game, the Analog Devices ADXL330 [11] 

3-axis accelerometer senses the forces exerted on the controller and translates them into 

movements in the games. The existence of such a system is enabled by the accelerometer 

being incredibly small, low in power consumption, and fully-integrated; the definitive 

virtues of MEMS.

1.4 Versatility of MEMS: The Atomic Force Microscope

Sensor technology has evolved to the point where it is commercially viable. Two prevalent 

examples of this are micromachined accelerometers [12,13] and pressure sensors [14,15], 

both of which are being sold by companies such as Analog Devices, Inc. and Honeywell 

International, Inc. Another versatile example of commercialized MEMS technology is the
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atomic force microscope (AFM) [16]. The AFM is a type of scanning probe microscopy 

(SPM), which employs a specific sensing element brought in close proximity to and then 

systematically scanned across a target surface. As the probe is scanned, it reacts to the 

variations in height, electrical or magnetic properties, or other surface properties. In 

the case of the AFM, this probe is a cantilever. The basic mode of AFM operation is 

contact mode, wherein the cantilever is pressed against the sample surface and the close- 

range repulsive atomic forces cause the cantilever to bend. A laser is trained on the 

cantilever backside (figure 1.1), and a photodiode senses the reflected light to measure 

cantilever deflection. The cantilever is scanned across the surface and the tip deflection 

is monitored to create a three-dimensional image of the surface. Contact mode AFM has 

two configurations; constant-height and constant-force. In constant-height configuration, 

the cantilever is held at a set height above the surface and scanned, using the deflection 

measurements to create a height-mapping of the sample. In constant-force configuration, 

a control system is used to adjust the vertical height of the tip such that the cantilever 

deflection (and thus the force on the sample) remains constant, and these height adjustments 

are then used to crete the image [17,18]. Non-contact mode AFM operation involves the 

cantilever being driven at its resonant frequency. Equation 1.1 is the basic formula relating 

the resonant frequency, / ,  of any spring-mass system to the stiffness or spring constant, k, 

and the effective load or mass of the oscillator, m (further description of resonant behavior 

to follow in Chapter 3).

When the tip of the vibrating cantilever is brought close to the surface it experiences an 

attractive force towards the sample atoms [19, 20]. This atomic force puts a load on 

the resonating cantilever, thus changing its resonant frequency, which can be used as an 

indicator of the tip-sample distance.

In non-contact mode the cantilever is approached to the surface so that mild interaction 

forces cause a frequency shift. Then, as the tip is scanned across the surface the resonance 

of the cantilever shifts due to an effective change in its spring constant [18]. The change 

in frequency is detected by a control system and converted into a change in height, which

( 1.1)
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LASER

LIGHT EMITTING DIODEPHOTODETCTOR

CANTILEVER
SUBSTRATE

SCAN
PATTERN

MICROCANTILEVER

SAMPLE

Figure 1.1: Basic configuration of a modem atomic force microscope. The cantilever 
substrate is typically fastened to the piezo-actuator to provide the driving force for 
cantilever resonance.

is then applied to the z-axis piezo-actuator to change the tip position to restore the original 

resonance (similar to contact-mode constant force operation). The tip scans the surface, 

raising and lowering as the surface changes, and the AFM software once again generates 

a three-dimensional plot of the sample surface. Yet another form of operation, known as 

tapping-mode is similar to non-contact operation, except the tip makes intermittent physical 

contact with the surface [20]. For further explanations of these, as well as additional modes 

of operation, please refer to the cited literature.

However, much of the usefulness of cantilevers has come out of their operation far from 

any surface. As stated earlier, the resonance of any spring-mass system can be basically 

described with equation 1.1. If the mass m of the oscillator is increased, then a decrease in 

resonant frequency occurs. Alternatively, the surface of the cantilever can be coated with a 

reactive layer, which will exert a surface stress upon adsorption of a specific analyte [21],
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This expansion will both cause a deflection of the cantilever, which can be measured by a 

variety of methods, and change the total spring constant k of the cantilever, leading to a shift 

in resonant frequency. Operating a cantilever-based sensor in the non-vibrating, deflection- 

sensing configuration is known as static mode operation [22-25], while observing an effect 

by measuring the shift in resonant frequency is termed dynamic mode operation [22,26-28].

Through a variety of configurations and surface treatments microcantilever-based 

sensing-platforms have been able to transduce a wide range of signal domains into the 

mechanical domain [29,30]. A cantilever composed of two different materials will deflect 

under the application of heat, due to a mismatch of coefficients of thermal expansion [31], 

while adding or subtracting mass will result in a frequency shift (as previously mentioned). 

Fianlly, chemical reactions on the surface of the cantilever can change the stress-gradient, 

resulting in a deflection of the beam. Picogram (1 pg = 10~12 g) resolution (2.5 pg/Hz) 

was attained by Sone et al. [26] using resonating AFM-style cantilevers. Dynamic 

mode has been used to perform thermogravimetric studies [28,32], while cantilever 

arrays are employed to both simultaneously detect multiple agents, as well as provide 

unmodified control or base-line cantilevers to compare with the detection structures. The 

microcantilevers are even moving out of their birthplace of the AFM and into devices 

specifically designed to detect cantilever bending and resonance, without any intention of 

scanning a surface, such as the Cantisens platform developed by Concentris [33]. There 

is even work of integrating cantilevers capable of self-actuation and self-sensing [24] with 

CMOS circuitry [27,34] to create a monolithic sensing platform.

1.5 NEMS

With the commercial success of MEMS technology as it is, it seems somewhat unnecessary 

to push the length scales any smaller. MEMS are mature, reliable, and, as have been 

demonstrated as very marketable. Additionally, as the size of a device decreases the 

amount of noise in the sensor signal increases [35], partially due to the increasing effect 

of Brownian motion of the device molecules [36]. Then why would anybody want to 

miniaturize further?

The mass of an Escherichia coli (E. coli) bacterium is approximately 665 fg [37].
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Consider, for example, a typical MEMS (micron-scale) cantilever with a length of 85 um, 

width of 20 um, and thickness of 4 /jm. If fabricated out of bulk, single-crystal silicon, 

the cantilever would have a mass of 15.6 ng, and a resonant frequency of 2.62 MHz. This 

corresponds to a mass sensitivity of 12 fg/Hz, which is in agreement with other MEMS 

cantilevers where values as low as 1 fg/Hz have been reported [37]. Therefore, MEMS 

structures are certainly capable of bacterium detection. Viruses, however, pose a larger 

challenge. The mass of a single virus particle can range from 170 - 1000 attograms (1 ag 

= 10~18 g), with some of the largest viruses having masses up to to 9 fg [38-40], This 

means that most viruses are at or up to an order of magnitude below the detection limit 

of many MEMS-size resonators. Look further down in size to single protein molecules, 

many of which have masses of 10 - 500 zeptograms (1 zg = 10~21 g) [41], putting them far 

below the detection limit of microcantilever sensors. However there are many who would 

benefit from a resonator based assaying tool for viruses and proteins, including hospitals, 

biochemical research labs, and even homeland security.

This demand for greater sensitivity is the primary reason for pursuing systems of smaller 

length scales than MEMS. This is where nanoelectromechnical systems, or NEMS, enter 

the field, with typical dimensions approaching a few nanometers in some cases. Still a 

developing technology, NEMS remain restricted to a laboratory setting. However, the 

potential applications are being quickly developed. Extremely-small mass detection has 

already been demonstrated multiple times. In 2004, Ilic et al. used poly crystalline 

silicon nanocantilevers with sub-attogram/Hz sensitivity, coated with a monolayer of AcV 1 

antibody to detect the presence of an insect baculovirius [42], and followed this work 

by using similar silicon nitride cantilevers to detect a single molecule of 1587 base-pair, 

double-strand DNA in 2005 [43]. Both Ilic et al. and Ekinci et al. were successful 

in obtaining attogram-resolution with nano-scale resonating beams in 2004. Ilic et al. 

detected an adsorbed monolayer of an organo-thiol-based chemical [42] while Ekinci et 

al. measured the incident vapor flux of evaporated Au atoms [44]. In 2006 Yang et al. 

claimed a mass-resolution of 7 zg using a silicon carbide (SiC) double-clamped beam 

measuring 2.3 n m in length by 150 nm in width by 70 nm in thickness and resonating at 133 

MHz [45]. With these groups and others pushing the length scales and resolution limits of
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nanomechanical oscillators ever lower, it is quite possible that NEMS could resolve masses 

in the single-Dalton (1 Da = 1.6605 x 10"24 g) range, ushering in an era of NEMS-based 

mass spectrometry.

In addition to a decreased length scale over MEMS, NEMS brings additional focus on 

materials. Unlike MEMS, which are typically fabricated out of silicon and frequently 

employ etching of the bulk substrate material to make structures (bulk-micromachining), 

NEMS are regularly fabricated from one or more layers of deposited thin films on the 

silicon substrate (surface-micromachining). These concepts will be discussed further in a 

later chapter. This shift in processing method affords NEMS researchers freedom to explore 

the properties of new materials, as well as new fabrication methods. Carbon nanotubes, 

studied by many for their fascinating physical properties are entering the NEMS arena as 

nanomechical oscillators as has been demonstrated by Sazonova et al. in 2004 [46]. Multi­

walled carbon nanotubes have even been used to measure the mass of attached carbon 

debris following fabrication with femtogram resolution [47]. Less exotic examples of 

NEMS material diversification include the use of silicon carbide (SiC) [48,49], silicon 

nitride (Si3N4) [50,51], aluminum nitride (AIN) [52], and nanocrystalline diamond films 

[53,54] to fabricate mechanical resonators. These materials can be machined in similar 

ways to silicon, but offer superior mechanical, chemical, or surface properties in specific 

NEMS applications. In fact, non-silicon NEMS are a highly active field of study, one in 

which there is still much to be understood. Custom-made materials offer a new degree of 

control over device behavior that will lead to record-levels of sensitivity and may eventually 

bring about single-Dalton mass resolution.

1.6 Project Outline

This project is an exploration of silicon carbonitride (SiCN) as a nanomechanical structural 

material to develop a NEMS biomolecule sensing platform. It covers basic material 

development, characterization, and machining, to chemical surface modification and finally 

two proof-of-concept sensors; a quasi-real-time mass detection system capable of sub- 

femtogram resolution, and a biosensor used to detect the specific binding of the streptavidin 

protein to the resonator surface via the biotin complex and silane chemistry. The body
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of this thesis is comprised of four sections; the results of the first two sections were 

published in January 2007 [55], while the last two sections are included in a manuscript 

to be submitted in September 2007. The following is a brief introduction to each of these 

sections.

1.6.1 Material Development

The development of SiCN for biosensor use begins with its deposition via plasma- 

enhanced chemical vapor deposition (PECVD), a technique which uses a plasma-discharge 

to dissociate the gas molecules instead of high temperatures. This deposition method 

allows a greater range of composition and stress tunability over standard Si3N4  via low- 

pressure chemical vapor deposition (LPCVD), as PECVD simply has more parameters to 

vary (RF power, temperature, gas flow, frequency). Ammonia (NH3) and diethylsilane 

(DES) were the precursor gases used to deposit the SiCN, with nitrogen (N2) as a carrier 

gas. The precursor gas flows were adjusted to manipulate the content of silicon, carbon, 

and nitrogen in the film which in turn affected the mechanical properties of the material, 

such as elastic modulus and hardness. Upon deposition, the SiCN film was found to 

have an intrinsic compressive stress. While stress could be controlled by adjusting the 

gas flows, post-deposition annealing in a 3-zone tube furnace was used to eliminate 

it completely. X-ray photoelectron spectroscopy (XPS), Fourier transform infrared 

spectroscopy (FT-IR), atomic force microscopy (AFM), scanning electron microscopy 

(SEM), and nanoindentation were used to characterize the thin films deposited. It was 

discovered that the incorporated hydrogen in the films was responsible for the compressive 

stress, and that annealing released hydrogen and relieved the stress.

1.6.2 Nanomachining and Nanomechanics

Following the stress optimization of the film, construction of nano-scale beam resonators 

could be undertaken. A standard SiCN on sacrificial-Si02 on Si surface-micromachining 

technique was used as a starting point, and a plasma recipe was developed to etch SiCN to 

produce vertical sidewalls. Large 1 pm wide cantilevers were initially produced, and used 

to measure the speed of sound in the material. Doubly-clamped beams, or bridges, 800
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nm wide were fabricated to determine the effect of a moderate tensile stress on resonant 

behavior and quality factor Q. It was determined that SiCN was on par with silicon as 

a mechanical material, and that the intrinsic tensile stress created through post-deposition 

annealing was bound to dramatically increase the resonance quality factor. Finally, surface- 

and bulk-micromachining were combined in a potassium-hydroxide (KOH) etch-release 

process to ensure that the bridges were capable of withstanding liquid chemical processing. 

Bridges of widths as small as 400 nm were fabricated in preparation for the mass-detection 

experiments.

1.6.3 Surface Chemistry

An overview of silane chemistry is provided. The characterization of the SiCN surface, as 

well as the process used to choose an immobilization chemistry are discussed. Different 

monolayer-forming chemistries were applied to the SiCN surface. It was found that organo- 

silane molecules covalently bond to the silanol groups on the surface. This was supported 

by XPS, which showed the presence of oxygen on the SiCN surface, but not in the bulk, 

and confirmed the attachment of only silane-based chemistries. An explanation of the 

functionalization scheme and protocol used to immobilize biotin to attach streptavidin for 

resonant detection is given, in preparation for the last section.

1.6.4 NEMS BioSensing Platform

The work of the previous sections are combined in this last section to complete this project. 

Surface- and bulk-micromachining were combined in a potassium-hydroxide (KOH) etch- 

release process to create bridges capable of withstanding liquid chemical processing. 

Bridges of widths as small as 400 nm were fabricated in preparation for the mass-detection 

experiments. First, the resonant frequencies of the bridges were measured before and after 

an 10-hour vapor-phase addition of mercaptopropyl trimethoxysilane (MPTMS). A distinct 

frequency shift was observed directly related to the addition of the chemical layer, and a 

mass-per-unit-area of the added layer was determined. Next, the resonant frequency of 

the bridges was measured, then vapor-phase MPTMS was introduced for a set time in 

the vacuum chamber containing the resonators. The frequencies are measured again, and
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this cycle was repeated every 30 min to 2 h over a total period of 8 h. Collected data 

shows an initial increase of the resonant frequency during the first 2 h of vapor-deposition, 

followed by the frequency decrease expected by the loading of mass onto the resonator. 

An explanation of this frequency increase is offered, and the surface stress induced by 

the adsorbed monolayer is roughly calculated. Lastly, the biotin-streptavidin protocol 

discussed in the previous section is applied here and the added mass of streptavidin is 

detected. It was confirmed experimentally that the observed frequency shift was due to the 

specific attachment of streptavidin via the biotin layer and not due to some non-specific 

adsorption to the SiCN resonators.
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Material Development

This thesis reports the development of a biological sensing platform fabricated using the 

novel NEMS material silicon carbonitride. This chapter characterizes the control and 

optimization of the SiCN thin film during and after deposition. The understanding gained 

in this chapter is required to fabricate the high-quality resonators that will be used in the 

mass-sensing platform.

2.1 Introduction

While silicon has mostly dominated the field of microelectromechanical systems, this 

material presents intrinsic limitations related to its structural properties and the limited 

stability of its surface. Surface-mediated phenomena are specifically expected to dominate 

the smaller nanoelectromechanical system (NEMS) structures, making the issue of critical 

importance for the development of high-quality devices offering the highest levels of 

sensitivity at room temperature [56]. Other materials such as silicon nitride [51](SisN4) 

and silicon carbide [57,58] (SiC) have been proposed for use as nanomechanical resonators 

due to their superior mechanical properties as well as advantageous surface characteristics. 

However, synthesis of these alternate materials is usually performed with low-pressure

12
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chemical vapor deposition (LPCVD) at high temperatures (700 °C for Si3 N4 , 1200 °C 

for SiC) using silane (SiH4), a highly toxic and unstable precursor. Additionally, Si3N4  

and SiC films usually involve intrinsic stresses as high as 1 GPa [59,60] impairing the 

machining of microstructures [61], with silicon-rich ”low-stress” SiN films still retaining 

residual stresses approaching the a = 100 MPa range. This chapter reports the development 

and characterization of silicon carbonitride deposited by PECVD. It reports the tuning of 

the film composition and stress, as well as the mechanical properties of the film.

2.2 Overview of PECVD

2.2.1 Plasma Physics

Plasma physics is an intense field of study with applications ranging from thermonuclear 

fusion, to astrophysics, to interstellar propulsion systems [62]. The most basic definition 

of a plasma is a gas in which the majority of species have been ionized. There exists 

a set list of criteria that must be met in order for a gas to be called a plasma, but that 

discussion is beyond the scope of this work. In the presence of an oscillating electric field, 

molecules may lose an outer-shell electron, leaving them charged. These charged particles 

are then susceptible to the oscillating electric field, causing them (and the lost electrons) to 

move with a certain velocity in a direction dictated by the field. During this motion the ions 

experience collisions with the surrounding neutral molecules. These collisions can result in 

the struck molecule gaining kinetic energy as well as the possibility of it losing a electron. 

The new charged particle is also now imparted kinetic energy by the electric field, allowing 

it to collide with other neutrals. This collision cascade continues until the bulk of the gas is 

ions and electrons, oscillating with the electric field, each with their own velocity u*. The 

kinetic energy of a particle is classically defined as |raty  where m is the particle mass. If K  

is the Boltzmann constant, then the effective temperature of a particle is given by equation 

2.1:

\m vi
= (2-D

2

Thus, while all surrounding objects in a chamber can remain at room temperature, the
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energetic particles in a plasma can be at several thousand degrees. The gas in a fluorescent 

light bulb, for example, has an effective temperature of 20 000 °K. It is this definition 

of temperature that is relevant in understanding the use of plasmas in chemical vapor 

deposition. Lastly, the free electrons will regularly recombine with the ions to give off 

photons, resulting in a glow discharge.

2.2.2 Plasma Enhanced Chemical Vapor Deposition

Plasma-enhanced chemical vapor deposition (PECVD) differs from LPCVD in the manner 

by which precursor gases are dissociated into excited atoms, ions and free radicals. LPCVD 

uses high temperatures (600 °C - 1200 °C) to decompose the reactant gases into the 

desired reactive species. However, these high temperatures are incompatible with CMOS 

processes as they can cause unwanted dopant diffusion and have adverse effects on metal 

interconnects. Thus, materials deposited by LPCVD for use as nanomechanical resonators 

are very difficult to merge with integrated circuitry [63]. PECVD uses a glow discharge, 

or plasma, to provide the energy to decompose the reactant gases. Specifically, in the 

reactor used in this experiment (Trion Technologies Orion PECVD), a radio frequency 

(RF) plasma, excited at 400 kHz, is created in the thin space between the two parallel 

plates (figure 2.1).

This allows for deposition from room temperature to 400 °C, as opposed to LPCVD which 

typically requires temperatures well in excess of 650 °C [63]. Additionally, PECVD allows 

for a much wider range of pressures to be used, as well as affords the user the opportunity 

to tune the plasma frequency and power. Thus, PECVD introduces new and expanded 

parameters which in turn allow for greater control over the deposited film and its chemical 

and mechanical properties, and is used here to deposit SiCN employing the relatively 

safer liquid-state diethylsilane [64] (DES) as silicon precursor. The mechanical properties 

of these films are tuned through control of the gas flow ratio, as well as through post­

deposition annealing. The composition of these films are characterized and the results are 

correlated to the mechanical properties and deposition parameters.
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Figure 2.1: The generic setup of a parallel plate plasma-enhanced chemical vapor 
deposition system.

2.3 Experiment

Wafers of silicon (100) were wet oxidized in a MiniBrute three-zone tube furnace at 1000°C 

for 1.5 h in order to grow a 450 nm silicon dioxide layer, then cleaned in a Piranha mixture 

(3:1 sulfuric acid: hydrogen peroxide) for 20 min. The SiCN was deposited in a Trion 

Technology Orion PECVD system using ammonia (NH3), nitrogen (N2), and diethylsilane 

(DES) at a pressure of P = 500 mTorr, temperature of T = 300 °C, and power density of p 

= 0.63 W/cm2. The other process parameters for the various films deposited are described 

in Table 2.1. All gas flows are given in standard cubic cm per minute (seem) and the 

sign on stress values denotes compression.

Residual stress was assessed using a KLA-Tencor FLX 2320 Flexus film stress 

measurement system. Films B2-B5 were then annealed under nitrogen atmosphere in 

the previously mentioned three-zone tube furnace for 1 h each at temperatures ranging 

from T = 400 °C to T = 700 °C. Films F and G were annealed at 500 °C until the stress 

was approximately zero. Films H and I were further annealed until the desired tensile 

stresses were reached. A Kratos AXIS 165 surface analysis system was employed for x-
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Table 2.1: Deposition Parameters of the Silicon Carbonitride Films

Sample
Gas
n h 3

Flow
DES

(seem)
n 2

Film
Thickness

(nm)

Deposited
Stress
(MPa)

Anneal
Temp.
(°C)

Anneal
Time

(hours)

Final
Stress
(MPa)

A 40 5 40 960±50 -740±40 N/A N/A -740±40
Bl 20 5 40 1070±70 -660±40 N/A N/A -660±40
B2 20 5 40 1130±50 -660±40 400 1 -430±40
B3 20 5 40 1070±50 -660±30 500 1 -230±30
B4 20 5 40 1050±70 -650±30 600 1 80±80
B5 20 5 40 1070±70 -650±60 700 1 490±80
C 5 5 40 1210±70 -590±20 N/A N/A -590±20
D 5 10 40 1400±80 -430±10 N/A N/A -430±10
E 3 12 40 1230±70 -380±20 N/A N/A -380±20
F 5 5 40 200±20 -510±50 500 1 -40±60
G 40 5 40 210±20 -610±60 500 1 30±40
H 20 5 40 60±1 -800±200 500 2.5 80
I 20 5 40 62±1 -700±200 500 8 220

ray photoelectron spectroscopy (XPS) to determine the elemental composition of films 

A, Bl, C, D, and E after deposition. Films were sputter-etched with an Ar+ plasma 

in-situ prior to XPS scanning to remove the native surface oxide on SiCN. Young’s 

modulus and hardness values were obtained through nanoindentation using a Hysitron 

Triboindenter. A Variian FTS-7000 Fourier transform infrared spectrometer (FT-IR) was 

used to perform transmission spectroscopy to determine the relative hydrogen content and 

hydrogen bonding in films B1-B5 after annealing. Film thickness was assessed on samples 

A-G using a Filmetrics F50 film thickness mapping system, and for samples H and I using 

a Digital Instruments Dimension 3100 atomic force microscope operated in tapping mode 

with BS-Tap300AL aluminum coated AFM cantilevers. A Trion Phantom II reactive ion 

etcher was used to test the resistance of SiCN films to a standard silicon etch recipe, and 

x-ray diffraction (XRD) was performed with a Bruker D8 Discover diffractometer using 

a GADDS area detector and a copper K-a radiation source, to determine the degree of 

crystallinity in the films.
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Table 2.2: Film Composition from XPS

Sample
Gas Flow Ratio

NH3:DES Si C N O
A 8:1 38% 25% 35% 2%
Bl 4:1 25% 31% 29% 14%
C 1:1 37% 31% 28% 4%
D 1:2 9% 56% 28% 7%
E 1:4 12% 58% 23% 7%

2.4 Results

X-ray photoelectron spectroscopy was used to assess the elemental content of the films as 

a function of gas flow ratio, NH3:DES, as shown in Table 2.2. As stated earlier, a main 

objective of this project was to attain some control over the film stress. While the stress 

could not be reduced to zero using flow ratio modulation alone, it could be tuned from a  = 

-740 MPa in sample A to a  = -380 MPa in sample E (”-” sign denotes compressive stress, 

Table 2.1), albeit with having great effect on the mechanical properties of the film. Figure 

2.2 and 2.3 respectively depict the Young’s modulus and hardness of the deposited films as 

a function of their carbon-to-nitrogen (C:N) content ratio.

Films deposited using a higher NH3:DES ratio contained a lower C:N content ratio and 

exhibited higher Young’s modulus and hardness. On the other hand, films deposited using 

a NH3:DES lower than 1:1 contain more than 50 at% carbon and approximately 10 at% 

silicon. These results are expected, as lower NH3:DES ratios provide less nitrogen and 

more carbon available to be incorporated into the film [65]. However, it should be noted that 

both Si-C and C-N bonds usually induce high hardness and Young’s moduli, as in silicon 

carbide or carbon nitride [66,67]. Yet here the hardness and modulus both decrease as the 

carbon content in the film increases. It can be inferred from these results that the carbon is 

not bonded to the silicon or nitrogen in any useful way, and rather remains in the bulk of 

the film as an impurity. Attempts to explore further explore the nature of carbon in the film 

(XPS, FT-IR, Raman) proved inconclusive. All films were reported 100% amorphous by 

XRD.

Annealing of the material enabled the reduction and tunability of its residual stress from 

the compressive (a = -660 MPa) to the tensile (a = 490 MPa) range (figure 2.4).
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Figure 2.2: Young’s modulus versus the carbon/nitrogen ratio in the films. Each data 
point is composed of multiple indentation measurements, with the error bars showing the 
standard deviation.
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Figure 2.3: Hardness versus the carbon/nitrogen ratio in the films.
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Figure 2.4: The intrinsic stress before and after annealing at various temperatures. At 
higher temperatures the stress becomes tensile instead of compressive.

Infrared spectroscopy revealed that a reduction in incorporated hydrogen accompanied 

these stress changes induced by annealing (figure 2.5), suggesting that the compressive 

stress in the as-deposited films is related to bound hydrogen. The decrease in hydrogen- 

content with increasing temperature is concluded from observing the decrease of the N- 

H bending (single-hydrogen) and stretching FT-IR signals at 1150 cm-1 and 3350 cm ~\ 

respectively [68-71].

Annealing would release this hydrogen from its bound state [72,73], allowing the N and 

Si atoms previously bound to H atoms to bond with each other, and thus progressively lead 

to tensile stress [74]. These observations are consistent with stress trends in the Si^N^, as 

both stoichiometric and Si-rich low pressure chemical vapor deposition nitrides contain no 

hydrogen and are typically under tensile stress [63,75]. This also implies that the films 

deposited at low NH3:DES flow ratios experienced lower compressive stress because there 

were simply less N-H bonds available in the precursor gases, thus were less present in the 

film. Further evidence of the effect of hydrogen-content on SiCN thin films is given in 

figures 2.6 and 2.7 illustrating the elastic modulus and hardness responding to the anneal 

temperature.
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Figure 2.5: FT-IR spectra of SiCN films after annealing at various temperatures. Note the 
decrease in the two peaks related to N-H bonding.
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Figure 2.6: Young’s modulus in the annealed films.
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Figure 2.7: Hardness in the annealed films.
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These results indirectly imply that hydrogen incorporated into the SiCN amorphous 

network is responsible for the decrease in the values of both elastic modulus and hardness. 

This can be explained by the fact that hydrogen atoms have a coordination number of one, 

meaning each hydrogen atom is bound to only one atom and is not part of a network. 

Therefore, unlike the surrounding Si-Si or Si-N bonds in the film, the Si-H and N-H bonds 

do not contribute to the rigidity of the network, and instead only decrease the total number 

of other bond-configurations, thus leading to an overall decrease in the rigidity of the SiCN 

film. This concept is described in similar studies performed on amorphous hydrogenated 

silicon thin films (a-Si:H) [76,77] where the effect of H-content on various mechanical 

properties was explored with similar findings.

It has been noted throughout the early stages of this project that film samples D and 

E were much more difficult to etch by RIE. Fluorine-based etch chemistries employing 

carbon-tetrafluoride (CF4) or sulfur hexafluoride (SF6) and oxygen (O2 ) etched samples D 

and E at approximately half the rate of the other samples. It is well known that carbon is 

quite etch resistant to most chemistries [78], with the exception of atomic hydrogen [79]. 

One final note on the material investigation is that SiCN films annealed at 700 °C or 

above experienced cracking of the film, followed by the film peeling and flaking off of the 

substrate. This is because, at temperatures greater than 700 °C, the difference in thermal 

expansion between the silicon and the SiCN becomes too large, causing the SiCN to crack 

along the crystal planes of the silicon substrate.

2.5 Conclusion

The plasma-enhanced chemical vapor deposition of silicon carbonitride has been 

investigated. A large degree of control over the composition, as well as a moderate 

degree of control over the intrinsic stress in the SiCN films is possible through modulation 

of the NH3:DES gas flow ratio. The Young’s modulus and hardness of the films were 

affected as a result of this change in composition, due to the incorporated carbon not being 

included in the Si-N amorphous network. Post-deposition annealing was found to shift 

the intrinsic stress from compressive to tensile, and slightly improve the Young’s modulus 

and hardness. Both the stress change and nanoindentation results were deemed to be a
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result of the expulsion of hydrogen from the film during the annealing process. Nitrogen- 

hydrogen bonds are known to be responsible for compressive stress, as found in the cited 

literature, and thus removal of the hydrogen frees a bonding site on the nitrogen atom, 

allowing for the formation of the more tensile Si-N bond. An increase in stiffness was 

also observed due to the removal of bonded hydrogen, allowing for the formation of Si- 

N bonds which contributed to the rigidity of the amorphous network. Once control over 

the stress and composition of PECVD SiCN had been attained the project focus shifted 

to the development of nanomachining protocol for NEMS resonant structures and the 

investigation of the resonant behavior of this material.
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Nanomachining and Nanomechanics

Control over the stress and composition was established in the previous chapter. On the 

journey to create a mass-sensing resonator device, the next step is to examine the resonant 

behavior of the material. This chapter explores the nanomachining processes used to 

create resonating structures, as well as establishes the effect of composition and stress on 

resonator behavior.

3.1 Introduction

Process development is a major area of research [14,80-92]. Separate from the material 

development and device design fields, process development deals with simply fabricating 

any given desired structure. New techniques or methods can result in the fabrication of 

devices that previously could not be created [90-92]. In other cases researchers wish to 

apply batch fabrication techniques to processing in an attempt to commercialize devices 

[14,82]. For example, there has been particular interest in extending the creation of high 

aspect-ratio structures to batch processing [81,85, 88], One of the virtues of MEMS is 

that their small, integrated nature allows for batch fabrication, reducing costs of large 

volume production, thus giving them an advantage over their discrete counterparts. Process

24
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development and optimization is the drive to further enhance this virtue of MEMS, and 

naturally plays just as pivotal a role in the future of NEMS.

The ultimate goal of this project is the development of a biological mass-detection 

platform using nano-scale resonating structures. In order to achieve this, the structures 

in question must be designed and fabricated such that they withstand their intended use. 

First, singly-clamped (cantilevers) or doubly-clamped beams (bridges) must be produced 

successfully. Next, the behavior of these resonators must then be examined. PECVD SiCN 

is a completely unexplored material in the NEMS field, thus its behavior must be observed 

and controlled in order to construct the highest-quality resonators possible. Cantilevers 

are fabricated to examine the effect of composition changes on resonant behavior, while 

bridges allow the observation of stress on resonance quality.

3.2 Fabrication Methodologies

There are two key methodologies for fabricating three-dimensional mechanical structures 

[21]. Bulk micromachining is an etch-based fabrication scheme where the silicon substrate 

itself is fashioned into the mechanical elements and often employs the attachment, 

or bonding, of two or more wafers together to create a finished device. Surface 

micromachining, on the other hand, is deposition-based. Instead of machining the 

bulk silicon substrate, thin films of a given material are deposited onto the substrate 

surface. These materials are then patterned and selectively etched to produce free-standing 

microstructures. Since the main focus of this project is on simple resonating structures, 

process flows by which to fabricate this structure will be used to illustrate the difference 

between these two fabrication methodologies. This section assumes the reader has an 

understanding of basic processes such as deposition, photolithography, and wet and dry 

etching. Explanations of basic processes can be found in [3,93].

3.2.1 Bulk Micromachining

Figure 3.1 depicts the bulk-micromachining process for a silicon cantilever. Step 1 involves 

the pattern definition in an etch resistant polymer, or resist, where the outline of the 

cantilever is patterned. Step 2 uses a reactive ion etch to create a trench around the
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Figure 3.1: Bulk micromachining process flow

cantilever to the desired depth that will determine the cantilever thickness. The resist is 

removed in an organic solvent following etching. Silicon dioxide, which is resistant to 

potassium hydroxide (KOH) [78], is deposited via PECVD everywhere on the wafer in step 

3 to prevent unwanted etching in subsequent steps. Similar to steps 1 and 2, step 4 shows 

the Si02 on the wafer backside being patterned with resist and etched to allow KOH to 

remove the silicon substrate. In step 5 the silicon is etched through to the trenches defined 

in step 2. Typically an implanted dopant layer is used to create an etch-stop by making the 

top layer of silicon resistant to KOH, thus defining the thickness of the cantilever. Finally,
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in step 6, the S i02 is removed in a hydrofluoric acid bath, leaving the free-standing silicon 

cantilever in the substrate.

3.2.2 Surface Micromachining

STEP

1
Si°2 GROWTH OF Si02 
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Figure 3.2: Surface micromachining process flow.

Figure 3.2 depicts the surface-micromachining process for a silicon cantilever. A layer 

of sacrificial silicon dioxide is formed in step 1, upon which the device layer will be formed. 

In step 2 a device layer of polycrystalline silicon, or poly-Si, is deposited via LPCVD onto 

the Si()2. Step 3 shows the poly-Si layer patterned with resist, then etched using a reactive 

ion method. Step 4 depicts the near-finished device with the resist removed. In step 5, 

an isotropic wet-etch of the silicon dioxide layer is performed to release the poly-Si, thus 

creating a free-standing cantilever. It should be noted that because of the relatively small 

gap between the cantilever and the silicon substrate surface, surface tension forces of the
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liquid can cause devices to stick to the surface, and thus specific liquid-removal techniques 

must be used (see next section).

3.3 Stiction

As described above, surface micromachining usually involves the removal of a sacrificial 

layer between two other layers. In the case of the surface-micromachined cantilever, this 

sacrificial layer is the silicon dioxide layer present between the poly-silicon device layer 

and the silicon substrate. A liquid etchant is used to dissolve the Si02, and in doing so the 

liquid will slowly occupy the space where the S i02 once was, thus there exists an interfacial 

force between the liquid and each of the surfaces (figure 3.3a).

rinsing liquid
poly-Si cantilever 

oxide

Si substrate (a)

removing
liquid

1

(b)

liquid
completely 
removed

I (c)

Figure 3.3: The process of stiction: (a) the rinsing liquid covers all surfaces, then as the 
liquid is removed (b) the structure is pulled toward the substrate surface. Finally, liquid is 
removed, (c), and the structure is in contact with the substrate.

This capillary force is known be inversely proportional to the gap distance between the 

upper and lower surface [94]. As the liquid is removed, the cantilever is pulled downwards, 

decreasing the gap distance and increasing the capillary force, in turn pulling the cantilever
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downward even further (figure 3.3b). The end result of this loop is that once all liquid has 

been removed the cantilever may make physical contact with the substrate surface (figure 

3.3c). This contact forms an irreversible bond, which holds the cantilever to the substrate, 

the strength of which has been attributed to hydrogen bonding [3], van der Waals forces 

[95], and electrostatic forces [94,96]. Stiction is a major problem, not only in cantilever 

structures, but also in more elaborate devices where points of sliding contact are essential 

to device operation can be affected [96,97]. However, it is possible to overcome stiction 

using a variety of techniques. Supercritical drying, or critical process drying, can be used 

to remove the liquid in the gap without forming a meniscus and therefore avoiding capillary 

forces [98]. Freeze drying freezes the liquid and removes it via sublimation, again avoiding 

capillary forces and stiction [3]. Device design can also be used to minimize damage 

due to stiction, such as implementing a rigid supporting top-plate to prevent cantilever 

collapse [99] or controlling the gap underneath a pressure-sensing diaphragm to ensure its 

survival [100].

For any spring-mass system, neglecting damping, the (angular) resonant frequency u> can 

be described by equation 3.1:

where k is the spring constant of the system and m is the effective mass (as stated in Chapter 

1). For a beam with a Young’s modulus E  and moment of inertial /, both of which are 

invariant along the length of the beam (x-direction), the vertical displacement of the beam, 

u under an applied transverse load q, if u assumed to be much less than the beam length L 

of the beam, can be described by the Euler-Bernoulli equation [2]:

which neglects damping effects. In a cantilever clamped at only one end, the axial stress a0 

is zero, and the equation becomes:

3.4 Theory of Vibration

(3.1)

(3.2)
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(ft a
E I - ^ q (3.3)

Now assume a polynomial solution to u(x) = A + Bx + Cx2 + Dx3 + Fx4, and set the boundary 

conditions as follows:

(0) -  0 (3.4)u

du . . _
S (0) =  0 (3.5)

S<L> = ° < 3 ' 6 )

^  =  ° ( 3 ' 7 )

Equations 3.4 and 3.5 state that the displacement and slope, respectively, of the beam at the 

clamping point are both zero. Equation 3.6 implies an infinite radius of curvature, r, at the

unclamped end of the beam, or rather r _l = 0. Lastly, equation 3.7 implies a shear stress of

zero at the free end of the beam, since it is not connected to anything. Solving the equation,

the first two boundary conditions set A = B = 0, and the rest of the coefficients are found to 

be:

c =f§7 (3'8)

d  = ~ M I  <3'9)

F =2i§7 (3-10)
The effective spring constant k of the cantilever can be found by substituting the expression 

for the maximum displacement of the cantilever umax into F = Jcx, where here jc is the 

displacement in the direction of k and F  is qL. Thus, for a cantilever, the spring constant is:
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kcantilever ^ 3  (3.11)

and substituting into equation 3.1 and using the value of I  for a beam of rectangular cross 

section [2,101], the fundamental resonant frequency of the cantilever is:

1 /! ( 3 - 1 2 )

with a Is 2 dependency on frequency.

A doubly-clamped beam, or bridge, can also be described by equation 3.2. Assuming

negligible axial stress (dealt with later) leads to equation 3.3 as for the cantilever. However

the boundary conditions applied are different:

w(0) =  0 (3.13)

£ < ° > = °  (3 1 4 )

(L) = 0 (3.15)u

| ( i ) = 0  (3.16)

Here equations 3.13 and 3.15 specify zero deflection at both clamping points, while

equations 3.14 and 3.16 state the slope of the beam is zero at the clamping points. Assuming

a polynomial solution to u(x) of the form A  +  B x  +  C x2 +  D x3 +  F xA, the first two 

coefficients are set to zero by the boundary conditions in equations 3.13 and 3.14. Solving 

and substituting yields the remaining 3 coefficients:

<3-17)

d  =  ( 3 - 1 8 )
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F  =  — (3. 19) 
24 E l

For a bridge, the maximum deflection occurs at x  = LI2, so along with the found coefficients 

and substituting for I, the maximum beam deflection is:

Umax =  32EwF  (3'20)

and the spring constant for a bridge, neglecting stress, is:

b — 32Ewt5
K 'zerostress  —  W

Thus, substituting into equation 3.1, we get a resonant frequency of the bridge described 

by equation 3.22:

w f  (3-22)
Note that the bridge, in the absence of stress, also exhibits a Z r2 dependence on frequency.

Now consider the case where the axial stress a  is sufficiently large such that it dominates

the behavior of the system. In this case, the Euler-Bernoulli beam equation becomes:

-  ao W t-^  =  q (3.23)

The same boundary conditions and trial solution employed for a stress-free bridge can be 

applied here. For appearance the a0wt term is written as N. From the differential equation 

we find C to be:

(3'24)
with the other terms becoming more complex:

° = 2 V i C T  (3'25)

(3'26)
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Substituting back into the equation for u(x) to find the maximum deflection, and neglecting 

all but the highest-order-terms (for illustration purposes) we find:

_ H q L 2
'U'm.ax 2 2  jy (3.27)

and the spring constant for a stress-dominated bridge is:

k s t r e s s  =  (3-28)

Finally, substituting into equation 3.1, we find the dependence of frequency on length L 

and stress a0 as:

(3.29)
L Y p

So in the presence of negligible axial stress a0, the resonant frequency of a bridge is 

proportional to L“2, while in a stress-dominated beam the dependence goes a s /  oc L_1.

These results will be discussed further later in this chapter. A rigorous derivation of the 

Euler-Bernoulli beam equation, including analytical solutions and damping effects can be 

found elsewhere [2,102]

3.5 Experiment

The first generation of devices was designed to examine the effect of changing composition 

and stress using film samples F/G and H/I respectively (Table 2.1). These samples were 

then annealed in a Minibrute 3-zone tube furnace for the amount of time specified in 

Table 2.1, with stress measurements again done using the KLA-Tencor 2320 Flexus thin 

film stress measurement system. These films were then cleaned again in Pirinha-mixture 

and treated with buffered oxide etch (BOE, 10:1 ammonium fluoride:hydrofluoric acid) 

in preparation for patterning. A bilayer of polymethyl methacrylate (PMMA) 950/495 

(polymer chain length) was spin-coated onto l x l  cm2 chips of films F - 1. The resist 

bilayers were exposed in a Raithl50 electron beam lithography system using a 20 pm  

aperture, an acceleration voltage of 10 kV, and an area dose of 120 pC/cm2. A three- 

step bath consisting of a solution of 1:3 methyl-isobutyl-ketone: isopropanol (30 seconds),
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pure isopropanol (15 seconds), and water (15 seconds) was used to develop the exposed 

PMMA layers. An electron beam evaporator was then used to deposit a 30 nm chromium 

(Cr) etch mask, followed by lift-off in a 5 minute sonic acetone bath. A Trion Technology 

Phantom II RIE was used to anisotropically etch the Cr-pattemed-SiCN in a 4:1 sulfur 

hexafluoride: oxygen (SF6:02) plasma recipe adapted from literature [103]. 1G structures 

were previously etched using the Nanofab standard silicon nitride RIE with a 9:1 carbon 

tetrafluoride: oxygen (CF4:0 2) plasma, but due to a moderate undercutting of the Cr mask 

into the SiCN, another etch recipe was developed to produce sub-micron width bridges 

(etch parameters shown in table 3.1).

Table 3.1: Trion RIE Machine Parameters for Two Etch Recipes
Standard SiN RIE Adapted RIE (from [103])

CF4 Flow Rate (seem) 45 -
SF6 Flow Rate (seem) - 42
0 2 Flow Rate (seem) 5 12

RF Power (W) 125 95
Pressure (mTorr) 150 25

Once the structures were etched into the SiCN layer, the Cr mask was removed using 

a standard wet-chemical Cr-etch. The first generation (JG) structures were released 

by isotropically etching the sacrificial Si02 layer underneath the SiCN in a BOE bath 

(room temperature) for 14 minutes, followed by a 3-bath rinse in de-ionized (DI) water. 

It had been found through previous experiments that the bridges will stick to the Si 

substrate surface if the structures are dried using only a nitrogen-gun, or if left to dry 

by themselves. Thus, following the water bath, the chips were put in isopropanol, then 

subjected to a supercritical drying process in a Tousimis Autosamdri 815B critical process 

drier. This machine bathes the chip in liquid carbon dioxide (C02), then adjusts the pressure 

and temperature of the chamber to remove the C 02 without forming a meniscus, thus 

eliminating the effect of surface forces and stiction.

An established interferometric technique, seen in figure 3.4, was used to assay the 

resonant frequencies of the first generation cantilevers and bridges [104]. For this purpose, 

the samples were affixed to a piezoelectric stage mounted inside a vacuum chamber which 

was pumped to ~10-3 Torr. The piezoelectric element is then actuated by the tracking
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Figure 3.4: The interferometry-based resonance-assaying setup, described in [104], used 
to measure the frequency of the cantilevers and bridges.

output of a Hewlett-Packard ESA-L1500A spectrum analyzer. A He-Ne laser (A = 633 nm) 

is focused to a beam spot of 5 / i t n  in diameter using a 0.35 numerical aperture microscope 

objective. When actuated at resonance, relative motion of the structure with respect to 

the underlying substrate modulates the reflected signal through interferometric effects. The 

modulated signal is reflected back through the microscope objective. A beam splitter is then 

employed to divert the reflected signal towards a New Focus 1601 ac coupled photodetector, 

whose output is fed to the input of the spectrum analyzer. Electron microscopy of the 

fabricated devices was performed following resonance measurements in a Hitachi S-4800 

cold field emission scanning electron microscope (FE-SEM).

3.6 Results

In the 1G structures (figures 3.6 and 3.8), the gap between the SiCN bridge and the Si- 

substrate was approximately 500 nm. The length of cantilevers ranges from L = 2 /im 

to 6.5 yum, while the bridges vary in length from L = 4 yum to 20 /urn. Without critical 

point drying, all structures over 4 yum in length were bound to the Si-substrate surface by 

stiction. Even when die supercritical drying process was used, 100% device yield was not 

reliably attainable. The most suitable method for eliminating stiction in these structures is 

to increase the gap distance between the SiCN and the Si. In the surface micromachining 

process of the first generation devices, this could be done by increasing the thickness of 

the sacrificial silicon dioxide layer between the SiCN and Si. This would mean that if a
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3 pm gap was desired, a 3 pm oxide would have to be deposited. This would also mean 

that the clamping point of the cantilever or bridge would be undercut by 3 pm because 

the etchant used (BOIE) removes the S i02 isotropically. This undercut would effectively 

increase the total length of the beams, which would somewhat counteract the anti-stiction 

effect of the larger gap. Additionally, this would leave a large portion of the anchoring 

structure undercut and free to resonate with the cantilever or bridge. This would result in 

the resonators having only a moderately large thin SiCN ’’flap” as an anchor, effectively 

attaching the resonating beam to another larger beam. It was predicted that having a 

non-rigid clamping point would have an adverse effect on the resonant behavior of the 

structures. Vignola et al. proposed that large undercutting of resonator supports is the 

determining factor of resonance quality [105], later demonstrated my Verbridge et al. [106], 

while Photiadis et al. have shown that having a substantially thick anchor base (equivalent 

to having very little undercut) directly improves the quality [107]. These issues will be 

addressed in chapter 5 during discussion of the fabrication of second generation bridges.

Figure 3.5: This surface machined structure consists of support beams 120 nm-wide which 
are suspending a 1 /im2 paddle. This picture was featured in the month of October in the 
Raith 2006 Calendar.

Concurrent to resonator fabrication, more complicated structures were produced to 

investigate the degree to which SiCN can be reliably machined. The standard recommended 

Raith 150 electron-beam doses were sufficient for this nanomachining, and thus no further
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development was required on this front. The suspension structure in figure 3.5 was 

patterned, etched, and successfully released, demonstrating quite a degree of intricacy 

afforded by both the Raithl50 machine, as well as the durability of the material. In fact, this 

picture was featured in the 2006 Raith calendar. Note in figure 3.5 the vertical sidewalls on 

the SiCN layer, a result of the SF6:0 2 recipe developed.

Cantilever and bridge structures were machined in order to assess the mechanical 

properties of the material and to investigate its applicability for resonant nanomechanical 

biosensors. First, cantilevers of thickness t = 200 nm, width w = 1 /urn, and lengths varying 

from L = 2 to 6.5 pm  were fabricated in films F (1:1 NH3:DES) and G (8:1) (figure 3.6).

t m .

10um

Figure 3.6: Surface micromachined cantilevers. The SiCN layer is 200 nm-thick, with the 
cantilevers themselves being 1 /xm-wide and 2 to 6.5 /xm-long, with the sacrificial oxide 
layer being 500 nm-thick.

An approximation of the fundamental resonant frequency of a cantilever beam with a 

rectangular cross section is described by equation 3.30 [108]:

So
t

(3.30)
27r(0.98)(L +  u)2 y p

where L  is beam length, u = 810 nm is the length of the undercut (as measured by scanning 

electron microscopy), E  is Young’s modulus, and p is the density of the beam material. 

Figure 3.7 displays the results of the resonant assaying of this first set of devices.
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200 nm thick cantilevers:
Frequency vs. Inverse-length squared

u.
*<s ■ Sample G (8:1 NH3:DES) 

♦  Sample F (1:1 NH3:DES|
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Figure 3.7: A logarithmic plot of the data obtained through resonance of the cantilever s.The
speed of sound ( y  in the high-carbon film is found to be 8.35 x 103 m/s, while a value 
of 6.20 x 103 m/s is found in the low-carbon film.

Fitting the data to equation 3.30 gives root-modulus-over-density ratios of = 

8.35 x 103 m/s for sample F and y ^ | = 6.95 x 103 m/s for sample G. The result for sample 

F roughly agrees with previously reported values of = 6.20 xlO3 m/s for a similar 

carbonitride material [64]. On the other hand, the result for sample G is comparable to the 

speed of sound in silicon of -»/—■= 8.45 x 103 m/s. We note that the fabrication of singly

clamped cantilevers allows the relaxation of the intrinsic stress at their neutral axis upon 

release of the devices. The absence of noticeable bending of the released cantilever suggests 

that the devices are not subjected to any significant stress gradient that could also affect their 

mechanical properties. The differing modulus-over-density ratios observed from material 

to material are therefore intrinsically related to variations in film composition, and not to 

the residual stress present as a result of those compositions. The analysis of bridges now 

allows studying of the effect of residual stress in the mechanical properties of the devices. 

Doubly clamped beams of thickness t = 50 nm, width w = 800 nm, and lengths varying 

from L = 4 to 20 /xm were fabricated in materials H and I for such purpose (figure 3.8).
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20um

Figure 3.8: Surface micromachined bridges. The SiCN layer is 60 nm-thick, with the 
bridges themselves being 800 nm-wide and 4 to 20 pm-long, with the sacrificial oxide 
layer being 500 nm-thick.

The approximate resonant frequency for a doubly clamped beam of under tensile stress 

a  is given by equation 3.31 [102]:

/ ,  = , 0 S n f - {L + u)~2 +  ■y/Q'^1Cr(L +  u Y l (3.31)

where a  is the residual stress in the device, and u = 530 nm was the length of the undercut, 

as measured by scanning electron microscopy. Unstressed beams are therefore expected to 

exhibit a L~2 dependence on frequency/, while highly stressed beams are rather expected 

to progressively show a L_l dependence. Figure 3.9 graphs the dependence of resonant 

frequency on length for beams fabricated in films H and I.

Films H and I initially possessed residual tensile stress values of a = 80 MPa and a  = 

220 MPa, respectively. A fit of data to equation 3.31 reveals a L~0-935 dependence in the 

lower stress film (sample H) and a L”° 999 dependence in the higher stress film (sample I), 

as would be expected. Additionally, the quality factor appears to be affected by the stress 

present in the beams. All of the frequency spectra captured for low-stress sample H had 

a quality factor ranging between 3000 and 5000, at frequencies between/ = 6.1 MHz and 

/  = 16 MHz, with a fQ  product of 1.5 xlO10 s_1. Low-stress samples similar to sample
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Log-Log comparison of stressed NEMS beams
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Figure 3.9: A logarithmic plot of the data obtained through resonance of the bridges. The 
low stress sample (H) was found to exhibit a Z r0-935 dependence of frequency on length, 
while the high stress sample (I) was ZAa" 9, completely dominated by stress.

H (not reported here) showed similar quality factor data. On the other hand, the beams in 

high-stress sample I experienced quality factors between 8000 and 23 000, at frequencies 

between/ = 7.6 and 24 MHz, with fQ  products as high as of 1.5 x 1011 s-1. The maximum 

Q factor obtained in sample I was 26 000, a t /  = 7.6 MHz, (fQ = 2x 1011 s-1), exceeding 

the room temperature performance of Si devices across many dimensions [56,109-111]. 

Indeed, silicon structures described as having very high Q (100 000) have traditionally been 

macroscopic in nature, with operating frequencies in the 1 -100  kHz range, limiting their 

fQ  product to the 109 - 1010 s "1 range [109-111]. On the other hand, silicon devices of 

dimensions similar to those presented here have been known to exhibit surface-mediated 

issues impairing their performance, limiting their fQ  product to the rnid-lO10 s-1 range, 

even following extensive surface conditioning [56]. These effects have also been observed 

by Verbridge et al. [106,112] where quality factors of over 200 000 were achieved using 

a wafer-bending technique to increase stress. One possible explanation for this was that 

the introduction of a marginal tensile stress improved energy confinement by mitigating 

mechanical coupling with the clamping points. Verbridge et al. note a dependence on
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<2 with the length of the clamping point undercut, and also note an increase in Q after 

applying tension to the beams [106]. He describes the effect as limiting energy transfer 

between the beam and clamping point by ’’increasing the acoustic impedance”. It was also 

proposed that the Q in these resonators is dominated by thermoelastic dissipation (TED). 

Thermoelastic dissipation describes an irreversible flow of energy across the resonator due 

to a temperature gradient setup by the deflection of the beam creating areas of compression 

(warm) and tension (cool) [113,114]. Consider that by putting the bridge under tension, 

the magnitude of this temperature gradient is reduced, due to the decreased magnitude 

of deflection and the difference in stress levels of the ’’compression” and ’’tension” areas. 

This, conceptually, would subsequently reduce the amount of energy lost, increasing Q. 

Figure 3.10 shows the quality factors for samples H and I plotted against their resonant 

frequencies, with a theoretical slope for the TED limited quality factor.

107

10*
O l

g 105
fO u_
£  104
ro
a  103 

102
10® 107 10®

Resonant Frequency (Hz)

Figure 3.10: Frequency versus Q for samples H and I, as well as the theoretical TED-limited 
quality factor slope calculated for these structure parameters.

The theoretical TED-limited quality factor plot is obtained from equation 3.32 [112]:

_  cv ( 6 6 sinh£ + s in £ \~ l
QtED E a 2T  C3 coshC +  cos£ J ( }

and

♦  Sample H 
■ Sample I 
— TED Theory
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where the values of the equation parameters are:

cv is the specific heat per volume, 710 J/m3K [112]

T is the temperature of the beams, 300 K 

uj is the angular resonant frequency

E is Young’s modulus, 160 GPa as obtained from nanoindentation 

a  is the linear coefficient of thermal expansion, 1.5 x 10-6 K-1 [63] 

p is the density, 1900 kg/m3 [64] 

c is the specific heat capacity, 0.4 J/gK [115] 

ac is the thermal conductivity, 3.2 W/mK [112]

As seen in figure 3.10, both samples H and I are more that two orders of magnitude 

below the theoretical TED-limited quality factor. While the theoretical curve was based off 

of approximate parameters, all parameters are believed to be within an order of magnitude 

or less to their true values for PECVD SiCN. Additionally, varying any combination of 

the parameters within this range does not bring the TED-limit significantly closer to the 

experimental data than it is in the figure. Thus, the increase in quality factor is not due to 

limiting thermoelastic dissipation.

3.7 Conclusion

First generation devices, cantilevers and bridges created using the surface-micromachining 

sacrificial oxide technique, were subjected to interferometric assaying to determine the 

effect of composition and stress on resonant behavior. Through resonant characterization of 

cantilevers fabricated from samples F and G, these films were found to have root-modulus- 

to-density values ranging from = 8.35 xlO3 and = 6 .95xl03 m/s for high and
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low C:N ratios, respectively. Annealing was used to modulate the intrinsic film stress (as 

described last chapter) and create samples with low (sample H) and high (sample I) tensile 

stress. Bridges were fabricated from films with stresses of a = 80 MPa and a  = 200 MPa 

to analyze its effect on resonant behavior. The length dependencies on resonant frequency 

were found to be L-0 935 and L a99;\  respectively, in agreement with the Z r1 dependence 

expected in stressed structures. Resonant quality factors of 5000 were obtained for the 

low-stress film, while a maximum Q factor of 26 000 was obtained in the beams fabricated 

from the high-tensile-stress films. A stress-induced restriction of thermoelastic dissipation 

(TED) was proposed as a possible explanation for this increased quality factor, but the Q 

of the bridges was found to be several orders of magnitude from the TED-limit.

Stiction was a prevalent problem in this first generation of devices. This was attributed 

to the small gap between the beam and substrate. It was noted that this gap could not be 

sufficiently enlarged to resist stiction without having an adverse effect on resonance quality. 

Thus, bridges resistant to the effects of stiction must be fabricated using another method, 

which will be discussed in chapter 5.
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Surface Chemistry

Chapter 2 described the optimization of film stress and composition. This led to an 

investigation of resonator behavior in chapter 3, where a process to create high-quality 

bridge resonators was developed. A strategy for specifically attaching the streptavidin 

protein to the SiCN resonator surface is formulated in this chapter. This strategy will 

eventually be required to use these resonators detect the protein mass in the following 

chapter.

4.1 Introduction

4.1.1 Surface Functionalization

Micromechanical sensors are affected by a wide variety of external stimuli [29, 30]. 

Heat can cause expansion or contraction of structures, and possible changes in material 

properties (i.e. density), chemical species can cause stress gradients and changes in spring 

constants, and adsorbed masses can cause a shift in the frequency of microresonators. It is 

because of this that these types of sensors are so versatile, as discussed in chapter 1. This 

versatility, combined with the ability to mass-produce complete sensor systems at a low- 

cost makes mircomechanical sensors the best choice for many applications. However, these

44
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sensors are useless unless they are able to somehow determine what stimulus is causing the 

transducer to produce an output signal.

Surface plasmon resonance (SPR) operates by detecting the attenuation in a beam of 

light reflected from a thin gold film surface [116]. The metal surface, typically gold, 

supports an evanescent wave while the analytes bound to the surface absorb this wave, 

causing a sharp drop in reflected intensity. This sharp attenuation can be detected and used 

to determine what is on the gold surface. A quartz crystal microbalance (QCM) measures 

the frequency change in a resonating thin quartz crystal to determine the amount of mass 

added [117]. Both of these methods will register a detection signal, regardless of what 

attaches to the transduction surface. These surfaces must be functionalized for them to act 

as detectors of specific biological agents . The surface must be prepared such that only 

one certain species will occupy the surface, meaning that it is only this species that will 

be responsible for the detected signal. Quartz-crystal microbalance and SPR-based devices 

have been functionalized with polymers [118,119], thin films [120], and self-assembled 

monolayers (SAMs) [121-123], In all these cases, the active layer on the device will 

only permit a very specific analyte to attach to the surface, thus only that analyte will 

be responsible for the output signal from the device.

Such is the same with resonant micro- and nanomechanical sensors. Certain sensor 

applications are concerned with only detecting very small masses regardless of what 

attaches to the resonant sensor [42,44,45], because the impinging particles are already 

filtered sufficiently, or the precise mass of the particle is enough to determine its identity. 

Many times, however, the purpose of a biosensor is to differentiate between many particles 

of similar size and composition (proteins, antibodies, viruses, etc.) [124]. In these cases, 

the cantilevers or bridges must be coated with an active layer that will permit attachment of 

a specific particle, while blocking all others. By immobilizing certain molecules that act as 

receptors for a specific particle the device can detect the desired particle without the need 

for it to be labeled [125]. Ji et al. are able to sense the bending of a cantilever due to the 

adsorption of metal ions onto a self-assembled monolayer [23,126], while Cherian et al. do 

the same but with a coating of proteins [127]. Hwang et al., [128], and Kumar et al., [129], 

both use immobilized antibodies to specifically bind the corresponding antigens to the
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surface. Yoo et al. use bound bacteria to detect the presence of toxins [130], while Adrega 

et al. use single-strand DNA immobilized via organosilanes to detect the complementary 

DNA strand [131]. In the cases of biological detection, the receptor for the biomolecule 

must be bound to the cantilever surface by an intermediate chemistry, of which there are 

many. A common approach to this task is to use self-assembled monolayers, or SAMs.

4.1.2 SAMs: Self-Assembled Monolayers

i
Tail group

Free for further 
atachemnt

Head group R■ * i

1To surface

Figure 4.1: SAM molecule. The head group binds covalently to the substrate, while the tail 
group can be customized to accept a multitude of analytes.

The term self-assembled monolayer is used to describe a species that will adsorb to 

a surface and spontaneously self-organize into a complete or semi-complete monolayer 

[132]. Figure 4.1 depicts a generic SAM molecule, consisting of a head group used to 

attach to the substrate surface, a carbon chain of arbitrary length which through van der 

Waals forces assists in self-organization, and a highly-customizable tail group to which 

other species may bind [133]. It is this highly customizable tail group which, through 

proper synthesis, can bind to a broad range of chemical and biological agents [134,135], 

usually in a manner similar to naturally occurring molecular recognition [136]. As for 

the head group, there are two variations typically used in MEMS/NEMS biodetection 

immobilization strategies: alkane-thiols and organo-silanes.
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Alkane-thiols are alkyl chains with a thiol group, S-H, as the chain head. This sulfur- 

containing terminal creates a remarkably strong and stable bond with gold [132], which is 

why its use in biofunctionalization of transducer surfaces is so widespread [137], Because 

of this, whenever alkane-thiols are employed a thin layer of gold must first be deposited 

onto the transducer surface [138-140]. This is also true in the case of resonating cantilevers 

used as mass sensors, where one or both sides of the beam are Au-coated [141,142]. 

However, while gold allows the thiol-based SAM to form, it also affects the resonant 

behavior of the cantilever. In vacuum it has been shown that the addition of metals to 

the surface of a resonator decreases its (7-factor with increasing metal-thickness [143,144]. 

For thick (multiple-/im) resonators, 25 - 38 nm of gold [139,141,142] will not significantly 

degrade the quality factor. In NEMS, with cantilever thicknesses of t = 20 - 60 nm, the 

gold coatings compose half of the cantilever, nullifying the efforts to produce high-g 

resonators. Furthermore, the thermoelastic damping of a metal layer on a silicon-based 

resonator has has been shown to be negligible at low frequencies (MEMS) but quite 

significant at frequencies above 1 MHz, squarely in the regime of NEMS [145]. One 

approach in this situation involves patterning the gold-coating such that it is present only 

at certain section of the cantilever [146]. However, this introduces complex alignment 

into an already delicate fabrication process. Thus, for larger MEMS resonators or static­

mode cantilever measurements, using alkane-thiol monolayers on a Au-layer to bind target 

species is perfectly acceptable, but the smaller, more sensitive NEMS devices would benefit 

from an alternative immobilization chemistry.

Grganosilane compounds consist of a Si-based head group. The compounds require 

the presence of silanol groups, Si-OH, in order to bind to the surface by forming siloxane 

bonds, Si-O-Si [132]. The synthesis chemistry for organo-silanes is quite well known 

[147,148], meaning die tail group may be customized, similar to alkane-thiols, as may the 

head group to facilitate specific bonding-orientations or cross-linking [149]. Additionally, 

vapor-phase deposition of silanes has been shown to be quite successful and reliable [150], 

and the facilities and expertise to perform it are readily available [151]. This is of particular 

interest in this project since vapor deposition would enable in-situ deposition during 

resonance assaying as well as remove a wet-chemistry step from the functionalization

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

process, improving the chances of a high device yield. Finally, for silicon-based resonators 

there is no significant pretreatment required to allow the attachment of organosilane 

species. A bath in an acidic peroxide solution is indeed enough to create silanol groups on 

the surface Si atoms [152], thus readying the surface for functionalization. Organosilane 

chemistry has recently been used to create biologically favorable conditions on silicon- 

based and oxidized surfaces [153-156], although its use in resonating mechanical sensors 

remains limited.

4.2 SiCN Functionalization Strategy

hs^ ^ ckh, hs- X h CH=(CĤ SH

MERCAPTOPROPYL TRIMETHOXYSILANE MERCAPTOPROPIONIC ACID OCTADECANETHIOL

(a) (b) (c)
Figure 4.2: The three SAMs employed in this section; (a) mercaptopropyl trimethoxysilane, 
(b) mercaptopropionic acid, (c) octadecanethiol.

Before a biosensing platform can be tested, a strategy for immobilizing biological agents 

onto the resonator surface must be developed. The surface composition of the film is 

characterized using XPS. The SiCN material-signal in FT-IR is so large that it washes out 

any surface signals. Following this the binding affinity of three SAMs will be investigated. 

Mercaptopropyl trimethoxysilane (MPTMS, figure 4.2a) is expected to bind to the Si-OH 

present on the surface, since SiCN is silicon-based [155]. Mercaptopropionic acid (MPA, 

figure 4.2b) will form a peptide bond between its carboxyl group and any possible NH2 on 

the SiCN surface. This was considered because the presence of active amine groups on the 

SiCN surface would allow for direct immobilization of antibodies, and FT-IR indicated the 

presence of NH2 in the film bulk. Octadecanethiol (ODT, figure 4.2c) is not expected to 

bind to the surface at all and acts as an experimental control here. Finally, the ability to 

deposit MPTMS via a vapor-phase method is investigated.
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4.3 Experiment

Silicon carbonitride (SiCN) was deposited 40 nm-thick onto (100) single crystal silicon 

wafers (500 pm thick, 100 mm diameter) using the process described in chapter 2, 

following a standard 20 minute piranha clean (3:1 sulfuric acid:hydrogen peroxide) [55]. 

The same piranha clean was performed a second time following a 2 hour, 500 °C post­

deposition anneal, after which the wafers were then cleaved into 1 x 1 cm chips. X- 

ray photoelectron spectroscopy (XPS) was performed at the Alberta Centre for Surface 

Engineering and Science using a Kratos AXIS 165 surface analysis system. The bare SiCN 

surface was scanned in survey mode to determine the relative composition. Then the SiCN 

sample was sputter-etched in a weak argon plasma to remove the top layer of native oxide 

and survey-scanned again.

Sets of the the aforementioned 1 cm2 chips were then subjected to surface modification 

with MPTMS (95%), mercaptopropionic acid (MPA, 99%), and octadecanethiol (ODT, 

95%), all purchased from Sigma-Aldrich (Milwaukee, WI), by placing one chip each in 

a 10:1 solution of toluene and the chosen chemical for 2 hours. MPTMS and MPA were 

chosen to determine the degree of surface binding via active silanol and amine groups, 

respectively. Octadecanethiol was introduced to act as a control experiment, as it should 

not bind to anything. Following modification the chips were again analyzed by XPS, 

specifically looking for the sulfur signal at as a marker. Sulfur is indeed present in the 

MPTMS (figure 4.2a), MPA (figure 4.2b), and ODT (figure 4.2c) molecules, but not in 

the bare SiCN surface. A fourth chip of SiCN was survey-scanned to act as a reference. 

Following these trials, one final chip was placed in a dry seal vacuum desiccator with 200 

1-iL of MPTMS and pumped down to 30 mTorr for 10 hours, then subsequently survey 

scanned in XPS, again looking for the sulfur signal.

4.4 Results

Figure 4.3 displays the atomic percent (at%) content of each element (Si, C, N, O) in the 

SiCN surface and bulk. As seen in figure 4.3, before sputter-etching the the SiCN surface 

contains a significant amount of oxygen, 16 at%, mainly bonded to silicon. However, after
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sputter-etching to remove the surface oxide (1-2 nm) the oxygen content drops to 2 at%. 

It is this abundance of surface oxygen that led to choosing MPTMS as one of the tested 

monolayers. It was already known from the material development experiments in chapter 2 

that a small part of the SiCN films was composed of oxygen. This experiment confirms the 

presence of silicon and oxygen on the surface, most likely in the form of silanol groups.

Film Surface

Film C o m p o sitio n  (a.t.%)

Figure 4.3: The surface composition of the SiCN surface as characterized by XPS before 
and after sputter-etching 2 -3  nm into the film.

Figure 4.4 shows the XPS spectrum results of the three chips modified with the different 

chemicals, as well as the experimental control. The S 2p peak of sulfur located at 162 eV 

is the signal usually sought to confirm the presence of the element [157]. However, the 

silicon Si 2s peak is located at 155 eV and is quite strong. Also, when bonded to oxygen 

or other atoms, the Si 2s-orbital electrons are known to exhibit kinetic energy loss through 

inelastic scattering, causing ’’ripples” in the XPS spectra at energies above the 155 eV Si 

2s signal [158-160]. It is for this reason that the weaker S 2s peak at 226 eV was rather 

used to determine the presence of sulfur, and thus the presence of the bound monolayer.

Figure 4.4) is the entire SiCN XPS survey spectrum capture. Figures 4.4b-d are the 

magnified scans of the 226 eV S 2s peak for the unmodified control sample, and the 

samples treated with MPA and ODT, respectively. These plots show mainly noise, with 

any minuscule signal in this region being less than 0.4 at% of the surface composition, 

attributable to trace contamination or physisorption. However, the sample treated with the 

MPTMS solution (figure 4.2c) shows a much more prominent and pronounced S 2s signal,
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XPS Survey Scan o f SiCN
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Figure 4.4: (a) the entire SiCN surface survey scan. A close up of the region where a 
sulfur XPS signal is expected (226 eV) for (b) the unmodified control, (c) the MPA treated 
sample, (d) the ODT treated sample, and (e) the MPTMS treated sample.
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corresponding to 2 - 5 at% of the composition. This indicates a strong affinity of MPTMS 

over the other chemistries attempted, further supporting the existence of silanol groups on 

the surface, thus making an organosilane-based immobilization scheme the method choice 

for detection experiments. Petoral et al. observed very similar results with respect to the 

XPS spectrum of an MPTMS-modified silicon-based-surface, including the blocking of the 

S 2p signal at 162 eV by the very strong Si 2s peak [155].

Finally, samples treated with vapor-phase MPTMS were characterized using XPS. The 

S 2s signal was also quite prominent in these vapor-silanized samples, with the percent 

surface composition of sulfur being 3 - 3.8 at%. The ability to deposit MPTMS by 

this vapor-method grants the opportunity of in-situ surface modification during resonance 

assaying.

4.5 Conclusion

The presence of silicon and oxygen on the film surface in relatively large amounts, as well 

as the observation that MPTMS readily binds to the SiCN surface indicates that there are 

silanol groups on the surface, and that an organosilane-based immobilization chemistry 

is suitable for this system. Vapor-phase MPTMS deposition was found to be a reliable 

method, and enables in-situ detection of monolayer formation.

The purpose of this section of the project was to determine a suitable immobilization 

chemistry for the biotin-streptavidin complex for the biosensing proof-of-concept. This 

system has been chosen to test the biosensing capabilities of the SiCN resonators due to it 

being readily available and well-understood. By depositing a monolayer of MPTMS the 

SiCN surface effectively becomes ’’thiol-terminated” (figure 4.5a). Biotin molecules with 

integrated thiol groups , or thiolated-biotin, can be purchased from Pierce Biotechnology 

(Rockford, IL 61105), and will readily form a covalent disulfide bond with the thiol group 

on the MPTMS layer (figure 4.5b). Finally, streptavidin, with four biotin-binding sites, will 

specifically attach to this functionalized surface (figure 4.5c).
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Figure 4.5: The final streptavidin immobilization chemistry to be applied to the biosenor 
platform. This figure depicts the SiCN surface following the addition of: (a) MPTMS, (b) 
thiolated-biotin, and (c) streptavidin.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NEMS BioSensing Platform

The objective of this project was to create a biological-mass-sensing device. The 

previous chapters examined the creation of high-quality resonators from optimized silicon 

carbonitride, as well as the functionalization scheme to be used to specifically attach the 

streptavidin protein to the resonators. This chapter ties together all the work presented so 

far by investigating the development of stiction-resistant resonators and performing mass- 

detection using these structures, thus completing this project.

5.1 Introduction

Micro- and nanomechanical resonant structures have been demonstrated as a highly- 

sensitive means of detecting extremely small masses. Thundat et al. had already shown 

detection of humidity [161] and mercury vapor [162] in the mid-1990s by measuring 

both the shift in resonance frequency of a cantilever due to the added mass, as well as 

the static deflection due to surface adsorption. Cherian et al. [127] and Ji et al. [126] 

did similar work detecting static deflections of cantilevers due to adsorbed metal ions. 

Calleja et al. have sensed the adsorption of thiolated single-strand DNA on gold-coated 

polymer cantilevers [25], also by measuring static deflection. Recently, Ilic et al. have

54
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used the frequency shift of resonating cantilevers to detect the presence of viruses [42], 

as well as single DNA molecules [43] that are bound to the silicon via a functionalized 

surface, followed by Adrega et al. in 2006 [131]. Similarly, Hwang et al. demonstrated 

in-situ dynamic specific-detection of a prostate-specific antigen on a self-actuating PZT- 

incorporating cantilever [128]. Godin et al. [163] and Datskos et al. [164] both measured 

the effects of adsorbed-thiols from vapor phase onto gold-coated cantilevers in real-time, 

again by measuring static deflection. Most recently, Li et al. have demonstrated room- 

temperature, real-time detection of chemisorbed species on nano-scale VHF cantilevers 

with attogram resolution [165]. As indicated, the trend in micro/nano-resonator sensors 

is leading towards higher sensitivity, vapor and liquid phase analyte binding, and real­

time measurement of this binding. With the advent of zeptogram sensing-capabilities [45] 

the thrust in these endeavors will soon turn to single-atom, and eventually single Dalton 

detection possibly enabling the use of nano-oscillators used as mass-spectrometers.

The work in chapter 2 enabled silicon carbonitride thin film to be deposited at a desired 

composition and stress. Chapter 3 explored the resonant behavior of the material and 

justified the use of high-stress SiCN films for fabricating resonators. Chapter 4 justified 

the use of the chosen immobilization scheme for the biotin-streptavidin complex. This 

chapter ties all of this work together and executes the goal of this project: the development 

of a silicon carbonitride resonator-based biosensing platform.

To start, the device stiction issue presented in chapter 3 must be addressed and resolved. 

Second generation (2G) high-quality bridge resonators are fabricated using a KOH-etching 

process. These bridges are then modified with MPTMS using vapor-phase deposition and 

measured to observe the frequency shift. This is followed by quasi-real-time monitoring of 

the deposition resulting in in-situ detection of vapor-phase MPTMS forming a monolayer. 

Lastly, biotin is immobilized onto the SiCN surface via MPTMS, facilitating the specific 

attachment of the streptavidin protein and its detection. A final experiment is performed to 

determine the degree of non-specific binding to the bare SiCN resonators.
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5.2 Experiment

For the second generation of resonators, 35 nm of SiCN was deposited via PECVD at 

a gas ratio of 4:1 NH3:DES onto piranha-cleaned (3:1 H2 S0 4 :H2 0 2) single-crystal (100) 

silicon wafer. The SiCN-coated wafers were annealed in a MiniBrute 3-zone tube furnace 

at 500°C for 8 hours to drive off hydrogen and maximize tensile stress, followed by another 

piranha clean, and a BOE bath in preparation for resist. These wafers were then cleaved 

into 1.5 x 1.5 cm squares, and spin-coated with a bilayer of polymethyl methacrylate 

(PMMA) 950/495 for electron-beam lithograhpy (EBL) resist. Patterning of the substrates 

was performed at the University of Alberta Micromachining and Nanofabrication Facility 

using a Raith 150 electron beam lithography system with a 20 /im aperture, an accelerating 

voltage of 10 kV, and an area dose of 125 /iC/cm2. Following development of the PMMA 

in 1:3 methyl-isobutyl-ketone (MIBK): isopropanol (IPA), an electron beam evaporator 

was used to deposit a 30 nm chromium (Cr) masking layer, after which a 5 min ultrasonic 

acetone bath facilitated lift-off of the PMMA to produce the patterned etch mask. A Trion 

Technology Phantom II reactive ion etcher (RIE) was used to anisotropically etch the Cr 

patterned SiCN in a 30 s, 4:1 SF6:0 2 plasma recipe adapted from literature [103], and 

described in chapter 3. The Cr etch mask was then removed with a 20 min bath in stock 

chrome etch (Arch Chemicals, Inc.). These 2G structures were released by anisotropically 

etching the bulk silicon substrate underneath the SiCN in a potassium hydroxide (KOH) 

bath (75 °C), saturated with isopropanol, for 5-10 minutes, followed by a 3-bath rinse in 

DI water. Bridges released using KOH were found to not require supercritical drying and 

were thus dried in a gentle nitrogen flow. This resulted in the 35 mn-thick, 400 nm-wide, 

and 40 - 50 /jm-long structures seen in figure 5.1. These structures were then cleaned once 

more in piranha, this time to ensure the presence of silanol groups.

One set of resonators is subjected to resonance assaying in the interferometry setup 

described in [104], and in chapter 3. Then the sample was placed inside a vacuum 

desiccator with an open vial containing 100 ^L of MPTMS (95% pure) and the chamber 

was pumped to 200 mTorr and left sealed for 10 hours. Following silanization the 

resonators were measured a second time in the interferometry setup to observe the 

frequency shift.
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A second set of nanobridges was placed in the resonance-testing vacuum with 200 /xL 

of MPTMS in a 5 mL glass vial partitioned by a butterfly valve. All functional bridges 

on the sample were measured once, then the butterfly valve was opened, the system was 

pumped to 80 mTorr, and the vacuum pump was disconnected. The vacuum chamber was 

left in this state for a set period of time (30 min, 1 h, 2 h) depending on the stage of the 

experiment. All functional bridges were measured again following this silanization period, 

and then another silanization period was initiated. These silanization periods continued 

such that the total time added to 8 hours. The resonant frequency of all beams was tracked 

as a function of silanization time.

A third set of beams was measured, then subjected to the same 10 hour silanization 

described above. The sample was subsequently placed in 0.5 mL solution of 2 mg/mL 

biotin-HPDP mixed with dimethyl sulfoxide, then mixed with 0.5 mL of phosphate 

buffered saline and incubated for 30 min. Following rinsing, the sample was placed in 

a 10 (jM  solution of streptavidin, again for 30 min, and rinsed a final time. A detailed 

description of this protocol is outlined by Janshoff et al. [166]. A resonance measurement 

was made of all beams that remained functional through this process.

Lastly, a solution was prepared of 10 /xM streptavidin (0.5 mL) treated with a 1 mM 

biotin-HPDP solution (0.5 mL), which is a 2.5 times excess as streptavidin has only four 

biotin binding spots. A fourth set of bridges was measured, then placed in this solution 

for 60 min at a temperature of 37 °C. Upon removal the sample was rinsed with toluene, 

trichloromethane, and ethanol, gently blown dry with N2, and finally measured for a second 

time to assess resonant frequencies.

5.3 Results

5.3.1 Stiction Resistant Nanobridges

Chapter 3 discussed how the 1G surface micromachined structures succumbed to stiction. 

The solution presented called for an enlargement of the beam-substrate gap, but doing this 

using purely surface micromachining techniques would result in a large anchor-undercut 

with adverse effects on resonance. It was because of this prediction that an increased S i02
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Figure 5.1: A 35 mn-thick, 400 nm-wide, 45 /un-long bridge that is immune to the effects 
of stiction, produced by KOH-etching of the substrate to release the bridge.

■ H H B
■ 15um

Figure 5.2: A 35 mn-thick bridge produced using the same KOH-release process as the 
above bridge. The bridge itself as well as the text in it were etched in one step, using the 
anisotropic RIE recipe from chapter 3.
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thickness was not used to reduce stiction. Instead, a process using KOH to etch the bulk 

silicon substrate was developed. KOH is usually employed in bulk micromachining for 

its ability to etch silicon anisotropically, a result of the (111) crystal plane resisting the 

chemical [3], A sample of the 2G structures, typically 400 nm-wide, 30 - 50 /rm-long, can 

be seen in figure 5.1.

Once again, as in chapter 3, non-resonator structures were fabricated. The etched beam 

in figure 5.2 again demonstrates the durability of SiCN in this process.

Electron-beam lithography provided the ability to precisely align the patterns to the 

crystal planes of the substrate. The use of KOH to anisotropically remove Si resulted in 

bridges that have less than 50 nm of undercut at the anchoring point, while having a 3 - 6 

um gap between the bridge and the substrate, allowing the devices seen in figure 5.1 to be 

dried under a nitrogen flow without requiring supercritical drying. These 2G structures are 

capable of withstanding wet-chemical processing, which was essential for applying biotin 

and streptavidin. Indeed, this is the very reason the KOH-based process was developed.

5.3.2 Resonance Before & After 10 h Silanization

Figure 5.3 plots the bridge resonance of the first set of resonators before and after deposition 

of the MPTMS layer. Out of 15 bridges fabricated (5 x 50 /jm, 5 x 45 /im, and 5 x 40 

Hm in length) all but 1 50 /un-long beam were functional. All beams show a consistent 

decrease in center frequency after the addition of the organosilane. We expect a shift in 

frequency that follows the lst-order mass-sensitivity equation [42]:

Ato 2 m osc
A/ ~

is called the mass sensitivity (g/Hz) of the resonator, with mosc being the mass of the 

resonating structure and f 0 is the initial frequency of the oscillator.

Table 5.1 presents the average frequency shifts per bridge length. It is necessary to 

average the frequency shifts since the measurement error introduced by operating the 

interferometry setup can be as high as 10 kHz. Additionally, beam uniformity may vary 

from structure to structure, causing deviations in the measurements. It should be noted that 

shorter beams experience larger shifts than longer ones. This is expected from interpreting
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Resnonant Frequencies Before and After 
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Figure 5.3: The fundamental resonant frequencies of the 14 bridges measured. All beams 
were 35 nm-thick and 400 nm-wide.
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Table 5.1: Mass Detection Calculations
Beam Length yum 50 45 40

Average Shift A /  (kHz) 70.5 80.9 86.7
Mass Sensitivity (ag/Hz) 1.47 1.18 0.92

Added Mass Am (fg) 104 96 80
Bridge Surface Area (x 10“ 11 m2) 4.66 4.19 3.73

Mass Per Area (mg/m2) 2.22 2.28 2.14

?or Silanized Resonators

equation 5.1 since the mass the bridge loses by becoming shorter is roughly an order of 

magnitude greater that the mass of the monolayer lost by the reduction in surface area. 

Thus, since the added mass changes very little, the shorter bridge with the higher sensitivity 

will experience a larger frequency shift.

Table 5.1 also calculates the added mass of the MPTMS layer. Again, as expected the 

shorter beams report the addition of less mass due to their decreased surface area. To prove 

that the decreased mass observed by the shorter beams is actually due to the smaller surface 

area, the surface areas of the three different bridge lengths have been calculated. Finally, 

these numbers are used to produce the mass-per-area detected by the beams, 2.22 ±  0.07 

mg/m2, averaged across the three beam lengths. Using a molecular mass of 196.34 g/mol 

(Sigma-Aldrich), this corresponds to 6.8 x 1018 MPTMS molecules per m2. Assuming 

each MPTMS molecule occupies ~1 nm2, these measurements yield an estimated 6.8 

monolayers of MPTMS coverage.

Thus, these SiCN NEMS resonators have a theoretical mass sensitivity of ~  1 ag/Hz, and 

have demonstrated detection capabilities on the order of femtograms.

5.3.3 In-Situ Silanization Detection

Figure 5.4 shows the frequencies of two 2G bridges (50 yum and 40 /urn in length) as they 

are silanized over an 8 hour period. The term quasi-real-time is applied here because the 

silanization was stopped to perform the measurements. Both plots show a distinct increase 

in the resonant frequency of the structure within the first 2 hours, followed by a rapid 

decrease, and ending with a steady frequency decrease after 4 hours. Equation 3.1 dictates 

the frequency should decrease as mass is added to the oscillator, which is observed after 4 

hours. It should be noted that MPTMS is trifunctional, meaning that there are three sites on
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Figure 5.4: Two bridge resonators, measured at the stated time intervals during silanization. 
Note in both beams the initial increase in resonance frequency.
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the molecule where siloxane bonds may form. This allows the molecules to not only bond 

to the surface, but also to bond laterally with each other and cross-link to form a network 

and a multilayer [149]. Additionally, it was shown in chapter 3 that the behavior of these 

bridges is stress dominated, as seen from the L l dependence of length on frequency. Work 

from chapter 3 also brought forth equation 5.2 as the solution to the Euler-Bernoulli beam 

equation for a stress dominated beam:

fo,s t re ss  0.271-—

Keeping beam length L and density p constant, an effective increase in the tensile stress in 

the beam would cause a corresponding increase in the resonant frequency.

Godin et al. made similar observations regarding the vapor-phase deposition of an 

alkylthiol onto a gold coated cantilever [163]. By monitoring static deflection they were 

able to detect the surface stress created by the formation of the thiol monolayer. Godin also 

notes that in most cases the deflection of the cantilever quickly reaches a maximum, then 

slowly settles to a certain values, which he corresponded to an initial high-tensile stress 

due to early stages of SAM formation, followed by a relaxation dependent on deposition 

geometry [163]. As described earlier, the trifunctional nature of MPTMS allows for it to 

cross-link and to form a multilayer [149]. Thus, in similar fashion to the work by Godin 

et al., the resonating bridges can be used to approximately determine the surface stress 

induced by the deposited organosilane. Calculating stress, A a  from cantilever deflection 

is done through straightforward application of the Stoney Formula [167]. With a bridge 

that is clamped at both ends, however, the radius of curvature is always infinite (in the 

case of tensile stresses) and there is no static deflection. Alternatively, since an increase in 

tensile stress in a beam will cause a corresponding increase in the spring constant k, seen 

in equation 3.28, the stress can be determined through analysis of the resonance shifts. 

To start, in this system one can safely assume that all frequency decreases are due to the 

addition of mass, and all frequency increases are due to an increase in tensile stress of the 

beam. The following assumptions must also be made:

1. The resonant behavior of these bridges is stress dominated, as shown by the 

observed Z r1-dependence in chapter 3.
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2. Mass is being added to the beam at a constant rate (i.e. grams/second) via 

vapor deposition.

3. The stress change in the bridge due to the added molecules will reach a constant 

value and cease to change further as more molecules are added (at some 

point) [163,168,169].

Following these assumptions the effects of mass and stress on the behavior of the bridge 

may be decoupled. This can be done by effectively canceling the mass added by the 

adsorbed MPTMS. Assume an invariant spring constant k (so the effect of stress remains 

after removal of the mass), a frequency f 0 of the unmodified resonator, a frequency of f ’0 

after modification, an oscillator mass of mosc, and an added mass of Am. Through a simple 

rearrangement of equation 3.1, equation 5.3 is created:

V rnosc
which zeroes the mass of the added molecules, without removing the effect they have on 

the spring constant. However, to apply this formula an accurate estimate of the mass being 

added must first be obtained. By applying assumption 2, a least squares fit can be made to 

the data in figure 5.4 to estimate the average frequency shift per hour, excluding data points 

in the Oh < t  <  3h where the frequency is clearly dominated by the changing stress. Then, 

by applying equation 5.1, the mass added per hour can be determined. Table 5.2 displays 

the mass-loading estimate found using this method.

 Table 5.2: Mass Loading Estimate Calculations
Beam Length fjm 40 50

Average Shift per Hour (Hz/h) -571 -470
Fundamental Frequency f 0 (MHz) 2.679 2.120

Oscillator Mass m osc (pg) 1.146 1.433
Mass Added per Hour ^  (ag/h) 488 635

Bridge Surface Area (x 10~n  m2) 3.73 4.66
Mass Added per Area per Hour (/tg/m2/h) 13.1 13.6

The mass-added-per-hour-per-area has been calculated to show that this method of 

estimating the mass-loading is at least consistent with itself across the two different bridge
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lengths. With this estimate, the raw data in figure 5.4 can be shifted to frequency values 

representative of an added layer mass of zero, while still retaining the effect of the added 

surface stress. Since the resonant behavior is stress dominated, equation 5.2 can be applied 

to find the tensile stress in the bridge as MPTMS is being deposited. These calculations 

revealed a tensile stress of 290 MPa in the 50 /jm-long bridge, and 296 MPa in the 40 

/un-long structure before the vapor-deposition had begun. These numbers are then used to 

calculate the change in total stress caused by the addition of the MPTMS layer as a function 

of time. Finally, this added stress actually has nothing to do with the bridge structure itself 

(the bridge is only the transduction element) and is contained entirely within the surface 

layer added. Stress is given in units of Pascals, Pa, which is equivalent to Newtons per 

metre-squared, N/m2. To acquire a value for the surface stress induced by the MPTMS, 

the change in stress is multiplied by the half the beam thickness, 17.5 nm, since the beam 

thickness is 35 nm but the deposition occurs on both the top and bottom surfaces; the 

edges can be neglected since they are more than 10 times smaller than the top and bottom 

surfaces. This results in an estimate of the surface stress in the forming of the MPTMS 

multilayer, where maximum values of 0.024 N/m and 0.035 N/m are obtained from the 50 

yam- and 40 yam-long bridges, respectively. Figure 5.5 shows the evolution of the surface 

stress in the 50 yam (figure 5.5a) and 40 /im (figure 5.5b) bridges.

Both bridges experience the same rapid increase in surface stress over the first hour, 

followed by a rapid decrease over the second hour, finally settling at some non-zero value. 

While the 40 y a m  bridge stabilizes at a tensile stress, ~0.005 N/m, the 50 y a m  structure 

settles at a compressive value, ^-0.02 N/m. This can be attributed to a measurement error 

that may have resulted in the first one or two data points being several kHz higher than 

they should have been. This is completely reasonable since, as stated earlier, the method 

of measurement can introduce errors such as this through manual aligning and focusing 

of the laser. The 6-hour data point in figure 5.5b also appears to be suffering from this 

affliction. Nonetheless, a standard procedure was followed while taking measurements, 

and these deviations are exceptions to the rule, and do not greatly hinder the overall results.
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Figure 5.5: Plots of the surface stress induced during the formation of a MPTMS multilayer 
on the surface of a (a) 50 yum, and (b) 40 /urn beam.
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Figure 5.6: A plot of the frequencies of the bridges measured before and after a complete 
MPTMS/biotin/streptavidin treatment.

5.3.4 BioSensing: The Detection of Streptavidin

Figure 5.6 plots the resonance frequency of the bridges before and after they were subjected 

to the entire silanization/biotin/streptavidin protocol, thus the frequency shift will reflect the 

added mass of the entire tri-layer. The same analysis was performed on this data as was 

performed on that in figure 5.3. It should be noted that, due to the multi-step wet chemistry 

process in this experiment, fewer bridges survived than did in the previous experiments; 3 

x 50 pm, 4 x 45 pm, and 1 x 40 pm long bridges were capable of being measured after 

the entire functionalization process was completed. Table 5.3 contains the quantitative data 

obtained from these resonators.

Table 5.3: Mass Detection Calculations For Streptavidin Coated Bridges
Beam Length pm 50 45 40

Average Shift A f  (kHz) 157 185 231
Mass Sensitivity (ag/Hz) 1.63 1.31 1 . 0 1

Added Mass Am (fg) 256 243 233
Bridge Surface Area (x 10- 1 1  m2) 4.66 4.19 3.73

Mass Per Area (mg/m2) 5.49 5.81 6.24

Once again it should be noted that the frequency shifts observed, and therefore the
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mass detected, is a result of the 3-layers on the beam; MPTMS, biotin, and streptavidin. 

An estimate can be obtained of the mass-per-area of biotin/streptavidin added, using the 

estimated mass-per-area (M/A) of the MPTMS coating from a previous section. The 

average M/A of the 3-layer deposition is 5.8 ±  0.4 mg/m2, while only the 10 h vapor 

MPTMS layer is 2.2 ± 0 . 1  mg/m2. Therefore, 3.6 mg/m2  can be attributed to the 

biotin/streptavidin mass. It should be noted that biotin is a linker molecule with a molecular 

weight of 244 g/mol, while streptavidin, a protein, has a molecular weight of ^60,000 

g/mol (1 g/mol = 1 Da), obtained from Pierce Biotechnology. Converting the mass values, 

the total mass of a biotin (0.4 zg) and streptavidin (99.6 zg) molecule together is 100 zg, 

so the estimated surface density of streptavidin is 3.6 x 101 6  m~2. This corresponds to 

roughly one streptavidin molecule per 27 nm2, approximately a sparse monolayer.

5.3.5 Streptavidin Negative Control
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Figure 5.7: A plot of the frequencies of the bridges measured before and after application 
of streptavidin with blocked binding sites, to test the degree of non-specific binding to the 
resonators.

Figure 5.7 plots the bridge resonance measurements of the negative control experiment. 

The bridges were measured once (following piranha cleaning) and then again following 

the application of over-biotinylated-streptavidin to the bare resonators (no silanization
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occurred in this instance). This experiment was intended to investigate the amount of 

physisorption by biological particles to the clean SiCN surface. As is shown, the before 

and after frequencies are quite similar, and many of the shifts can be attributed to random 

measurement errors as previously discussed. To follow suit with the analysis of the previous 

data sets, table 5.4 collects the frequency shifts of these bridges.

Table 5.4: Negative Control Frequency Shift Data
Beam Length gm 50 45 40

Average Fundamental Frequency f 0 (MHz) 2.191 2.433 2.786
Average Shift A /  (kHz) 0 - 1 9

Standard Deviation in Shift (kHz) 6 4 2

In all cases, the standard deviation is roughly the same magnitude as the shift itself. Thus 

it can be concluded that there is very little or no non-specific attachment of the streptavidin 

protein to the bare SiCN surface.

5.4 Conclusion

Fabrication of stiction resistant second generation nanobridges was successful. Using 

KOH to anisotropically etch the bulk-Si substrate dramatically decreased the amount of 

anchor undercut, making a 3 - 6  fim gap between the SiCN bridge and silicon possible, 

thus eliminating the chances of stiction. These 2G resonators were then used to detect 

a multilayer of MPTMS formed during a 10 h vapor deposition. An average multilayer 

mass of 2.22 ±  0.07 mg/m2  is detected after this deposition, corresponding to roughly

6 . 8  MPTMS monolayers. Quasi-real-time frequency detection during the deposition of 

MPTMS yielded a mass-per-hour loading of 488 ag/h and 635 ag/h for the 40 fim  and 50 

/j,m bridges respectively, corresponding to an average mass-per-area-per-hour loading of

13.4 ±  0.4 / i g  m_2 /h. A stress change in the beam during MPTMS deposition was also 

observed, which is believed to be a result of the trifunctional organosilanes cross-linking, 

causing an initial tensile stress which relaxes shortly after. The maximum value of this 

surface stress induced by the cross-linking organosilane was found to be 0.024 N/m for the 

50 fim bridge and 0.035 N/m for the 40 //m bridge, and this discrepancy was attributed to 

random measurement errors during focusing and aligning of the laser spot. With respect to
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biosensing, a layer of attached streptavidin was detected, and a mass-per-area of 3.6 mg/m2 

was believed to be the result of the attached protein layer. A streptavidin surface density of 

3.6 x 1016 m - 2  was calculated from this, corresponding to one protein particle per 27 nm2 

on the resonator surface. Finally, a negative control experiment found that there is very little 

or no attachment of bio-molecules to the bare SiCN surface without functionalization.
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6.1 Summary

During this work the successful development of materials and fabrication processes have 

been used to ultimately produce a sub-femtogram, biosensing platform.

The plasma-enhanced chemical vapor deposition (PECVD) of silicon carbonitride 

(SiCN) was investigated, resulting in an ability to reliably control both the chemical 

composition and intrinsic stress of the thin film. By modulating the gas flow ratio 

NH3 :DES, the carbon-to-nitrogen ratio, C:N, could be varied between 0.7 and 2.5, resulting 

in a corresponding range in Young’s modulus from 162 GPa to 148 GPa, and hardness 

from 23.5 GPa to 20.9 GPa, respectively. Post-deposition annealing was found to drive out 

the incorporated hydrogen, allowing the film to form additional Si-N bonds, changing the 

intrinsic stress from compressive (a  =~-800 MPa) to tensile (a  =~400 MPa).

Surface micromachined cantilevers and bridges were fabricated to investigate the effects 

of film composition and stress on resonant behavior, respectively. Cantilever resonance 

was used to determine the speed of sound, which was found to be = 8.35 x 103 m/s 

and \ ~ 6-20 x 103  m/s for the low and high C:N ratio films, respectively. High tensile

stress in the bridge structures was found to give them a dependence of frequency on length
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of /  oc L l , and increased the quality factor of the resonators to values as high as 26 000. 

Issues of stiction were addressed as they pertained to resonator fabrication.

It was determined that active silanol groups on the SiCN surface could be used to 

attach mercaptopropyl trimethoxysilane (MPTMS), which could be deposited effectively 

by both wet chemistry and vapor-phase methods. Mercaptopropionic acid (MPA) and 

octadecanethiol (ODT) were found not to attach significantly to the surface. Thiolated 

biotin was used as a linking molecule to attach streptavidin to the silanized surface.

A machining process was developed using potassium hydroxide to release the 2G 

nanobridges while preventing severe undercutting of the anchors, thus allowing for a large 

( 3 - 6  /im) gap between the bridge and substrate. This drastically reduced the effects of 

stiction and eliminated the need for specialized drying techniques. These stiction resistant 

resonators were then used for mass detection. A 10 hour vapor-phase silanization was 

performed and found to deposit 2.22 ±  0.07 mg/m2  of MPTMS on the bridges. In-situ 

silanization revealed an initial surface stress due to cross-linking of the MPTMS layer of

0.024 N/m for the 50 /im bridge and 0.035 N/m for the 40 jim bridge measured. Upon 

relaxation of this surface stress to a constant value, the mass-per-area-per-hour loading 

during silanization was found to be 13.4 ±  0.4 jig m~2 /h. A layer of thiolated-biotin and 

streptavidin was added to the resonator surface following a 10 hour vapor silanization. A 

mass-per-area of 3.6 mg/m2  was attributed to the addition of the streptavidin, and a surface 

density value of 3.6 x 1016 m~2, or one protein per 27 nm2, was obtained. Lastly it was 

shown that there is no measurable attachment of proteins to the clean, unfunctionalized 

SiCN surface.

Thus SiCN nanomechanical resonators have been successfully developed, and their 

capabilities as detectors of biological molecules has been established.

6.2 Recommendations for Future Work

Several improvements may be made to further future work. First, decreasing the width 

and length of the bridges used would result in higher resonant frequencies and mass 

sensitivities. This would entail optimization of the exposure parameters during electron- 

beam lithography, and perhaps reexamining the type of resist used or its application
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process. Bridge thickness was pushed sufficiently low (35 nm) for this work, but an 

optimization of the flow rates and a decrease in deposition rate could yield thinner SiCN 

films (< 2 0 nm).

A great deal of sensitivity could be gained from a restructuring of the interferometry- 

based resonance-assaying setup. Vibration isolation and the addition of a butterfly valve 

to the vacuum pump attachment would result in a system wherein the pressure could be 

controlled precisely and the pump could remain on at all times. This would allow for 

vapor-phase silanization to occur continuously during measurements and true real-time 

mass detection. While this platform is very well suited to biosensing, much work could 

also be done on investigating the behavior of forming monolayers and cross-linking.

Finally, to practically apply these resonators as biosensors, their behavior in liquid must 

still be examined. Fabricating SiCN nano-bridges in microfluidic channels would allow for 

observation and subsequent optimization of quality factor in a liquid environment, followed 

by the eventual creation of a microfluidic NEMS-based protein sensor.
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