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Abstract

In this work numerical simulations were performed in order to study the effects of
surface roughness on the deflection of gold coated silicon cantilevers due to molecular
adsorption. The cantilever was modeled using a ball and spring system where the spring
constants for the Si-Si, Si-Au, and Au-Au bonds were obtained from first principal calculations.
The molecular adsorption process was simulated by elongating the natural bond length at
available bonding sites chosen randomly on the cantilever. Increasing the bond length created
a surface stress on the cantilever causing it to deflect. In all cases the structure refinement was
performed by minimizing the energy of the system using a simulated annealing algorithm and a
high quality random number generator called Mersenne Twister. The system studied consisted
of a 1 micrometer by 1 micrometer portion of a cantilever of various surface roughnesses with
variable boundary condition and was processed in parallel on the ACEnet (Atlantic
Computational Excellence Network) cluster. The results have indicated that cantilevers with a
rougher gold surface deflected more than those with a smoother surface. The increase in
deflection is attributed to an increase in stress raisers in the gold film localized around the
surface features. The onset of stress raisers increases the differential stress between the top

and bottom surfaces and results in an increase in the deflection of the cantilever.
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Chapter 1 Introduction

Cantilever based sensors are a promising technology for use as a wide variety of sensors
including biosensors. However, before they can be used in any commercial application, it is
important to understand and better control how they work. In this chapter a brief history of
cantilever sensors, how a cantilever is modified to become a biosensor, and a look at previous

work done in the area of ion of a self on the thin gold film will be

presented. It is not the intention of this work to model the behaviour of a biosensor, but

instead to look at the surface stress effects related to the construction of a biosensor.

1.1 Micro-Cantilevers

Micro-cantilevers are small V-shaped or rectangular cantilevers (typically made of silicon
nitride (SisN,) or silicon (Si)) which are typically around 350 um in length, 35 um in width, and 1
um in thickness. Micro-cantilever spring constants are typically in the range of 0.01-8.75 N/m

depending on the dimensionality. Due to this small spring constant, it has been found that
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micro-cantilevers are sensitive to changes in vibration, noise, humidity, surface stress and

temperature [1][2](3].

In order to be used as a biosensor the cantilever must be modified so as to be able to
detect target particles. However, modifying the micro-cantilever will obviously change how the
cantilever responds to changes in humidity, vibrations, adsorption, etc. For example, how will
the resonant frequency or deflection of the modified cantilever be changed upon exposure to a
change in humidity, vibration, adsorption, etc? This must be taken into consideration before

new sensors can be deployed commercially.

1.1.1 Development of Micro-Cantilever Based Biosensors

Originally micro-cantilevers were constructed to modify Scanning Tunnelling
Microscopes (STM) to allow for the measurement of non-conductive samples. This system

eventually evolved into the Atomic Force Microscope (AFM).

In 1994, researchers at Oak Ridge National L iesin j ion with

at IBM realized that they could modify micro-cantilevers to become a new family of biosensors.
They found that by measuring the change in the resonance frequency of the AFM cantilever
that they could determine the change in mass of the cantilever with greater accuracy than

conventional piezoelectric gravimetric sensors.
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1.1.2 Construction of a Micro-Cantilever Biosensor

In order to create a biosensor the surface of a micro-cantilever needs to be

Surface i ization is the process by which one surface of the cantilever is

made to be physically, chemically, or biologically receptive to the specific physical phenomena,
molecule, compound etc to be detected. Functionalizing the surface is often accomplished
using a modified self assembled monolayer (SAM) that only interacts with the target molecule

to be detected.

In order to allow for the growth of a SAM, the sensing surface of a cantilever must first
be coated with a thin gold film. The deposition of gold on the silicon surface can be achieved in

avariety of methods such as sputter deposition or chemical vapour deposition.

Coating the cantilever with a thin gold film allows for the use of alkanethiol based
functionalized SAMs to be used. Alkanethiol based sensing layers are alkane chains, typically
with 4 to 12 methylene units, with a thiol terminal group at one end and a receptive end group
at the other. Thiol refers to a sulphur atom terminal group. It is known that sulphur has a strong
attraction to gold and will readily bond with it. Therefore it should be possible to use this strong
interaction in order to bond a SAM to the sensing surface of the micro-cantilever. This system

can be schematically seen in Figure 1.1.
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Figure 1.1: Micro-cantilever based biosensor, here the thiol head group is indicated by the red
spheres, the alkane chain is represented by the yellow curls, the gold coating is in blue and the

silicon substrate is in grey

Once this SAM has been grown on the surface the micro-cantilever has been
functionalized and is ready to become a biosensor. The adsorption of this SAM on the surface
will induce a surface stress on the micro-cantilever, as depicted schematically in Figure 1.2. This
surface stress will cause a pre-bending of the cantilever before the target molecules have been

introduced.



Figure 1.2: Functionalized Gold coated Silicon micro-cantilevers; (Foreground) adsorption of the
SAM (depicted here as purple spheres) on the surface has resulted in the deflection of the
micro-cantilever alkane chains removed for clarity. (Background) Un-deflected cantilever

system.

The amount of pre-bending of these cantilevers is a subject of some controversy in the
relevant literature. Some publications report that micro-cantilevers with rough gold surfaces
will have a larger pre-bend than their smoother counterparts, while others report they will have
a smaller pre-bend [4][S][6]. In order to be able to determine the true deflection of a micro-
cantilever it is important to know the amount that the cantilever is bent before the experiment

begins.

The deflection of the micro-cantilever is measured by the optical beam technique
similar to that used in AFM. In the optical beam technique, a laser is focused towards the free

end of the micro-cantilever. The beam is then reflected from the surface (either top or bottom

17



depending on the desired configuration) of the cantilever onto a position-sensitive detector

(PSD)[7]. A small deflection of the cantilever will affect the path of the reflected beam and
change the position of beam on the PSD. This enables the detector to determine the position of
the cantilever. This PSD can measure displacements on its surface as small as 1 nm; which

corresponds to miniscule deflections of the micro-cantilever [8].

1.1.3 Current Simulation Software

The majority of publications in this area usually use a commercially available modeling
software called ANSYS® (discussed in detail in chapter 4) in order to model their cantilever
systems. It was found that in preparing for this work that ANSYS® suffered from a few deflects.
These were the difficultly in creating the surface mesh at the cantilevers scale and the
determination of the bulk properties of the materials (directionally dependent). Based upon

these discoveries it was decided to design a custom piece of simulation software.

There exist very few computational simulations in this area based upon established
theory, most of the simulation data that exists is based upon ANSYS® or other similar
commercial general purpose simulation software. Most depend upon the correlation of
experimental data with raw theory. Weissmiiller [9], and Baskaran [10] are a few of the authors
that developed custom software for solving this problem, the exact computational methods
used by these authors is not reported. Therefore the simulation presented in this work is fairly
unique in this regard and it will be shown that it can solve atomistically for the deflection of a

microcantilever.
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1.2 Motivation

In a previous report by Godin et al. [4] it was found that the surface morphology had a
strong influence on the adsorption of alkanethiols on gold coated micro-cantilevers [4].
Roughness of the gold surface was found to significantly affect the magnitude of the induced
surface stress. It was found that for surfaces with a small grain structure experienced a smaller
surface stress as compared to a large grain surface [4]. This surface stress is responsible for the
deflection of the cantilever [3]. However other authors have found the complete opposite,
Mertens et al. [6] for example found that cantilevers with rough surfaces will deflect more than
those with smoother surfaces. Mertens found that the surface stress was actually increased as
opposed to decrease as observed by Godin [6]. However, some researchers, Desikan et al. for
instance, did not observe any significant increase in surface stress due to surface roughness [5].
Therefore there exists a large amount of contention on the subject of cantilever deflection with

a rough surface.

The adsorption of the SAM on the surface will result in a pre-bend to exist on the
functionalized micro-cantilever. This means that the cantilever is already deflected before

target particles have been introduced into the system.

For a cantilever the surface stress can be calculated by the use of Stoney’s equation
using either the deflection or curvature of the cantilever. The surface stress calculated by

Stoney’s equation will be isotropic. The bend of the cantilever is not strictly circular, but can be
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