University of Alberta

Novel Materials for the Design of Cantilever Transducers
by

Nathaniel Nelson-Fitzpatrick

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in
Micro-Electro-Mechanical Systems (MEMS) and Nanosystems

Department of Electrical and Computer Engineering

(©Nathaniel Nelson-Fitzpatrick
Fall 2011
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential
users of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis
and, except as herein before provided, neither the thesis nor any substantial portion thereof may be printed
or otherwise reproduced in any material form whatsoever without the author’s prior written permission.



To Dennis and Caryl



Abstract

Micro and nanocantilever structures have been used as transducers for a plethora
of sensor applications. These transducer technologies have similar shapes, but
the material properties and geometrical optimizations needed to improve sen-
sitivity are rather different. This is a record of two different material and

design strategies undertaken for static and resonant cantilever sensors.

For resonant cantilever sensors we desire a material that is stiff and light. We
fabricated silicon nanocantilevers using electron beam lithography and a cryo-
genic etching technique and assayed their resonance frequencies. The brittle
nature of surface machined Si necessitated the move towards nanocantilevers
made from glassy materials like SizgN, and SiCN, which are difficult to deposit
reliably in thicknesses below 50 nm. Alternatively, we fabricated and char-
acterized atomic layer deposited (ALD) TiN films for nanocantilevers. We
assayed chemical and physical characteristics of TiN films deposited between
120°C and 300°C with XPS, XRD, ellipsometry, and wafer bowing. We then

fabricated nanoresonator beams out of TiN deposited at 200°C.

For static cantilever sensors we designed an Au-Ta nanocomposite alloy. Com-

bining Au and Ta using magnetron co-sputtering we synthesized a material



with low intrinsic stress while retaining the chemical affinity of Au to thi-
olized molecules. XRD, SEM, AFM, nanoindentation, stress measurements
and nanocantilever resonance tests were performed to determine the bulk and
surface characteristics of these Au-Ta alloys. The FCC <111> structure of
Au was retained in films below 50 at.% Ta. Young’s modulus was increased
slightly by the addition of Ta while hardness was increased fivefold. The film’s
deposited stress was relieved upon inclusion of 5 at.% Ta. Chemical character-
istics of Au-Ta films over the range of Pure Au to Au 40 at.% Ta was assessed
using contact angle measurements, XPS, FTIR and cantilever measurements.
As Ta concentration was increased the binding of 1-dodecanethiol was hin-
dered. Low Ta films (5 and 10 at.% Ta) exhibited reduced but significant thiol
binding, while higher concentrations displayed insignificant binding. We fab-
ricated geometrically optimized cantilevers with a theoretical spring constant
as low as 10.5 %N The detection of dodecanethiol was demonstrated with

these cantilevers, confirming intrinsic sensitivity to thiolized molecules.
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Nomenclature and Abbreviations

AFM  Atomic force microscope
ALD Atomic layer deposition
BCC Body-centred cubic

BOE Buffered oxide etch

BOx Buried oxide

BSA Bovine serum albumin
CMOS Complimentary metal-oxide semiconductor
CVD Chemical vapour deposition
DC Direct current

DI Deionized water

DNA  Deoxyribonucleic acid

DRIE  Deep reactive ion etch



ELISA Enzyme-linked immunosorbent assay

FCC Face-centred cubic

FTIR Fourier transform infrared spectroscopy

FWHM Full width half maximum

HF Hydrofluoric acid

HRTEM High resolution transmission electron microscopy

IC Integrated circuit

IPA Isopropyl alcohol

KOH Potassium hydroxide

LNy Liquid nitrogen

LPCVD  Low pressure chemical vapour deposition

MEMS Microelectromechanical systems

MIBK Methylisobutylketone

MOCVD Metal organic chemical vapour deposition

NEMS Nanoelectromechanical systems

OPL Optical path length



PBS

pPC

PDE

PDMS

PECVD

PMMA

PSA

PSD

PVD

PZT

QCM

RF

RIE

RMS

SAM

SAW

Phosphate buffer saline

Personal computer

Partial differential equation

Polydimethylsiloxane

Plasma enhanced chemical vapour deposition

Polymethyl methacrylate

Prostate specific antigen

Position sensitive detector

Physical vapour deposition

Lead zirconate titanate

Quartz crystal microbalance

Radio frequency

Reactive ion etch

Root mean square

Self-assembled monolayers

Surface acoustic wave



SEM Scanning electron microscope

SIMOX Separation by implantation of oxygen

SMR Suspended microchannel resonator
SOI Silicon on insulator
SPR Surface plasmon resonance

ssDNA  Single-stranded deoxyribonucleic acid

SWLI Scanning white light interferometry

TMAH Tetramethyl ammonium hydroxide

VASE  Variable angle spectroscopic ellipsometry

VOC Volatile organic compound

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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CHAPTER 1

A Case for Cantilever Sensors, From The

Feynman Talk to Today

1.1 The Promise of Small: MEMS, NEMS,
and Nanotechnology

1.1.1 Feynman Talk and Nanotechnology

There has been much talk and fascination about the advent of nanotechnology
over the past ten to twenty years (2). Richard Feynman’s speech “There’s
Plenty of Room at the Bottom” (3) is seen by many scientists and science
writers as the genesis of the field of nanotechnology. In his speech to the 1959
meeting of the American Physical Society, Feynman outlined that the problems
faced by chemists and biologists could be greatly alleviated by being able to
see the processes that they intended to study. The resolution of electron
microscopes then was one hundred times too poor to image the structures
and processes that biologists were describing; like the structure of DNA (4).
Inspired by the efficiency with which nature could store the genetic information
for remarkably complex life in such a small volume, Feynman outlined the

unexplored possibilities of being able to manipulate matter on the atomic



CHAPTER 1. INTRODUCTION 2

scale. His talk pulled examples from biology, chemistry, physics and computer
science and was hugely prescient in that the field of nanotechnology has been

notable for its interdisciplinary nature.

The National Science Foundation of the United States has outlined that “The
essence of nanotechnology is the ability to work at the molecular level, atom
by atom, to create large structured with fundamentally new molecular orga-
nization” (5). They highlight that as materials are scaled down below 100
nm their physical, chemical and biological characteristics change so that they
are no longer similar to the bulk characteristics that scientists and engineers
are already familiar with. These scale induced changes in characteristics arise
from the increased influence of interfacial and quantum mechanical phenom-
ena. Chemists and biologists have been working with molecules of these char-
acteristic dimensions for a very long time, but the newly found ability to
characterize and control matter at these scales are the reason behind all the
fuss being made over nanotechnology today. The advent of advanced electron
and probe microscopy (6) techniques have brought the mechanisms studied by
physics, biology and chemistry in to view at the same time enabling scientists

to see the complimentary nature of their techniques at this atomic scale.

Most authors separate the tools and methods of manipulating matter at the
nanoscale into two categories, “Top Down” and “Bottom Up” when describing
nanotechnology. Bottom up nanofabrication is the approach whereby nanos-
tructures are assembled from individual atoms or molecules, and the tools of
the trade in this field are very diverse. These tools largely originate from
the understanding of molecules that chemists have discovered over centuries
and the exploitation of the tools of natural life by biologists. FExamples of
chemistry inspired bottom up nanofabrication would be to exploit the phe-
nomena of self assembled monolayers (SAMs) (7), block copolymers (8; 9), use
tools like templated electrodeposition (10) or nanoparticle catalyzed chemical
vapour deposition (11; 12; 13). Some examples of biology inspired bottom up
nanofabrication would be to exploit the highly selective binding characteristics

of biological molecules like lipid bilayers (14), ssDNA, streptavidin-biotin (15),
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or bacteriophages (16) in order to create layers of biomolecules. There are also
physical tools like STM to manipulate individual atoms (17; 18) or dip pen
nanolithography (19) to pattern molecules onto a surface. The self directed
and highly parallel nature of many of these bottom up nanotools has made
them a very attractive subjects for study but this very same nature often times

make them difficult to control and exploit beyond a few niche applications.

Top down nanofabrication is the approach where techniques are used to take
a bulk structure and remove matter in order to achieve the desired nanostruc-
ture. Common tools of the top down nanofabricator are optical and electron
beam lithography, physical and chemical vapour deposition and reactive ion
etchers. These are all tools that were developed by physicists and engineers
and have strong ties to the meteoric improvements in integrated circuit tech-
nologies. Moore’s law (20) is often talked about in nanotechnology because
its prescient prediction of a doubling of integrated circuit components every
12 months (this later became 18 months, then 24 months). This prediction
necessarily required that technologies used to fabricate these circuits would
have to improve at a complimentary pace in order to accommodate so many
transistors on a single silicon die. Many technologies for nanomachining have

grown out of the fertile soil of silicon integrated circuits.

1.1.2 MEMS

Microelectromechanical systems or MEMS is an umbrella term for mechani-
cal systems that are based on silicon microfabrication technologies. In Europe
(21) the term “Microsystems” is used, as it is more inclusive and doesn’t imply
the need for electrical functionality. The discussion of MEMS in this thesis
will take the widest possible view of the technological landscape, encompassing
mechanical, electrical, thermal, magnetic, fluidic and optical interaction with
the mechanical domain. MEMS are a branch off the growing tree of top down
nanotechnology in that they are a family of devices who can tie their genesis to

the maturity of silicon microfabrication technologies brought about by the IC
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revolution and the economics of its parallel batch production methodologies
(22). MEMS technologies have become ubiquitous in roles that require small,
accurate and low cost sensors or actuators with the possibility of integration
with active electronics. Examples of MEMS technologies include sensors (ac-
celerometers (23), gyroscopes, pressure sensors), actuators (optical switches
(24), digital light processors (25), read-write heads in disk drives), inkjet noz-
zles, and microfluidic devices for lab on a chip applications (though these are
also commonly fabricated from Glass or PDMS (26)).

Silicon is an optimal material for so many applications that the advent of
MEMS was an unavoidable consequence of the CMOS revolution. Silicon is
the semiconductor of choice for microelectronics since it is plentiful, relatively
cheaply manufactured into high purity single crystals and forms a stable oxide.
Additionally, being a semiconductor, one could exploit the high piezoresistive
gauge factors achievable with doped silicon to make a strain sensor that could
be used for applications such as a pressure sensor membrane. Unfortunately,
silicon is a rather brittle material with a low yield strength. This property
can be viewed positively, since it implies that silicon MEMS are not prone to
mechanical hysterisis (plastic deformation), but would fracture instead. This
can be a positive feature if one desires an extremely accurate sensor without
concern towards mechanical longevity. In the case where mechanical robust-
ness is desirable in a sensor it would be preferable to employ polycrystalline

or glassy materials like Poly-Si, SigNy, or bulk metallic glasses.

The unifying theme of the work in this thesis is the application of cantilever
sensors and a prominent example of MEMS in the research environment is a

cantilever sensor called the atomic force microscope (AFM).

Atomic Force Microscopy

The development of MEMS cantilever devices was initially motivated by the
development of Atomic Force Microscopy (AFM) in 1986 by Binnig, Quate

and Gerber (27). AFM is a form of scanning probe microscopy where a micro-
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fabricated cantilever with an extremely sharp tip is brought into near-contact
with a sample that is to be imaged and the cantilever is then scanned across
the surface. In a tapping mode AFM, the cantilever is driven to resonance as
it is scanned across the surface. An image of the sample is generated by the
change in the cantilever’s resonance frequency brought about by tip-surface
interaction forces. In a contact mode AFM the cantilever is deflected by the
tip-surface interaction forces as it is scanned across the sample surface. The
deflecion is correlated to the cantilever’s location on the sample to generate
an image of the surface (28). In either type of AFM measurement, the can-
tilever resonance frequency or deflection is monitored by a split photodiode.
A laser spot is aligned onto the tip of the cantilever, which is then aligned to
reflect onto the intersection of a split photodiode. The difference in the pho-
tovoltage generated between the photodiode sections can be correlated to the
cantilever’s position and resonance frequency to generate the image. Figure
1.1 is a schematic drawing of an AFM in operation. The AFM is an extremely
powerful microscopy tool that was quickly refined to achieve atomic resolu-
tion (29) and more recently has been used to resolve the chemical structure
of pentacene (30). AFM’s demonstration that a microscale cantilever can be
sensitive to such minute forces has inspired researchers to apply micro and

nanocantilevers to measure other physical phenomena.

1.1.3 NEMS

Most examples of commercially successful MEMS devices provide an inexpen-
sive, more integrated or more accurate way of performing a task or measuring
a signal that can be performed in the macroscale world. AFM is an exception
to this observation, as it uses a microscale machine to interface and query
nanoscale properties. If one is able to assay the interaction forces between the
tip of a microcantilever and individual atoms what other interactions may be
observed if the cantilever dimensions are scaled down further? This question

has inspired the development of nanoelectromechanical systems.
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Figure 1.1: Schematic diagram of an Atomic Force Microscope.
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In terms of microcantilever gravimetric transducers Ilic et al. (31) were able
to demonstrate fg/Hz (107'°g) level sensitivities, allowing the detection of
single bacteria binding events, as bacteria weigh on the order of hundreds of
femtograms. However, if one wanted to probe the inner working of the cell,
much more sensitive gravimetric sensors must be pursued. A general relation
between the minimum detectable mass of a resonant cantilever transducer and

the transducer’s mass is as follows.

Meant

Amymin X 0 (1.1)
where Am,,;, is the minimum detectable mass, m.,,; is the cantilever trans-
ducer mass, and Q is the quality factor (a measure of spectral purity). Due to
the proportionality of the minimum detectable mass and the cantilever mass
NEMS devices are needed to assay the elements of life inside the cell wall.
The field of NEMS has progressed from bacterial detection to individual virus
particle detection (32) (single femtogram level masses) and attogram (107'8)
levels of mass sensitivity allowing the detection of binding of many proteins
or SAM molecules (33; 34). Most recently Naik et al. (35) have demonstrated
NEMS mass spectrometers which are able to distinguish between single and
multiple (2x, 3x, etc..) binding events of BSA molecules. We can see that
NEMS represent an evolutionary offshoot of MEMS devices for the measure-
ment of extremely small physical phenomena, though these sensitivity gains

seem to be mainly confined to dynamic mode gravimetric sensors.

1.2 Biological and Chemical Sensors

1.2.1 What is a Sensor

Oxford defines a sensor as “a device which detects or measures a physical
property and records, indicates, or otherwise responds to it”. Thus, sensor

functionality can be broken up into two components; a recognition element
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Figure 1.2: Generalized block diagram of a sensor

and a transduction element (36). A generalized block diagram of a sensor is
provided in figure 1.2. A supermarket produce scale would be a good sensor
example, its recognition element is the basket where the queried weight is
placed. The basket is attached to a spring that undergoes displacement due
to the added weight. This spring is the transduction element. The spring is
in turn attached to a calibrated dial that moves as the spring elongates and
indicates the weight of the produce in the basket. This is the readout element.
Often a transduction technology can be applied to many different sensing
problems (with varying degrees of success) through trivial modifications to its
recognition element. This is the case for cantilever sensors and every competing

sensor technology that is outlined in this thesis.

In order to get any value out of this discussion of sensors, it is important
to take a moment to think about what properties are important in a sen-
sor. Fundamentally we desire a sensor that fulfills the “3S” criteria of being

highly sensitive, selective and stable (10). In addition, we can highlight some
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secondary desirable properties such as having a fast response to stimuli, pro-
viding quantitative information, being rugged and compact, being simple to
use and not requiring highly trained operators, and finally being inexpensive.
Not all of these secondary properties may be required for a given application,
for example compactness may not be necessary for an emissions sensor on a
coal fired powerplant but it is certainly important in the emissions system of

an automobile.

1.2.2 Motivation for Biosensors

The journal Biosensors and Bioelectronics defines a biosensor as “analytical
devices incorporating a biological material (e.g. tissue, microorganisms, or-
ganelles, cell receptors, enzymes, antibodies, nucleic acids, natural products
etc.), a biologically derived material (e.g. recombinant antibodies, engineered
proteins, aptamers etc) or a biomimic (e.g. synthetic receptors, biomimetic
catalysts, combinatorial ligands, imprinted polymers etc) intimately associ-
ated with or integrated within a physicochemical transducer or transducing
microsystem, which may be optical, electrochemical, thermometric, piezoelec-
tric, magnetic or micromechanical.”. Basically, a biosensor is a sensor in
which the recognition element is made with biological, biologically derived,
or biomimetic material. There are a wide array of real-world problems that
motivate the development of biosensor platforms; some examples are provided

below.

Pathogenic Bacteria

The detection of pathogenic bacteria is of great importance for the protection
of food and water supplies all around the world. For example, Escheria coli
is a common bacteria that lives symbiotically in the digestive tract of many
animals. Certain strains such as F. coli O157:H7 can cause food poisoning
which may be fatal for young, old, or immune compromised individuals. FE.

coli O157:H7 is a common concern in ground beef but has also been spread
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through contaminated groundwater (37) and produce (38). The vast increase
in scale of production for beef in the past fifty years (from small farms to
vast feedlots with tens of thousands of cattle) and the changes in feeding this
entails have been identified as a major cause of increased prevalence of Shiga
toxin producing FE. coli in the food supply (39). The incidence of E. coli in
tested ground beef samples in the United States dropped 43% between 2004
and 2006, much of this was attributed to intensified regulatory programs and
testing. Tertiary reservoirs for E.Coli are not currently being targeted for
testing and consequently, the proportion of E.Coli infections from sources like
drinking water, milk and leafy vegetables has been increasing in past years.
The availability of more rapid and inexpensive tests for bacterial illnesses like
E.Coli could enable widescale testing of tertiary reservoirs near industrial live-
stock centres, improving the response of regulatory agencies and lowering the

toll on human life.

Disease Biomarkers

Early detection can be a critical factor to the treatment of many diseases
such as cancers, where to maximize survivability it is important to detect
cancer biomarkers before the cancer has metastasized. Other maladies can also
benefit from rapid detection like diabetes where early detection provides the
opportunity to introduce lifestyle changes early and mitigate damage caused to
the individual. There has been much interest in using three dimensional lateral
flow assays for applications such as these (40; 41) so that the advances in cancer
and chronic disease screening could be translated to countries with poor health
infrastructure. Lateral flow assays are well suited to determine the qualitative
presence of biomarkers, which is why they are used in drug and pregnancy
tests where one is only interested in the presence or absence of a biomarker
above a certain threshold amount. A compact MEMS biosensor would present
a similar solution to this problem, without the calibration problems inherent

in translating a colour on the lateral flow assay to an actual analyte level.
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1.2.3 Motivation for Chemical Sensors

In the past few years, there has been increased interest in technologies to de-
tect explosives as the threat of terrorism has become more prevalent in the
west. For environments that are well controlled and can support large and
expensive infrastructure (like airports), there exist a number of satisfactory
technologies for detecting explosives like ion mobility spectroscopy, mass spec-
troscopy and gas chromatography (42). As airports have become more secure
terrorists have shown some examples (Madrid 2004, London 2005) of attacks
on less controllable places such as public transit hubs. In addition to ex-
plosive threats, nerve gases have also been used in the past to target public
transportation (Tokyo 1995). An ideal solution to these threats would be a
compact and portable sensor technology that could be easily carried by transit
employees or law enforcement personnel. The possibility of tagless detection
of volatile organic compound (VOC) signatures (43) and organophosphates
(nerve agents) (44; 45) has already been demonstrated with MEMS cantilever
transducers. The refinement of this technology (improvement of preconcen-
trators and transducer integration) would enable sensors to foil new terrorist

attacks in less controllable environments.

Another problem that could benefit from the availability of a portable chem-
ical detection platform is that of groundwater contamination by toxic heavy
metals like mercury, cadmium, and lead. Mercury contamination poses a se-
rious health risk because it is non-biodegradable and tends to bioaccumulate.
The development of low cost and effective tests for these metals would en-
able more widespread testing. This would enable early detection which would
mitigate environmental damage and lower cleanup costs (46). Another source
of groundwater contamination is hexavalent chromium, a known carcinogen.
Chromium is the second most prevalent inorganic contaminant at hazardous
waste sites. Chromium contamination commonly comes from industrial pro-
cesses like electroplating and corrosion protection. Hexavalent chromium forms
chromate and bichromate which are both highly soluble, while less toxic forms
of Cr (like Cr(III)) form insoluble precipitates. The solubility of Cr(VI) leads
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Figure 1.3: Schematic diagram of an Quartz Crystal Microbalance

to high mobility of the contaminant away from the Cr contamination source
and into aquifers where it may be consumed in drinking water (47). The abil-
ity to inexpensively detect the presence of Cr(VI) would enable prompt water

remediation before aquifers are contaminated beyond acceptable levels.

1.2.4 Sensor Technologies for Biological and Chemical

Sensors

Quartz Crystal Microbalance

A quartz crystal microbalance (QCM) is a sensor that is fabricated using a
quartz crystal and its operational principle is primarily gravimetric. Several
review articles have been published in recent years illustrating the fundamen-
tals of QCM operation, its application as a transducing platform (48; 49) as
well as putting its strengths and weaknesses in context with other sensing
platforms (50; 51). The microbalance device relates the resonant frequency of
a cut slab of quartz material to environmental changes at the surface of the
quartz chip. This change in frequency takes place when the QCM’s acoustic

impedance is changed by adsorbed masses or modified damping conditions at
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its surface. The fundamental frequency of the disc’s resonance is dictated by
its dimensions, elastic modulus and density (52). A Y-cut of the quartz crys-
tal is employed to ensure that the disc is resonating in a shear mode, and the
thickness of the cut should be a multiple of a half wavelength of the desired

resonance frequency.

To apply a QCM as a sensing platform, electrodes are deposited on each side
of the quartz disc and the disc is electrically excited to resonance. The QCM
disc is functionalized using a suitable probe to bind to a targeted chemical
or biological element of interest. It is then exposed to the analyte we wish
to interrogate. If the targeted chemical or biological element is present, it
will bind to the surface of the QCM thereby adding mass and reducing the
resonance frequency. A diagram of a QCM disc is illustrated in figure 1.3.
An illustrative, simple and common application of QCMs are to monitor the
thickness of a deposited thin film in an evaporation system. The QCM sensor
is placed in the vacuum chamber and exposed to the evaporated flux. Knowing
the density of the material being evaporated, one can determine the thickness
of the film that has been deposited. This technique was first demonstrated
by Sauerbrey (53) and his model shows a linear relationship between added
mass and QCM frequency. With the development of more accurate models
for resonant behaviour, QCMs has been applied to measure a vast array of
chemicals or biologically important targets such as humidity, volatile organic

compounds, pollutants, gas chromatography, antibodies, polymers and DNA.

Like any chem/bio transduction platform, QCMs have their advantages and
drawbacks (54). QCMs are rather inexpensive, they are macroscale and well
established in terms of technology and thus an easily accessible transduction
technology to develop a chem/bio sensor. Additionally, their electrical readout
makes them amenable to sensing applications in opaque solutions or situations
where a bulky optical readout system would be impractical. As a drawback,
the size of QCMs would inhibit large scale integration and lead to a rather low
mass sensitivity (on the order of %) compared to similar tagless gravimetric

senors like SAW or cantilever devices. Lastly, QCMs like any tagless chem /bio
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Figure 1.4: Schematic diagram of an Love-wave type Surface Acoustic
Wave transducer.

transducer are inherently nonspecific and thus special care must be taken to
deconvolve or eliminate signals coming from sources such as viscous damping
(if used in a solution), temperature fluctuations or nonspecific binding during

the course of measurement.

Surface Acoustic Wave

A surface acoustic wave probe (SAW) is another gravimetric and tagless chem
/ bio transduction technology. An in depth discussion of the operating prin-
ciples behind SAW is well illustrated in a review by Wohltjen and Dessy (55),
while Lange et al. (56) provide a recent overview of SAW biosensor applica-
tions. The principle behind a SAW device is to generate an acoustic wave that
is constrained to the surface of the device unlike QCM where it permeates
through the bulk of the device. To generate this surface wave, interdigitated
electrodes are deposited on a piezoelectric substrate such as quartz, lithium
niobate, or lithium tantalate. When voltages are correctly applied across these

electrodes, the underlying piezoelectric lattice is alternately strained and re-
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laxed, creating an acoustic wave that propagates across the surface of the
piezoelectric substrate. The frequency of this wave is dictated by the spacing
between the fingers of the interdigitated electrode. The acoustic wave gen-
erated is very sensitive to changes in the interface between the substrate it
propagates along. To create a chemical or biosensor, one must functionalize
an area on the substrate between the exciting electrode and the readout elec-
trode where the target analyte will bind and modify the acoustic impedance
of the SAW device. A diagram of a SAW transducer is provided in figure 1.4.

Initial work on SAW chemical and biosensors was impeded by the fact that
initial “Rayleigh-wave” SAW devices suffered from massive attenuation when
immersed in buffer solutions (57; 56). Nonetheless, some preliminary applica-
tions were explored in gas chromatography (58) and polymer characterization
(59). The development of shear wave modes of operation greatly improved
the applicability of SAW to chemical and biosensor applications due to their
minimal interaction with surrounding solutions. A further refinement of shear
mode SAW was the development of Love wave sensors, whereby the SAW
propagates preferentially in a guiding layer between the substrate and the en-
vironment. Thoughtful design of this guiding layer (appropriate thickness and
choosing a material with low intrinsic attenuation) can achieve an acoustic
wave resonance that increases device sensitivity. Additionally, this guiding
layer can protect the SAW electrodes from corrosion due to immersion in so-
lution. Love wave sensors have been used to detect antibodies, DNA, bacteria

and small molecules such as glucose and urea (56).

Putting SAW sensors into context the point is often made that SAW is not
influenced by the bulk of the piezoelectric substrate enabling development of
sensors that operate in the 100 MHz to low GHz range, improving sensitiv-
ity to small masses. When the practical concerns of deconvolving attenuation
from guiding layers and solutions is considered, it becomes clear that SAW
devices are not universally more sensitive than QCM as a gravimetric sensor
(60). SAW is certainly more appropriate than QCM for large scale integration,
since there are several CMOS compatible SAW fabrication processes. SAW is
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also more suitable than QCM for microfluidic integration since electrodes are
easily isolated from solution. Ultimately, SAW devices are of similar though
potentially improved sensitivity compared to QCM, better suited to some ap-
plications, but still susceptible to many of the same drawbacks as a QCM

based chemical and biosensors.

Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is an optical phenomena that has been used
as the basis of a number of tagless chemical and biomolecular sensors in recent
years. An SPR sensor works by illuminating a thin metal film (typically ~30
nm of Au or Ag) through a prism at a precise wavelength (typically IR or vis-
ible) and angle and reading back the reflected intensity with a photodetector.
At a certain angle and wavelength, the reflected intensity drops off precipi-
tously as the evanescent wave tunnels through the metal layer and excites a
charge density oscillation (surface plasmon wave) along the metal-dielectric
interface (61; 62). This electromagnetic field associated with the surface plas-

mon wave is contained mainly in the dielectric and decays exponentially (like
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an evanescent field) with increased distance from the interface. The angle and
wavelength at which this reflected minima occur is highly sensitive to changes
in the index of refraction within this evanescent field (typically ~300 nm in
depth). This effect is exploited in applying SPR as a chemical or biosensor.
Attachment of the analyte of interest is either quantified by a change in the
reflected intensity (for fixed angle and wavelength), change in angle of SPR
(for a fixed wavelength), or change in wavelength of SPR (for a fixed angle).
Similarly to other tagless chemical or biotransduction technologies one must
take care to be able to distinguish between SPR change due to attachment of
the desired analyte and SPR change due to nonspecific binding. A schematic
of a prism coupler based SPR system is provided in figure 1.5.

The fact that SPR is an optical technique rather than gravimetric (SAW and
QCM), it is meaningless to make a comparison in terms of sensitivity to an
attached mass. There have been some case specific comparisons of biomarker
sensitivity between SPR and gravimetric technologies. Kosslinger et al. (51)
fabricated an SPR-QCM flow cell for a direct comparison of the two tech-
nologies applied to detect the presence of HIV-antibodies in rabbit sera, and
monoclonal antibodies to bovine serum albumin. In both cases, the detection

limits were very similar.

SPR provides some contrasting advantages and disadvantages to other tagless
biosensors like SAW and QCM which does make it an attractive platform for
some applications. Firstly, since the principle of operation is optical, SPR is
very attractive for assaying solutions, as there is no loss in sensitivity due to
viscous damping. SPR is therefore quite amenable to integration into flow cells
in order to achieve real time detection. Also, since SPR commonly leverages Au
as the metal layer, SPR systems are intrinsically enabled to use the vast array
of thiolized molecules that are commercially available to functionalize a surface
for biosensing. The main drawback of the SPR approach is that the optical
system for excitation and readout is rather large and bulky. Additionally, the
probing range is limited to approximately 300 nm from the interface which

enables the detection of small biomolecules, but bacteria are so large that the
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evanescent wave will not fully encompass them, hurting sensing efficiency.

Waveguide Sensors

Another tagless optical sensor transduction platform would be a waveguide
sensor (63). Waveguides are structures that transmit electromagnetic signals
with very low loss. Electromagnetic loss is prevented by transmitting the EM
wave in a guiding material (typically called the core) which is surrounded by
another material (typically called the cladding) and choosing indices of re-
fraction for these materials that would prevent transmission of the EM wave
across the interface between them. Conventional optical and infrared waveg-
uides accomplish this task by employing a high refractive (glass, silicon) index
material as the core and surrounding it with a lower index material. This
configuration creates a total internal reflection condition, confining the elec-
tromagnetic radiation in the core (except the evanescent wave). Another type
of waveguide is a photonic crystal waveguide (64) which works by introducing
an ordered defect lattice into the material to induce a photonic bandgap in

regions of the material where we wish to forbid photon presence.

To apply a waveguide as a transducer for a chemical or biosensor the cladding
is removed in a small region of the waveguide and this portion is immersed in a
solution containing the target analyte. The evanescent wave in this portion of
the waveguide is thus exposed to the solution we are querying and binding of
the target analyte can be detected by numerous methods including absorption,
fluorescence, Raman scattering, surface plasmon resonance, or mode cutoff by
modification of refractive index (65; 66). It is important to note that a waveg-
uide structure is really more of a technology for integrating and reducing the
scale of an optical sensor and is not specific to any physical phenomena we are
exploiting. Some examples of successful application of tagless waveguide sen-
sors include the Corning Epic system which uses a resonant waveguide grating
(integrated into microplates) to monitor the change in refractive index due to
cell activity in the microplates (67). Recently some nanophotonics researchers

have applied photonic crystal waveguides to biosensing problems. Jensen et
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al. (68) detected fluorophore labelled antibodies with a photonic crystal fibre
while Rinsdorf et al. (69) detectied DNA by a change in resonance frequency
of a grating inscribed in the photonic crystal fibre. Buswell et al. (70) have
also demonstrated detection of streptavidin binding to a biotin functionalized

planar waveguide by monitoring the change in mode cutoff wavelength.

Ultimately, waveguides provide a tool to integrate many of the elements of an
optical sensor technology like SPR so that we can assay a solution for many
different targets in parallel. The advantages and disadvantages of this tech-
nology as a sensor transducer is in line with those noted for SPR. Waveguide
sensors are amenable to use in fluids since there is no loss due to damping and
they have the potential for many more parallel assays than a traditional SPR
system (71). The main drawback to waveguide transducers is the inability to

detect any analyte beyond a few hundred nanometres from the core.

1.3 Micro/Nanocantilever Background

A cantilever is a single beam of material, rigidly supported at one end. The
application of cantilevers as a transduction technology for biological and chem-
ical structures has largely followed from studies of the AFM, a scanning probe
microscopy technique outlined earlier in this chapter. Though much of the
recent interest in micro and nanocantilevers stems from the development of
AFM, it is important to note that there have been notable macrocantilever

sensor demonstrations before the advent of AFM.

1.3.1 Why Micro/Nanocantilevers?

The question of why a micro or nanocantilever is an attractive transducer plat-
form goes back to why any mechanical structure would make a good transduc-
tion platform. A resonant cantilever is an acoustic sensor like QCM or SAW

sensors, it can be used to determine the presence or absence of a bound analyte
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by the change in its resonance characteristics. There are four response param-
eters that can be measured (72), the resonance frequency, resonance quality,
resonance amplitude and cantilever deflection. Changes in these properties are

caused by changes in mass, surface stress and damping environment.

One advantage that cantilever sensors have over QCM or SAW devices is that
there are a litany of optical and electrical readout methods at the designer’s
disposal (73) so limitations of readout do not generally limit the application
of cantilever devices to a limited few transduction tasks. Another huge ad-
vantage that cantilever sensors have is that they can be machined to very
thin dimensions, so that the ratio of analyte mass to transducer mass to be
much higher than QCM or SAW devices, allowing much greater sensitivity.
Thundat et al. (72) used AFM cantilever sensors as transducers and compared
their sensitivity to QCM and SAW device sensitivities tabulated by Ward and
Buttry (74), showing the increased potential of cantilever sensors. Indeed the
readily available AFM cantilevers, which had not been optimized for mass
transduction, were already ten times more sensitive per unit area than the

most sophisticated SAW devices of the time.

Unlike QCM and SAW, cantilever transducers can also be used in static mode,
measuring the stress imparted by analyte adsorption events. The interaction
of analytes with the surface of a cantilever may modify the cantilever’s temper-
ature or surface free energy inducing a stress which causes cantilever bending.
This mode of operation is not susceptible to viscous damping from the environ-
ment (like resonant cantilevers, QCM and SAW) and is ideal as a transduction

method in aqueous environments.

Cantilever sensors, while much more sensitive than QCM or SAW, nonethe-
less have their drawbacks. The three dimensional nature of a microfabricated
cantilever means that it is much more susceptible (than QCM and SAW) to
breakage if there is any incidence of mishandling. Additionally, like QCM
and SAW but unlike SPR and waveguides, microcantilevers are prone to vis-
cous damping if used in liquids or air, compromising their ultimate sensitivity.

Being a tagless sensing technology, it is imperative that the sensor designer
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isolates sources of noise like changes in temperature, viscous environment, or
surface stress so that the cantilever’s change in frequency can accurately be

correlated to increased analyte mass.

1.3.2 Previous Work in Micro/Nanocantilever Chemi-

cal Sensors

Barnes et al. (in 1994) (75; 76) provided one of the first reports of micro-
cantilever transducers being applied as chemical sensors by demonstrating
femtojoule level calorimetry with a static microcantilever. That same year
Gimzewski et al. (77) used a Pt coated AFM cantilever to monitor the cat-
alytic conversion of Hy and O5 to HoO by monitoring its static deflection caused
by heat of the catalytic reaction causing a bimorph (or bimetallic strip) ef-
fect. Thundat et al. (78) published another early example of a microcantilever
chemical sensor when they demonstrated the sensing of relative humidity by
change in resonance frequency. The humidity sensors utilized two different
humidity sensitive coatings (phosphoric acid and bovine skin gelatin) and it
was shown that two different mechanisms could affect the resonance frequency
of the cantilevers. In the case of the phosphoric acid coating, adsorbed water
caused the resonance frequency of the cantilevers to drop due to mass load-
ing. In the case of the gelatin coating, absorbed water caused the gelatin to
swell and increase the cantilever’s resonance frequency. Concurrently, Chen et
al. (79) reported on the same humidity experiment and used deflection data
taken simultaneously to decouple the effects of stress and mass loading on the

cantilever.

Alkanethiols are a class of organic molecules with a sulfur atom at one end that
form well ordered monolayers on gold surfaces (80; 81). The incredible stress
sensitivity of static cantilever sensors has lead to their application to study the
mechanics of alkanethiol adsorption and assembly. Berger et al. (82) initially
used an AFM type setup to detect the surface stress induced by the assembly
of different chain length alkanethiols, and reported that longer alkanethiol
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chain lengths indeed induce a different surface stress. Godin et al. used a
similar setup, but with a simultaneous reference experiment and ellipsometry
to monitor SAM thickness. They showed that the ordered assembly of the
SAM and the induced surface stress was dependant on large Au grain sizes
(83) and that when large grain size Au was employed as a cantilever coating,
there was no appreciable difference in surface stress induced by alkanethiol
SAM (84). Desikan et al. (85) used a piezoresistive readout technique for their
static cantilever assaying of alkanethiol SAMs and did confirm the results of
Berger et al. by finding discernable surface stress variation between longer and
shorter alkanethiol SAMs. It must be noted that the surface stresses observed
by Berger et al. and Desikan et al. were much smaller than those observed by
Godin et al. and concensus on the mechanics of alkanethiol stress has not

been reached.

More practical applications of micro and nanocantilevers as chemical trans-
ducers have been published in the form of hydrogen sensors. Hydrogen has
been increasingly researched in the past few years as a chemical method to
store energy for conversion in fuel cells. Unfortunately, practical solutions to
hydrogen storage have been elusive. If breakthroughs are made in hydrogen
storage, the ability to detect hydrogen concentrations and hydrogen leaks will
be of great importance. With such foresight, some researchers have looked to
cantilever transducers as a potential solution. Lang et al. (43) demonstrated
the sensing of Hydrogen by adsorption onto Pt coated static microcantilever
transducers at a flow rate of 1 mbaré in air. Thundat et al. (86) developed a
dynamic mode hydrogen sensor utilizing AFM cantilevers coated with PtO,.
The reduction of PtOy on the cantilever’s surface lead to a loss of mass which
was detectable in hydrogen concentrations as low as 4% in an argon carrier
gas. A drastically different approach for hydrogen sensing was taken by Huang
et al. (87) who fabricated Au-Pd alloy nanowire resonators that were under
tension. The resonators were actuated under vacuum and upon exposure to
hydrogen at 10~ torr, the resonance frequency of the nanowires decreased
drastically. This resonance frequency decrease was attributed to a relief in the

stress of the nanowire cause by its swelling as hydrogen atoms began occupying
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interstitial sites in the alloy.

The detection of explosives and volatile organic compounds (VOCs) has also
been demonstrated using microcantilever transducers. One of the telltale signs
of a homemade explosive device is the presence of VOCs such as acetone. Lang
et al. (43) demonstrated static and dynamic cantilever transducer based detec-
tion of a series of different alcohols with PMMA coated Si cantilevers. Then
et al. (88) further expanded on this idea by employing an array of different
types of polymer coatings on their resonant cantilever sensors and were able to
discriminate between various VOC “signatures”. Both Lang et al. and Then
et al. exploited the swelling of polymers to generate their signal. Pinnaduwage
et al. (89) detected more sophisticated explosives like TNT and PETN on
AFM cantilevers through both static cantilever bending and by monitoring
resonance frequency as temperature was pulsed to cause deflagration of the

explosive compounds.

1.3.3 Previous Work in Micro/Nanocantilever Biologi-

cal Sensors

Cantilever Bacteria Sensors

One of the earliest reports applying cantilever transducers to bacterial sensing
is that of Ilic et al. (90) who used a resonant cantilever to detect the binding
of E. coli O157:H7. Silicon nitride cantilevers were functionalized with anti-
bodies to E. coli O157:H7 and then their resonance response was monitored
in a split photodiode setup. The cantilevers were then exposed to a bacterial
solution and dried before the resonance frequency was assayed again. In the
case of exposure to E. coli O157:H7 the resonance frequency underwent sig-
nificant shift, while exposure to Salmonella bacteria caused no shift. Ilic et al.
further refined this method to demonstrate single bacteria detection (31). This
method of liquid exposure followed by drying and measurement is colloquially

known as a “dip and dry” measurement and is typical of these early bacte-
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rial sensors. Similar “dip and dry” measurement based bacterial sensing was
performed by Gupta et al. (91) who detected the presence of Listeria innocua
with single crystal silicon cantilevers using a split photodiode readout method.
Unfortunately, the cantilever dimensions in this case made them susceptible
to stiction and all solution exposure steps were followed by a time consuming

critical point dry step.

The “dip and dry” method is nonideal for biosensing applications since many
biomolecules like proteins and antibodies may be damaged by drying, and the
sensing cannot take place in real time. Investigators have looked into overcom-
ing the limitations of a “dip and dry” method by designing cantilever sensors
more suitable for use in solution. Campbell and Mutharasan (92) used PZT
film connected to a glass cantilever to detect different concentrations of E. coli
in solution, demonstrating strain specificity with a lower limit of detection of
700 bacteria / mL. A much more interesting bacterial detection solution was
published recently by Burg et al. (93) where microcantilevers were fabricated
with built-in microchannels. The microchannel cantilevers (generally referred
to as suspended microchannel resonators or SMRs) were fabricated using SOI
wafers and vacuum packaged so that no external vacuum pump would be re-
quired to mitigate viscous damping effects. The cantilevers had a high Q
factor which showed no observable degradation upon filling the microchannel
cantilever with PBS solution. The cantilevers were able to detect the pres-
ence of different individual bacterial cells (E.Coli and B.subtilis) due to their
different sizes and densities relative to the PBS carrier solution. Arlett and
Roukes (94) provided a theoretical review of these suspended microchannel
resonators and showed that in a “flow through” regime, devices should be eas-
ily capable of measuring single virus particles and small numbers of proteins.
This analysis also showed that in an affinity capture mode of operation the
SMRs should be capable of building up a detectable mass of proteins or anti-
bodies much more quickly than the conventional biodetection method ELISA

(enzyme-linked immunosorbent assay).
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Cantilever Virus Sensors

The detection of virus particles is a greater challenge than bacteria due to
their small mass compared to bacterial cells (107!3g for bacteria vs 10~!5g for
viruses). Gupta et al. (95) demonstrated nonspecific “dip and dry” detection
of single vaccinia virus molecules on microcantilevers with laser doppler vi-
brometry. Shortly thereafter, Ilic et al. (32) demonstrated specific detection
of baculovirus using an antibody functionalized polysilicon nanocantilever res-

onated in vacuum.

Other Cantilever Biosensors

Cantilever sensors have also been applied to detect the presence of many bio-
logically derived molecules like nucleic acids, proteins, vitamins, and antigens.
For the sake of brevity, only a few papers will be summarized here. One of
the more common detection targets is the biotin-streptavidin binding complex.
Biotin is a vitamin that binds selectively to the streptavidin protein and there
are a number of commercially available products to immobilize either biotin
or strepavidin on a surface in order to detect its compliment. Fischer et al.
(33) provide one such cantilever biosensor example by detecting the binding

of streptavidin on biotin derivitized SiCN resonator beams.

Some static microcantilever biosensors have garnered even more attention in
literature. Hansen et al. (96) were able to demonstrate detection of DNA
molecules. Thiolized ssDNA was immobolized on a static AFM cantilever and
solutions containing complimentary and slightly mismatched ssDNA strands
was flowed through a liquid cell. This technique was able to discriminate be-
tween single base pair mismatches. Wu et al. (97) used a similar transducer
setup to detect the presence of prostate specific antigen (PSA, the typical
prostate cancer biomarker) in human serum albumin and human plasmino-
gen at identical levels to ELISA techniques that are currently used. This
advancement shows that static cantilever transducer technology could drasti-

cally reduce time and cost of PSA and other disease biomarker tests. Lastly, an
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emerging problem in public health is the emergence of antibiotic resistant bac-
teria like methicillin-resistant and vancomycin-resistant Staphylococcus aureus
(MRSA and VRSA). Ndieyira et al. (98) demonstrated the ability to probe
the effectiveness of antibiotics (at clinical concentration levels) on simulated
VRSA and non-VRSA bacterial cell walls using static microcantilevers. This
advancement could further illuminate the mechanisms of interaction between

antibiotic and cell wall and improve the speed of drug development.

1.4 Rationale and Thesis Outline

This project is an exploration of the fabrication of micro and nanocantilever
sensors in alternative materials. Specifically we explore the application of
metal nanocomposites as materials to improve the sensitivity of static can-
tilever sensors, and the application of atomic layer deposition (ALD) synthe-

sized materials to improve the sensitivity of resonant cantilever sensors.

1.4.1 Metal Nanocomposites

Metal nanocomposites are metal alloys with multiple distinct phases. It has
been shown that through alloying techniques like rapid quenching, ion mixing
or co-sputtering, one can fabricate alloys that are not at thermodynamic equi-
librium. When these principles are applied to FCC-BCC metal alloys with
numerous complex intermetallic phases, the formation of metallic glasses has
been observed. These principles have been applied to alloy systems like Al-Mo
(99; 100), Ni-Mo (101) , and Cu-Hf (102) in order to tailor the microstructure
of metal films so that they may be applied to MEMS and NEMS devices.

Traditionally, micro and nanocantilever transducers have been fabricated out
of materials like single crystal Si, Polysilicon and Si3zN, since they are stiff and
light materials. Additionally, these are the materials commonly used in IC

fabrication so there is a wealth of fabrication technologies available for them.
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Metals have largely been overlooked for dynamic cantilever transducers due
to their low elastic modulus, high density, polycrystalline nature, and large
intrinsic sources of mechanical loss. While co-sputter alloy development has
ameliorated some of these characteristics, it is unlikely that such microstruc-
tural refinement will be able to overcome these inherent material limitations.
However, the figures of merit for the sensitivity of a static cantilever trans-
ducer are much more strongly affected by the dimensions of the cantilever
than its microstructure, mass or elastic stiffness. The development of a metal
nanocomposite material presents an elegant solution to achieve excellent sen-
sitivity in static microcantilevers because it enables fabrication of ultrathin

static cantilevers which are inherently less susceptible to brittle failure.

As explained earlier in this chapter, the function of a sensor can be broken up
into two parts, the recognition element and the transduction element. Typ-
ically, to sensitize a micro or nanocantilever to the desired analyte entails
coating the device with a recognition element like a self-assembled monolayer
(SAM), a polymer or a metal. In the case of a dynamic cantilever sensor, this
recognition element typically degrades the fidelity of the sensor. In the case
of a static cantilever transducer, the designer must ensure that only one side
of the cantilever transducer is coated, so that adsorbed analytes will induce a
differential stress. Additionally, we typically do not desire the functionalizing
layer to have a dissimilar thermal coefficient of expansion from the cantilever’s
mechanical layer, so that temperature noise is not confused with signal from
analyte adsorption. In all these cases, it would be advantageous to design a
cantilever that is intrinsically sensitive to our analyte of choice. Many inves-
tigators employ gold as an intermediate layer on their cantilever transducers
so as to take advantage of the wide array of commercially available thiolized
molecules that could be used as a recognition element. In this study, we ap-
ply co-sputtering principles to explore the fabrication of ultrasensitive static
cantilever sensors using the Au-Ta alloy system. The development of an Au-
Ta alloy presents the possibility of cantilever transducers that are sensitive
to thiolized molecules requiring less complicated surface modification before

being employed as a chemical or biosensor. In this case, the transduction and
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recognition elements of the cantilever sensor are one.

1.4.2 ALD synthesized materials

Early nanocantilever and nanobeam structures were fabricated out of silicon
on insulator substrates due to their availability, ease of machining, and good
mechanical characteristics. Single crystal silicon is a rather brittle material,
on the microscale it tends to fail before it deforms plastically (22). Saif et al.
citeSaif:1998p1629,Saif:1996p1611 have shown that at the microscale the yield
and tensile strength of single crystal Si were improved with decreased device
dimensions. Increased fracture strength has also been observed in Si nanowires
grown by Vapor-Liquid-Solid (VLS) synthesis techniques (105). However this
trend of improved yield strength been observed to break down in surface ma-
chined nanocantilevers. There have been reports of limited yield in single
crystal Si nanobeams (below 50 - 60 nm) being machined by reactive ion etch-
ing (106; 107). The lack of examples of single crystal Si nanobeams surpassing
the dimensions reported by Carr et al. (108) provides further evidence of these
yield issues. The cause of these yield problems has been attributed to lattice
damage from the reactive ion etching step. RIE induced lattice damage would
not be a problem in VLS grown nanowires and would only affect a minute
fraction of the volume of microscale beams. Since VLS techniques are difficult
to harness, most of the literature regarding NEMS cantilevers still relies on
surface machining methodologies. To further pursue surface machined NEMS
cantilevers, investigators have migrated away from single crystal Si and to-
wards glassy materials like SigNy (109) and SiCN (110) fabricated by CVD
processes. The motion of dislocations in these materials is impeded by their

lack or grain structure, impeding plastic deformation and improving yield.

Developments in low voltage electron beam lithography are enabling the pat-
terning of sub- 10 nm lines (111). Conventional chemical vapour deposition
(CVD) synthesis of these glassy materials has not been able to keep pace at
reducing film thicknesses. ALD is a CVD method whereby films are grown by
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adsorption and reaction of one monolayer of precursor chemicals. ALD has
been used to synthesize thin conformal films of many materials like TiOo, SiO,,
Al,O3 and TiN (112). ALD is inherently self limited and a suitable candidate
for the formation of glassy or nanocrystalline materials at thicknesses that
can enable the machining of sub- 10 nm cantilever beams. The application
of ALD materials like TiN for resonant cantilever transducers would enable
great scaling down in device dimensions, and thus entail the unprecedented

mass sensitivity.

1.4.3 Outline

This thesis is organized into seven chapters. Chapter two is a summary of
fabrication methods applied to MEMS and NEMS devices, the theory behind
resonant and static cantilever transducers, and a summary of various can-
tilever transducer readout techniques. Chapter three is an overview of silicon
nanocantilever work that was performed to develop an electron beam lithog-
raphy recipe that is amenable to lift-off patterning of metal alloys and was
also used to test our resonant cantilever readout interferometer. The electron
beam lithography and readout interferometer were directly applied to subse-
quent work in both nanocomposite metal cantilevers and ALD TiN cantilevers.
Chapter four reports on the development of the Au-Ta material, its microstruc-
ture, physical characteristics, and work on machining nanocantilever structures
to assess the alloy’s mechanical characteristics. Chapter five is a summary of
the surface chemistry of the Au-Ta material and the development of ultrasen-
sitive static cantilever sensors using a dry etch method. Chapter six is work
that was pursued to develop nanoresonator beams out of ALD TiN, including
characterizing the film’s deposition rate, chemical structure, crystal structure,
and developing tools to machine the TiN into beam structures with electron

beam lithography and reactive ion etching.
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Fabrication Methodologies for Cantilever
Sensors, the Theory Behind Their Applications,
and Methods for Transduction

2.1 Introduction

This chapter outlines the general principles involved in the use of cantilevers
as a trasnduction platform. These principles have been broken up into three
main components, fabrication, theory and readout. In the fabrication sections,
fabrication methodologies, specific techniques and pitfalls are highlighted for
MEMS and NEMS cantilever devices. In the theoretical summary, the theories
behind the operation of a cantilever sensor in static or dynamic modes (such as
the Euler-Bernoulli PDE or Stoney’s equation) are highlighted and explained.
Limitations of these models and the pitfalls associated with these transduction
methods are also discussed. Lastly, in the readout section, a brief review of
various methods used to measure signals generated by various cantilevers are

explained.

30
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2.2 Fabrication Methodologies

The suite of tools that are used to fabricate MEMS and NEMS devices are
largely due to the amazing progress brought forth by the development of silicon
integrated-circuits over the past 50 years. Researchers realized that the tools
that were being used to pattern silicon and metals could also be used to pat-
tern the same materials to make mechanical devices at dimensions that were
unaccessible using conventional machining. Consequently, MEMS and NEMS
design concepts follow the same paradigm as silicon 1Cs whereby structures
are defined by repeated cycles of planar deposition, patterning and etching
(113; 114). In the deposition step, a thin film is deposited on a silicon or glass
substrate by physical vapour deposition (sputtering, evaporation, molecular
beam epitaxy), chemical vapour deposition (low pressure, plasma enhanced or
traditional CVD) or other methods (spin-on, electrodeposition, anodic bond-
ing or fusion bonding). The thin film is then patterned by a masked (opti-
cal lithography, stepper) or maskless (electron beam lithography, focused ion
beam) lithography technique. Finally, the lithography pattern is transferred to
the film or substrate layer by employing a wet chemical etching (KOH, EDP,
metal etchants, TMAH) or dry etching (reactive ion etching, XeF5) technique.

2.2.1 Bulk Machining

Bulk machining typically refers to a machining methodology where the sub-
strate forms the desired mechanical structure, or at least a major part of it.
In this case, it is usually necessary to remove vast quantities of substrate
material in the etching step to define such a structure. It is common to em-
ploy anisotropic etching techniques to remove such quantities of material while
protecting the desired machine structure. Anisotropic etching techniques gen-

erally fall into the following two categories, wet and dry.
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Wet Anisotropic Etching

In wet anisotropic etching a solution of potassium hydroxide (KOH) or tetram-
ethyl hydroxide (TMAH) is employed to etch single crystal silicon. Both KOH
and TMAH etch silicon rapidly in the <100> and <110> directions but slowly
in the <111> direction. Etch ratios between the <100> and the <111> di-
rection can be up to 400:1 (115; 116) given proper temperature and solution
preparation. Additionally, these anisotropic wet etchants are highly selective
to important structural materials for MEMS like highly doped silicon or silicon
nitride, which enables easy integration of an etch stop layer in this fabrica-
tion scheme. There are a number of caveats to the application of these wet
anisotropic etches; first, their etch rates and selectivities are very strongly de-
pendant on solution temperature and concentration. Secondly, these etches
generate hydrogen bubbles in solution that tend to impede flow of etchant to
localized areas on the substrate where they build up. For that reason it is
common to employ an additive (117) like isopropyl alcohol to help hydrogen
bubbles desorb. Lastly, convex corners tend to etch in an accelerated and un-
stable manner due to the exposure of higher order planes (which etch quickly)
to the etchant. For that reason compensation structures should be employed
to attain accurate convex corners (118). A sample process flow for a bulk
machined cantilever using an implanted etch stop layer is provided in figure
2.1.

Dry Etching

There are a number of methods such as chlorine or fluorine based reactive ion
etches or XeFy vapour to etch bulk amounts of silicon without using a wet
process. XeF, etching is a non-plasma isotropic dry etch whereby XeF, crys-
tals sublime as they are exposed to a vacuum. When a XeF; molecule comes
into contact with a silicon surface, the molecule adsorbes and the fluorine dis-
sociates, allowing it to react with the silicon to form SiF, gas. This etch is fast

and tends to leave the surface in a granular and rough state (115). The main
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implanted p++ layer

Define cantilever shape
with photolithography

Etch down through etch
stop with flourine RIE

coat wafer with mask to
prevent KOH etching
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KOH protective mask
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Figure 2.1: Process flow for fabricating a bulk machined cantilever.
Step 1: start with a Clean Si wafer with implanted p™" layer. Step
2: Use photolithography to define the cantilever shape. Step 3: Etch
down through the etch stop layer using a flourine RIE. Step 4: Protect
top and bottom with a mask to prevent KOH etching(Protek, SiOo,
SizNy). Step 5: Use lithography to open up a window on the bask
backside for KOH etch. Step 6: Perform KOH etch. Step 7: Remove
protective mask layer.
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advantage of XeF, is that it is a dry etch that aggressively attacks silicon while
leaving aluminium, SiO9, SizNy, and photoresist polymers largely untouched.
This is a very advantageous property for integrating MEMS structures into
existing CMOS chips or for machining MEMS out of aluminium (99; 100) or
alumina (Al,O3).

Chlorine and fluorine based reactive ion etches are vast categories of etching
methods themselves. Before etching takes place, the substrate to be etched is
placed on an RF powered chuck and the etchants are introduced in the form of
a gas. The gas is then dissociated by a plasma generated in the chamber by the
potential between the powered chuck and the walls of the chamber producing
electrons, ions and radicals. Etching of the substrate is accomplished primarily
by the radical species diffusing to the substrate and consuming it chemically.
Additionally there is some physical etching by ion species being accelerated
into the substrate, ejecting atoms by a sputtering method. Etching by the
radicals tends towards an isotropic profile, it etches in all directions at the
same rate and is thus of limited use for bulk machining methodologies. There
are techniques to modify reactive ion etches to achieve high aspect ratios.
Bosch etching achieves high aspect ratio etches by alternating short bursts of a
standard isotropic fluorine etch with short bursts of a fluorocarbon passivation
deposition step. The fluorocarbon passivation layer deposits evenly over the
topography but requires ion bombardment to be etched away in the subsequent
fluorine etch step. Therefore, passivation material is removed from the bottom
of an etched trench before the sides of the trench walls. The combination
of these steps results in a quasi-anisotropic etch that makes RIE much more
suitable for bulk machining. Bosch etching and etching methods that generate
fluorocarbon passivation (like Black Silicon (119) or Cryogenic etching (120))
enable deep etches with high aspect ratios that make RIE techniques more

attractive for bulk machining applications.
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2.2.2 Surface Machining

Surface machining typically refers to a machining methodology where a thin
film is deposited on top of a bulk “handle” substrate and is machined to cre-
ate the desired structure. Typical materials for surface machined structures
include single crystal or polycrystalline silicon, silicon nitride, metals or poly-
mers. Typically single crystal silicon wafers are used as a handle layer for
surface machined structures due to their low cost, flat and smooth surface and

ubiquity in MEMS and microelectronics industries.

Superficially it seems that surface machining is a very flexible methodology
for designing MEMS structures; however, fabricating devices out of thin films
does come with its own limitations. Firstly, to obtain movable structures, one
must employ a layer of material (called a sacrificial layer) that can be etched
without the mechanical layer being degraded. Finding a sacrificial layer that is
compatible with the device layer is a first limitation of the surface machining
approach. SiO, is a common sacrificial layer, since hydrofluoric acid based
etchants will attack it over Si and SigN, with a high degree of selectivity.
Secondly, the sacrificial layer must be removed in the process of machining,
using wet etchants is the most common way to do this but etchant removal

and drying can create the problem of stiction.

Stiction is a portmanteau of the term “static friction” and describes a situation
where we have a liquid between a freed structure like a cantilever beam and
the substrate below. As the liquid is dried, capillary forces between the liquid
and the freed structure pull the structure down until it comes into contact
with the substrate. Once in contact with the substrate the structure remains
bonded by a force which has been attributed to hydrogen bonding, Van der
Waals forces or electrostatic forces (119; 121). The attractive force of drying
that allows structures to stick is proportional to the surface tension of the
liquid and inversely proportional to the device / substrate gap. To prevent
this, one can use a dry etch for sacrificial layer removal or replace the etchant

with a solvent with low surface tension like pentane or liquid CO, in the case
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Oxide sacrificial layer

\ Si cantilever
Dl water

1
Si substrate
HF etchant is replaced with DI water
2
Water dries and pulls cantilever towards substrate
3

Cantilever impinges on substrate and is bonded

Figure 2.2: The process of a cantilever undergoing stiction. First, the
cantilever is immersed in deionized water. Second, the cantilever is
being pulled towards the substrate by capillary force. Lastly, the can-
tilever comes into contact with the substrate and is bonded by Van der
Waals forces.

of supercritical drying. Alternatively one can design structures with very high
spring constant or with a very thick sacrificial layer so that the capillary force is
not enough to pull released structures down to the substrate. A third solution
could be to incorporate dimpled structures to minimize the surface area that
is in contact with the substrate so that the weak bonding may be overcome
by the restoring force of the structure. A diagram of a cantilever beam being

pulled down by capillary forces, leading to stiction, is provided in figure 2.2.

Since they involve such short etch times surface machining methodologies are
generally more flexible than bulk machining methodologies in terms of ma-

terials. There are few materials which may stand up to sustained attack by
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Define cantilever shape
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Etch down to oxide
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Figure 2.3: Process flow for fabricating a surface machined cantilever.
Step 1: Start with a clean SIMOX wafer. Step 2: Define a cantilever
shape with photolithography. Step 3: Etch down to buried oxide with a
fluorine RIE. Step 4: Release the cantilever by etching away the buried
oxide below it with an HF based etchant. (critical process drying may
be required depending on device dimensions)

common bulk machining etchants such as KOH or TMAH. A typical surface
machining process flow for a cantilever using a silicon on insulator (SOI) wafer
is provided in figure 2.3. SOI wafers consist of a top “device” layer of silicon,
a buried SiOy layer (sometimes called buried oxide or BOx) and a bottom

“handle” layer for the wafer’s mechanical integrity.

2.3 Dynamic Versus Static Cantilever Opera-
tion
Cantilever sensors are generally categorized by their transduction mode; the

two main transduction modes are termed “static” and “dynamic”. In a static

mode, stress imparted by adsorption of the analyte of interest on the cantilever
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surface causes deflection, which is quantified and translated into the analyte’s
presence. In the dynamic mode of operation, a cantilever is driven to reso-
nance, when there is a binding event the added mass causes the cantilever’s
resonance frequency to change, which is correlated to the analyte’s presence.
The next couple sections will outline the theory, strengths and weaknesses of

both cantilever transduction modes.

2.4 Dynamic Mode

As previously stated, when a cantilever sensor is operated in dynamic mode
it is driven to resonance. The attachment of an analyte molecule will add
a small amount of mass to the cantilever lowering its resonance frequency.
Conceptually, this mode of operation is like QCM or SAW sensors in that it
is gravimetric. This section will outline some theories describing the vibration
of a cantilever beam, sources of noise and dissipation for resonant cantilevers,

and the mass sensitivity of dynamic cantilever transducers.

2.4.1 Spring Constant

The simplest model that can be applied to describe a resonating cantilever is
that of an undamped spring-mass system. The resonant frequency of a linear

simple harmonic oscillator can be described by the following equation:

1 k
[ = 3\ e (2.1)

Where k is the spring constant of the cantilever, and m* is the effective mass
of the cantilever. The cantilever’s true mass must be converted to an effective
mass because in a spring-mass model, the entire mass of the system oscillates
through the same maximum amplitude, while the vast majority of the can-

tilever’s mass does not oscillate through the full amplitude of oscillation. For



CHAPTER 2. CANTILEVERS 39

a single clamped rectangular cantilever of homogeneous density, the effective

mass can be computed to be 0.24 times its true mass(72; 122).

To determine the spring constant of a cantilever, we start with the equation
relating the curvature of a singly clamped cantilever beam to the moment

induced by a force at its tip (21).

d>u  F(L— 1)

e S 2.2
dx? EI (2:2)

Let us assume a solution in the form of
u(z) = A+ Bx + Cx* + D2? (2.3)

Since the cantilever is rigidly clamped at its base, we can apply the following
boundary conditions stating that displacement and slope of the cantilever are

zero at the clamping point.

u(0) =0 (2.4)
du(0)
T = 0 (2.5)

Applying these boundary conditions to our trial solution requires that the A
and B coefficients be zero. Substituting the remaining components of the trial

solution into the curvature equation we get.

FL
= — 2.
2ET (26)
—F
= 2.7
6E1 (27)
Evaluating the displacement at the tip of the cantilever we get
FL3
u(L) = (2.8)

~ 3EI
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Dividing the force applied by the displacement of the cantilever at its tip, we

get the spring constant.

3BT

k= (2.9)

Applying this result to the equation for the resonant frequency of an undamped

simple harmonic oscillator we get

fo 2t 3E (2.10)

27V m*L3

The spring constant is one of the most important characteristics used to de-
scribe a cantilever sensor. A cantilever’s spring constant is indicative of its
sensitivity to a force at its tip, therefore this metric is of great importance
to atomic force microscopists. The branching off of microcantilever sensors
from AFM means that this metric is still prominently used in describing the

physical characteristics of a microcantilever transducer.

2.4.2 FEuler-Bernoulli

One of the most widely used analytic models for determining the natural fre-
quency of a cantilever beam is the Euler-Bernoulli beam theory (valid for
beams whose length is much greater than thickness or width). As applied to
a beam of constant cross section and constant moment of inertia, the natural
frequency of a cantilever beam can be determined by solving the following
fourth order PDE.(123; 124):

0% 0*u
WHQ@ =0 (2.11)

where:

EI
SR —— 2.12
“=A (2.12)
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The Euler-Bernoulli PDE is linear and homogeneous, therefore we can solve it

using the separation of variables method:

u(w,t) = X (2)T(t) (2.13)

where the time independent Euler-Bernoulli equation is of the form:

X(z) = Acos(Bz) + Bsin(fz) + Ccosh(fz) + Dsinh(fx) (2.14)

For the case of a single-clamped cantilever we apply the following boundary

conditions to the time independent Euler-Bernoulli equation:

u(0) =0 (2.15)
dq;;o) ~0 (2.16)
d?x(f) ~0 (2.17)
dz‘g) ~0 (2.18)

These boundary conditions yield a non-trivial solution to the time independent

Euler-Bernoulli equation when:

cosh(BL)cos(BL) = —1 (2.19)

which can be applied to the following equation to yield the frequencies of the

flexural modes of the cantilever beam:
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_ g, EL
=23 (2.20)

For the case of a doubly clamped cantilever beam, we apply the following

boundary conditions:

u(0) =0 (2.21)
du(0)

S =0 (2.22)
uw(L) =0 (2.23)
du(L) _

= =0 (2.24)

These boundary conditions yield a non-trivial solution to the time independent

Euler-Bernoulli equation when:

sinh?(BL) + 2cosh(BL)cos(BL) — cosh*(BL) = 1 (2.25)

The first four values of SL that yield nontrivial solutions to the Euler-Bernoulli
equation are listed in Table 2.1. When applied to equation 2.20, these values

will yield the frequencies of the first four flexural modes of vibration.

2.4.3 Quality Factor and Losses

All of the equations dealing with resonance frequency thus far have assumed
that there is no source of mechanical loss, which is never the case in the real
world. We can view a cantilever’s resonant oscillations as a way to store en-

ergy. However, there are a number of processes which take place to dissipate
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Table 2.1: Values of SL that satisfy equations 2.19 and 2.25
mode single clamped double clamped

1 1.875 4.730
2 4.694 7.854
3 7.855 10.996
4 10.996 14.137

this energy; these phenomena reduce the cantilever’s resonance frequency and
spectral purity. The sources of mechanical loss are numerous, and quite a few
of the mechanisms are poorly understood making their quantification diffi-
cult. The cantilever’s energy may be lost to environmental sources like viscous
damping in liquids or atmosphere. Energy may also be lost to intrinsic sources
like clamping losses, motion of defects, grains, dislocations, phonon-phonon or
phonon-electron scattering, or surface related phenomena. There are a number
of tricks to mitigate the losses caused by these phenomena. Cantilevers can
be resonated in vacuum to mitigate viscous damping effects. Torsional beam
designs and beams under high tensile stress (125; 110) have been explored
to mitigate the effects of nonideal clamping points. Cantilever beams can be
cooled (126; 127) to limit phonon related scattering. Surface passivations have

also been explored to mitigate dissipation from surface oxidation (128; 129).

Quality factor (also called Q) is a measure of the spectral purity of a resonator,
thus a metric that can be used to quantify its mechanical lossiness. Q is a

dimensionless parameter and can be defined as:

=2r— 2.26
Q=2m (2.26)
Where Wy is the energy of the resonant cantilever and AW is the energy lost

per oscillation cycle.

A cantilever undergoing damping will have a frequency response in the form
of a Lorentzian function (124) and the Q-factor is determined by the ratio

of the resonance frequency to the bandwidth of the resonance spectra. The
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Figure 2.4: Sample cantilever resonance spectra, with half power and
frequency bandwidth annotated.

Q-factor is of interest when applying a resonant cantilever as a gravimetric
sensor; the higher the Q-factor is, the more accurately small changes in res-
onance frequency may be resolved (130). A typical way to experimentally
assess the Q-factor is to look at its frequency response and apply equation
2.27 to the resonance peak. Q-factor measurements have also been demon-
strated through monitoring a cantilever resonator’s ringdown time (131; 132).

A sample resonance spectra is provided in figure 2.4.

fo

Q:fBW

(2.27)

Where fj is the centre frequency of the resonance peak and fgWW is the width

of the Lorentz peak at its -3dB point (Half power).
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2.4.4 Mass Sensitivity

Resonant cantilever transducers operate by translating changes in resonant
frequency into a quantity of adsorbed mass. The simplest and most common
model assumes that the adsorbed analyte molecules do not induce any stress
(which would also have an effect on the cantilever’s resonance frequency) and
that the added mass is small compared to that of the cantilever. In this case,
we can derive a simple approximation from equation 2.1 and correlate the

change in resonance frequency to the added mass with the following equation.

f%:%%? (2.28)
One must note that the mass in this equation is the effective cantilever mass
and that this is valid only if the added mass is distributed evenly over the
surface of the cantilever transducer and the cantilever is excited at its first
mode. This equation or minor variations of it have been applied for a wide

array of cantilever transducers (133; 79; 33; 130; 32).

From equation 2.28, we can clearly see that the lower a cantilever’s mass is
the more its frequency will shift with a given adsorbed mass. Indeed it has
been shown that the mass sensitivity for a distributed load is dependant on
the density and thickness of the cantilever (122; 73; 72):

S = — (2.29)

Knowing the minimum detectable frequency (from instrumentation limita-
tions), we use the sensitivity to determine the cantilever transducer’s minimum

detectable mass using the following equation (122; 73; 72):

(2.30)

Thus, for a resonant cantilever sensor, we desire to use a material that is stiff
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for high resonant frequency and has a low density so that the binding of light

analyte molecules may be more significant compared to the cantilever’s mass.

Ekinci et al. (134) performed a more in depth analysis of nanocantilevers,
taking into account the real world signal to noise issues that are inherent in any

measurement to determine the minimum detectable mass for a nanoresonator.

A _
AMin 2 25 /Q—u‘ilo 2 (2.31)

Where m.¢; is the effective mass of the resonator, Q is the quality factor and

wo is the angular frequency of the resonant oscillation. DR is the dynamic
range and can be calculated as the ratio of amplitudes Aggna and Aypise.
Af is the measurement bandwidth and is defined as Af = % This result
has been used subsequently in numerous publications on mass sensitivity of
resonant cantilevers (12)(135)(136)(137). From this analysis we see that both
the resonator’s mass and quality factor are important values to optimize in
order to optimize mass sensitivity, as well as tailoring the resonator to minimize

the noise in assaying.

If the analyte in question induces a significant surface stress on the cantilever,
this effect must also be decoupled from the mass signal. Chen et al. (79)
solved this issue with a position sensitive detector to directly measure can-
tilever bending while simultaneously measuring the first mode of resonance.
Bending information was translated into a virtual spring constant (using a
string model for the cantilever), which can be added to the cantilever’s real
spring constant to account for surface stress effects. More recent investiga-
tions (138; 139; 54) into decoupling mass and stress effects have centred more
around exploiting the difference in the cantilever’s frequency dependance on

added mass and stiffness as the mode number is increased.
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2.5 Static Mode

A cantilever transducer operating in static mode detects the presence of an
analyte of interest due to stress imparted by binding of that analyte to the
surface of the cantilever. Static mode cantilever sensors do not operate in
a way that is comparable to any of the transducer technologies outlined in
chapter 1, and thus require a bit more of an introduction. This section will
outline the principles of static mode cantilever operation, the Stoney model
and its application, optimization of cantilever design, and the strengths and

weaknesses of static cantilever sensors.

It has been demonstrated that static cantilevers can be applied as calorimeters
with femto-joule level sensitivity (140; 75; 76). This level of thermal resolution
enables the detection of chemical reactions at the surface of the cantilever
(77). Apart from deflection due to the thermal signature of a reaction, it is
important to note that there is a second source of deflection that must be
studied; the change in surface free energy. Consider a solid metal slab, all
forces on the atomic nuclei in the metal can be ascribed to Coulomb forces
caused by electron distributions around the nuclei. If we bisect the solid, the
electron distributions at the new surface must rearrange to account for the
absence of neighbouring atoms, thereby creating a mild tensile stress (141).
The relation between surface stress and surface free energy is described by the
Shuttleworth equation (142). The adsorption of analyte molecules on to the
surface of a solid will modify the electronic structure at its surface and thus
modify the surface free energy (typically causing a relaxation interpreted as a
compressive stress (73)). It is important to note that both these phenomena

are important in the application of microcantilevers for static sensing.

Typically, to prepare a cantilever for a stress sensing application, only one
side of the beam is modified so that it interacts preferentially with the analyte
of interest, while the other side does not. Consequently, adsorption events
only occur on the sensitized side of the cantilever, modifying its free energy

and inducing a stress which results in cantilever deformation. This model for
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Compressive Stress Tensile Stress

Figure 2.5: Schematic diagram of the bending of a substrate due to
stress induced by the deposition of a compressive or tensile thin film.

cantilever bending describes the stress induced by thin coatings on ideal sur-
faces. If the cantilever is modified with a chemically sensitive layer that is
permeable and much thicker than a monolayer (like a polymer), the dominant
source of deflection signal may arise from the swelling of the chemically sen-
sitive layer(143; 73). In either case the cantilever bending is typically applied
to Stoney’s model to quantify the stress imparted by the target analyte.

2.5.1 Stoney’s Equation

Stoney’s equation continues to be most widespread model for determining the
curvature of a plate due to the deposition of a thin film (144; 145). The
equation was developed to describe the bending of a steel plate due to the
electrodeposition of a nickel film. Stoney’s equation has found widespread
application in the microelectronics and MEMS industries to determine and
control the stress of thin films to ensure that devices will not be damaged by
stress induced deformation, buckling or delamination. Stoney’s equation is as

follows

B
"~ 6R(1—v)

o (2.32)

where o is the surface stress induced by the deposited film, E is the Young’s

modulus of the substrate material, h is the substrate thickness, R is the re-
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sultant radius of curvature of the substrate and v is the Poisson’s ratio of the

substrate material

The Stoney equation is applied when the deposited thin film is uniform and
much thinner than the substrate thickness and the material properties of both

substrate and film are isotropic.

Since Stoney’s equation was derived for unconstrained substrates, there has
been much discussion about its validity with respect to cantilevers which
are rigidly constrained at the clamping point. Investigators have specifically
worked towards corrections to Stoney’s equation for cases where the deposited
film is on the same order of thickness as the substrate (146) or where the
cantilever length to width ratio is small and results in heightening the effect
of the clamping point (147). However, if these design pitfalls can be avoided,
Stoney’s equation can be used accurately (without need for correction) for

cantilevers in general (52; 145) and AFM cantilevers in particular (79; 148).

2.5.2 Stress Sensitivity

The spring constant of a cantilever is often quoted as a measure of its com-
pliance. Technically, the spring constant is a measure of the cantilever’s com-
pliance to a point force. Static cantilever sensors however do not measure a
point force, they measure the distributed force of a surface stress. Stoney’s
formula accurately relates the surface stress on a plate to its radius of cur-
vature. However most researchers use PSDs to measure the deflection of the
tip of a cantilever and not the radius of curvature. To adapt Stoney’s formula
to cantilever tip deflection, one can apply the following relations between the

radius of curvature and the cantilever tip deflection (82; 148; 149).

Using the construction in figure 2.6 z and y can be defined as:

z=R- Az (2.33)
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Figure 2.6: Schematic diagram of a cantilever undergoing bending due
to surface stress

y=1—Ay~l (2.34)

We can then use Pythagorean theorem to relate the radius of curvature of the

beam to z and y:

R=+12+22=+/12+ (R - Az)? (2.35)

Simplifying for small deflections

2 Az 2

R=55- "2 ~aa:

(2.36)
If this is applied to Stoney’s formula stress and cantilever deflection are cor-

related by:

ERh?Az

7= 312(1 —v)

(2.37)

From equation 2.36 we can see that if we want to design a static cantilever
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Table 2.2: Summary of suitable environments, sources of noise and
desireable properties for static and dynamic cantilever transducers.

ol

Transduction| Suitable en- | Sources of noise Desirable properties
type vironments
Static Ambient, Temperature, Solu- | Long and thin di-
Liquid tion flow (in liquid) | mensions, low intrin-
sic stress
Dynamic Vacuum, Viscous damping, | High E, Low p, Thin
Ambient Surface effects, | dimensions
Stress

of high sensitivity we need to focus on materials and processes that enable

fabrication of extremely thin and long cantilevers.

2.6 Contrasting Transduction Methods

Static and dynamic transduction methods are two very different strategies for
Both methods work

well in different environments, making the general field of cantilever sensors

applying cantilevers as bio and chemical transducers.

quite robust in terms of application flexibility. Both transduction methods
also have their own proper design criteria for optimizing sensitivity, and their
own distinct sources of noise. A quick summary of the respective strengths
and weaknesses as well as the desirable optimization parameters is described
in table 2.2.

2.7 Readout Methods

In a sensor, the transducer operates by translating the physical change brought
about by the detected target into a signal which we can interpret. In the case
of a resonant cantilever sensor, a bound analyte induces a change in resonance

frequency and quality factor, while in a static cantilever sensor, a change in the
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surface stress caused by adsorbed analyte induces a deflection in the cantilever.
The choice of readout method is of critical importance in the application of
cantilever sensors. Depending on the application of the cantilever sensor or
cantilever design constraints, certain readout methods may not be a good
choice. Below is a short summary of a number of readout technologies for
static and resonant cantilever sensors with a focus on their strengths and

weaknesses.

2.7.1 Optical Methods

Optical Lever

The position sensitive detector method is one of the most popular cantilever
sensor readout methods in literature and is described in a number of review
articles (149; 73; 150; 122). This is the same method which is used to track de-
flection or frequency shift in an AFM cantilever as explained briefly in chapter
1. This method is sometimes called the “optical lever” method. A laser spot
is reflected off a cantilever beam onto the intersection of a quadrant photo-
diode. The voltages from the respective quadrants of the photodiode provide
information about the deflection of the cantilever, which is fed back to a piezo
stack that keeps the reflected laser spot close to the intersection of the split
photodiodes so that the deflection signal is not lost. This method can be used
for deflection as well as resonant cantilever transducer readout since the piezo
stack can be used to excite the cantilever beam at its resonance frequency. The
oscillation of voltage between upper and lower PSD quadrants can be corre-
lated to the cantilever’s resonant frequency, while the mean PSD voltages can
be correlated to the cantilever deflection. This method was pioneered by Meyer
and Amer (151; 152) as an improvement to the AFM and it has since become
the standard bearer for AFM tools. The deflection resolution of this method is
reported to be 1071 m (73). While the optical lever method may be the most
widely used readout method, it does have some drawbacks that have limited

its use. Firstly, changes in the optical properties of the medium surrounding
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the cantilever can interfere with signal interpretation. Also, the optical lever
method can only be used for applications in which the cantilever medium is
not opaque. The bandwidth of the PSDs are also a limiting factor that con-
strain readable frequencies typically to the range of hundreds of kilohertz; of
course this is not an issue in static mode operation. One example of a commer-
cially available cantilever readout system based on the optical lever principle
is the Cantisens system marketed by Concentris. The Cantisens system uses
the optical lever technique with a multiplexed laser to monitor the resonance
frequency or deflection of eight microcantilevers (153; 154) in either a liquid

or gaseous environment.

Interferometer

Interferometry is another well explored optical method for cantilever frequency
or deflection readout. There are a number of methods to implement an in-
terferometer to readout the frequency of a cantilever. A Fabry-Perot type in-
terferometer design is a robust method which was demonstrated by Carr and
Craighead (155) to measure the deflection and resonance frequency of silicon
cantilever bridges fabricated out of SIMOX. A laser is used to illuminate the
silicon beams through a beamsplitter and a microscope objective. The laser
spot reflects off of the cantilever beam and the substrate, returns back through
the microscope objective and is reflected off the beamsplitter and focused and
combined on a photodetector. Part of the optical signal at the photodetector
is due to the optical path difference between the top of the cantilever and the
reflection off the substrate. Any deflection that the cantilever undergoes will
cause a small modulation of the light intensity at the frequency of the can-
tilever. Naturally, this signal will be greatest when the cantilever is excited
at its resonance frequency. A spectrum analyzer can be used to readout the
photodetector data and simultaneously provide a drive signal via its tracking
output. The cantilever can be excited to resonance by a number of methods
including inertial drive with a piezo disc (109), electrostatic actuation (108)

and thermal actuation (156). This type of interferometry is employed for the
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Figure 2.7: Schematic diagram of a resonance assaying interferometer
setup.

work conducted in chapters 3 and 4 of this thesis and a schematic representa-
tion of this type of interferometer setup using a piezo disc is provided in figure
2.7.

Most interferometry uses lasers or other light sources with a long coherence
length because this property facilitates in obtaining an interference pattern.
To obtain an interference pattern, the optical path length (OPL) of the dif-
ferent arms of an interferometer must be matched to be within the coherence
length of the interferometer’s light source. Usually a short coherence length is
regarded as bothersome, but it does confer one advantage. We can measure
the topology of a sample by treating it as a mirror at the end of one arm of an
interferometer. This method is however susceptible to confounding when there
is a height discontinuity of greater than A/4, since that would constitute a dif-
ference of 180° in phase. This confounding is essentially aliasing as described
by Nyquist-Shannon sampling theory. By purposefully using a short coher-
ence length source of light, one can limit the interference to a small envelope
of height. By limiting the interference to only a small fringe envelope we can
precisely determine what part of the sample is exactly matched in OPL with a
reference arm, thus allowing accurate mapping of the sample’s height. This is
the principle behind white light optical profilometers (157). A representation

of a white light interferometry fringe envelope (fringe intensity vs difference
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Figure 2.8: Graph of intensity vs difference in optical path length for
a white light interferometer. As the optical path lengths of the two

arms of the interferometer become further apart the fringe intensity is
drastically reduced.
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in reference arm optical path length) is provided in figure 2.8. White light
interferometers are commonly used to nondestructively measure step heights,
surface roughness and critical dimensions in MEMS devices with nanome-
tre level resolution in the z direction. O’Mahony et al. (158) used scanning
white light interferometry (SWLI) to analyze the profiles of various MEMS
devices and summarized its strengths as a fast, non-destructive, non-contact
method that usually requires no sample preparation to accurately measure z
height. This is of great importance because SWLI provides a quick way to
determine whether MEMS devices have undergone destructive buckling due
to stress. Fang and Wickert (159) demonstrated SWLI’s usefulness by profil-
ing cantilever structures and their clamping points to determine the mean and
gradient stress in the cantilever material. SWLI does have some limitations
that reduce its usefulness. Firstly it is not capable of accurately measuring the
step height of optically transparent materials like SiO,. Secondly, using the
sample as a mirror means that structures with significant angular deflections
may reflect probing light away from the interferometer’s detector, giving an
incomplete image. White light interferometry has been used in the work out-
lined in chapter 5 of this thesis and a diagram of a white light interferometer

assaying the height profile of a bent cantilever is provided in figure 2.9.

Laser Doppler Vibrometer

A laser Doppler vibrometer is a sensor that uses interferometry and the Doppler
effect to extract the velocity and phase information of a resonating structure.
A laser light is used as the source for a modified Mach-Zehnder interferometer.
The probe beam goes to the MEMS device being queried, device displacement
is encoded in the phase information and device velocity is encoded in the fre-
quency of the reflected beam (160). The probe beam is recombined with a
frequency shifted reference beam and the mixed signal is decoded to trans-
late the displacement and velocity information. This method can be used for
transient as well as periodic motions (161). Polytec is a prominent commer-

cial supplier of a wide variety of laser Doppler vibrometers with both single
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Figure 2.9: Schematic diagram of a white light interferometer setup.

pixel and scanning abilities (162; 163). Scanning laser Doppler vibrometers
have been used for the characterization of more complex MEMS structures
like paddle oscillators (164; 165) and comb-drives (166). There are some lim-
itations to laser Doppler vibrometry as a tool. Like other optical tools this
system takes up a large footprint and demands that the optical medium sur-
rounding the structures be relatively stable and not opaque. The laser Doppler
vibrometer is better suited to map the mode shapes of MEMS a cantilever,
which can be advantageous for decoupling mass and stress effects on a device’s

resonance frequency.

2.7.2 Electrical Methods

Tunnelling

Electron tunnelling is an electrical cantilever transduction method that has

been explored, although it is more commonly associated with scanning tun-
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nelling microscopy (STM). A conductive cantilever beam with a sharp tip (like
an AFM cantilever) is brought in near contact with a conductive counter-
electrode by an electrostatic force (167). The cantilever’s response to an ana-
lyte can be determined by the tunnelling current. However, a feedback loop is
required to maintain a constant tip-electrode distance since small forces would
quickly let the microfabricated cantilever cross the ~10 nm gap and impact
the counter-electrode. Tunnelling current is highly sensitive to displacement
and has been shown to measure cantilever displacements as low as 10~ nm
(73). Scheible et al. (168; 169) have used this transduction technique to ex-
plore improved low-loss resonator geometries with the vision of improved RF
filters. Extreme deflection sensitivity is an attractive property of a tunnelling
transduction scheme, but it is also very sensitive to the materials between the
electrodes, and is relatively infrequently used in literature. Additionally, the
requirement of a conductive surface necessitates the incorporation of a metal
coating on the cantilever which has been demonstrated to lead to poorer Q-

factor in resonant cantilever transducers (109).

Piezoresistive

The piezoresistive approach is a particularly elegant method for the readout
of silicon cantilever transducers. Piezoresistivity is the change in resistance
due to an applied stress (149; 73) and doped silicon is a material that ex-
hibits a strong piezoresistive effect. Not only can one exploit the property
that P-doped silicon is an effective etch stop layer for KOH based etchants
when machining silicon cantilevers, the same material exhibits this fortuitous
piezoelectric effect. Of course this technique has some geometrical limitations
and would require a doped channel or a two-legged cantilever which we could
measure the resistance across. The change in resistance associated with the
cantilever’s strain is typically read out by a dc-biased wheatstone bridge. The
typical resistance of a boron doped silicon microcantilever is in the range of
a few kilo-ohms (k€2). The advantages of a piezoresistive readout mechanism

are that it is compact and much of the readout circuitry can be integrated on
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chip. Additionally piezoresistive transduction is ideal for applications in which
the optical properties of the medium will confound optical readout techniques,
and it is unaffected by the conductivity of electrolyte buffers that can be nec-
essary for biosensing applications. Unfortunately, piezoresistive transduction
does place design limits on cantilever dimensions and materials, and resistive
heating from the readout mechanism may cause a bending signal of its own

which would need to be deconvolved from the actual analyte signal.

Cantion A/S (153; 170) (since taken over by NanoNord A/S) designed com-
mercially available piezoresistive chips, readout and fluid handling systems
which have been used by a number of investigators for chemical sensing ap-
plications (89) (85). A notable application of piezoresistive transduction was
innovation by Li et al. (171) to apply thin metal films as the piezoresistive
layer for SiC nanocantilevers. Metals have a low piezoresistive gauge factor,
but the deformation a metal film undergoes when the cantilever is stressed will
cause a relatively small change in resistance (20x less than doped Si). This
much smaller change in resistance was compensated for by much improved
impedance matching between the cantilever and the readout electronics so that
cantilever signal was not lost (estimated 10* fold improvement). Au metal has
also been incorporated as a piezoresistor in SU-8 polymer cantilevers for static

chemical sensing presented by Johansson et al. (172; 173).

Capacitive

Capacitive measurements have been studied as a transduction method for
AFM cantilevers (174) and some smaller cantilever devices. In this method
changes in capacitance between a metalized cantilever and a reference elec-
trode are related to cantilever displacement and frequency. This transduction
method is compatible with standard CMOS technology, which is advantageous
for mass production and integration (73). Capacitance between two plates is
proportional to plate area and inversely proportional to plate distance. Thus as

a cantilever sensor is scaled down, the distance between cantilever and sensing
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electrode must be reduced drastically. Capacitive transduction is also suscep-
tible to confounding by changes in dielectric constant between the cantilever
and sensing electrode, which has limited its applications in liquid environ-
ments. Additionally, as with the tunnelling sensor, the addition of a metal

layer is deleterious for resonant applications.

2.8 Summary

In this chapter we provided a overview of principles involved in the fabrica-
tion, design, modelling, and readout of static and dynamic cantilever trans-
ducers. Bulk and surface machining methodologies were described and their
benefits and limitations were explored. Theories to describe the resonant and
static behaviour of cantilever structures and their limitations were summa-
rized. These theories were used to illustrate principles behind the design of
static and resonant cantilever transducers. Lastly, common methods used to
quantify cantilever transducer signal were described and their advantages and

drawbacks were summarized.



CHAPTER 3

Single Crystal Silicon Nanocantilevers

3.1 Introduction

This chapter is a record of the development of nanocantilever resonators in
silicon!. Silicon is one of the more common materials for nanocantilever res-
onators and the wealth of literature available enabled easier troubleshooting
of fabrication techniques and characterization of the resonators. Some of the
techniques, recipes and expertise developed for this project were directly ap-
plied in subsequent chapters. This work was completed in the University of
Alberta Nanofab and electron microscope inspection was performed at the
National Institute for Nanotechnology (NINT).

3.2 Silicon on Insulator

Silicon is a relatively common material to fabricate surface machined micro

and nanocantilevers from (176) due to its ubiquity in the microelectronics field

LA version of this chapter was published in Ref. (175). All data analyzed and inter-
preted by N. Nelson-Fitzpatrick. All fabrication was performed by N. Nelson-Fitzpatrick.
Resonance measurement was performed by N. Wilding and N. Nelson-Fitzpatrick. DRIE
recipe was adapted by N. Nelson-Fitzpatrick with technical guidance from P. Li and S.
McColman. Additional guidance was provided by K. Westra.
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and a wide array of processes available to machine it. One common technique
for fabricating surface machined MEMS and NEMS (including cantilevers) is
to exploit silicon on insulator (SOI) wafers. Carr et al. (155) were the first
to apply SOI to fabricate cantilever nanoresonators and subsequently studied
loss mechanisms as the surface to volume ratio of the structures was increased
(108). SOI is ideal for many MEMS and NEMS devices that can be surface
machined because it comes with a built-in sacrificial layer. Additionally, res-
onant cantilever devices benefit from the ability to machine devices out of a
single crystal material, avoiding polycrystalline sources of dissipation. Celler
et al. (177) have published a comprehensive review of the many ways to fabri-
cate SOI wafers. For micron scale device layer and sacrificial layer thicknesses,
a wafer bonding method like BESOI or Smart Cut (178) is employed. These
methods involve growing an SiO, layer on a single crystal Si substrate, then
fusion bonding this wafer to a “handle” silicon wafer, and removing silicon
from the original oxidized wafer until the device layer is ground down to the
desired thickness. For nanometre scale applications SOI is generally synthe-
sized by a technique called Separation by IMplantation of OXygen or SIMOX
which was first described by Izumi et al. (179). SIMOX wafers are formed by
high dose ion implantation of O" into a single crystal Si wafer. Annealing
is required during implantation to prevent crystal damage and afterwards to
promote the formation of a uniform SiO, layer. SIMOX SOI wafers (device
layers of 200 nm and 50 nm, with BOx layer of 370 nm) from IBIS technology

were used in this work.

3.3 Cantilever Fabrication

The fabrication of silicon nanocantilevers was conducted using a surface ma-
chining methodology very similar to that described in Figure 2.3. The sub-
strates were cleaved into approximately 1 cm x 1 ¢m dies, then cleaned with a
sequence of hot Piranha (3 HySOy4: 1 HyO,) to remove organics and buffered
hydrofluoric acid (1 HF: 10 NH4F) to remove the native oxide. The samples
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were then dehydrated on a hot plate at 200°C for 5 min in the ambient at-
mosphere of a class 10 environment. A 60 nm thick polymethylmethacrylate
(PMMA) 495K electron beam resist was spun and then baked at 180°C for 30
min. This step was then repeated with a 60 nm thick PMMA 950K resist, cre-
ating a bilayer for lift-off. The substrates were patterned with a Raith150 Elec-
tron Beam Lithography (EBL) system and developed in a methylisobutylke-
tone based developer (1 MIBK: 3 IPA). The patterned resist is then subjected
to a light Oy “descum” plasma to smooth any roughness in the resist template
resulting from nonideal developing. The patterned resist was then used to
generate a 30 nm thick chrome masking layer by electron beam evaporation
and lift-off of the unexposed areas. In preparation for the cryogenic etching
technique, the silicon substrates were once again cleaned, this time with a
hot piranha solution (2 HySO4: 1 HyOs) and buffered hydrofluoric acid. The
samples were then bonded to a handle Si wafer by using HPR 504 photoresist
as an adhesive and baking on a vacuum hotplate for 5 min. The handle wafer
and die were exposed to the cryogenic DRIE process, removing all unmasked
silicon on the device layer of the SOI chip. The Cr mask is then removed with
a b min bath of chrome etchant (care must be taken as the quoted etch rate
is not very accurate for such thin layers). The cantilevers are now released by
etching away the SiO, in a buffered hydrofluoric acid bath (timing dependant
on cantilever critical dimensions) which is rinsed successively with deionized
water (DI) and isopropyl alcohol (IPA). The die is then kept submerged in a
beaker of IPA and transferred to a Tousimis critical process dryer, where the
IPA is slowly replaced by liquid CO, under pressure then heated beyond the
critical point. Beyond this critical point the CO, exerts no surface tension
as it is removed (180), allowing the release of freestanding cantilevers with-
out destructive stiction effects. Details of the electron beam lithography and

cryogenic etch steps are provided below.
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3.3.1 Electron Beam Lithography

Electron beam lithography (EBL) is a high resolution maskless lithography
technique that is often used to define nanostructures. Typical lithography
techniques use a source of optical radiation to expose a photosensitive polymer
“photoresist” through a mask which can then be developed and used as a mask
for further etching or deposition steps. The ultimate resolution achievable
by these optical techniques is limited by the wavelength of the lamps used.
Alternatively, electron beam lithography uses a scanning electron microscope
column to focus electrons down to a small spot on the order of 20 nm. Typical
accelerating voltages for electron beam lithography vary from 1 kV to 100 kV.
This spot is typically rastered across a sample coated with an electron beam
sensitive polymer like PMMA (Poly-methyl methacrylate) or HSQ (Hydrogen
silesquioxane), which is then developed and the pattern is transferred to the
device material. The drawback to this lithography technique is the serial
nature of exposure yielding a slow throughput, as the beam must be slowly
moved across the sample exposing each part of the desired pattern in steps

smaller than the beam spot size.

The Raith150 is a low voltage EBL system with a range of 0.2 kV to 30 kV
accelerating voltage. The accelerating voltage used determines the interaction
volume, that is the volume of material (resist, substrate) that the electron
beam will impinge. A lower accelerating voltage constrains the interaction
volume near the surface of the material (in the e-beam resist), effectively de-
creasing resolution but also decreasing the number and range of backscattered
electrons which may cause unintentional exposure (181; 182). Alternatively,
a high accelerating voltage increases the interaction volume and the range
and number of backscattered electrons, but keeps the beam spot well focused
through the resist layer which can improve resolution. However, with good
process optimization low accelerating voltages can still achieve excellent resolu-
tion. Mohammad et al. recently demonstrated 11 nm released beams patterned
with a 3 kV e-beam lithography process (111). Figure 3.1 is a comparison of
the simulated paths of 200 electrons computed using CASINO (183), a Monte
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Figure 3.1: Output from CASINO simulation displaying electron tra-
jectories for 10kV and 30kV electron beam lithography spot.

Carlo based electron simulator for solid materials.

Figure 3.1 shows that the interaction volume is much more constrained and
the backscattered electrons are fewer in the 10 kV simulation than in the 30
kV simulation. A 10 kV accelerating voltage was subsequently used since
the drop in achievable resolution is rather small, and the relief of proximity
effects greatly simplifies e-beam pattern design. PMMA was chosen as the E-
beam resist since its properties are well understood and it is a positive resist,
where the portions of the resist exposed to the electron beam become soluble
in the developer. This is important if we wish to apply a lift-off process for

transferring our pattern into a thin film, (a Cr mask in this chapter).

3.3.2 Cryogenic Reactive Ion Etch

Once the cantilever pattern has been transferred into the Cr mask layer, we
need to transfer this pattern into the silicon below. There are many ways to
etch silicon, but if we wish to pattern very fine features with reliable control
over the resulting width of the silicon beam, we need to employ an anisotropic
etch technique. Isotropic etches like a plain SFg RIE will etch uniformly in all
directions causing line features to be smaller than designed and trenches to be

larger. Figure 3.2 is an illustration of the etch profiles of an anisotropic and an
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Figure 3.2: Ilustration of anisotropic and isotropic etch profiles on a
trench feature.

isotropic etch. For devices with critical dimensions in the micron range, and
etch depths in the nanometre range, this may be an acceptable compromise.
However, this nonideality would wipe out the fine features of nanodevices. One
must therefore employ an anisotropic etch technique. One of the most common
anisotropic RIE techniques is the Bosch process. This process alternatively
applies etch and passivation (eg. SFg and C4Fg) plasmas over a prescribed
number of cycles resulting in the machining of microstructures with aspect
ratios exceeding 20:1. Bosch etch technology is however prone to producing
submicron scalloping defects on the sidewalls of the etch channel, which could
be disabling for devices with critical dimensions in the 100 nm range. Alternate
RIE chemistries have been explored for high aspect ratio etching in silicon, but
these methods are often highly sensitive to environmental issues in the process
chamber like wall conditions, temperature or gas flow which may vary from
run to run and chamber to chamber. A more robust highly anisotropic etch

technique would be ideal.

The recent years have seen the development of anisotropic silicon etch tech-
niques operating at low temperatures (120; 184). In these techniques, the
silicon substrate is cooled to cryogenic temperatures while being exposed to
halogen-containing plasmas mixtures such as SFg/Os. Cooling is leveraged

to control the deposition of a SiO,F, passivation layer on sidewalls, which
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Figure 3.3: Schematic diagram of the cryogenic reactive ion etch pro-
cess. Silicon oxyfluoride passivation is deposited all over the trench
structure. The passivation layer is etched physically by ion bom-
bardment exposing the trench bottom to chemical attack from radical
species.

blocks fluorine ions from chemically etching them. The etch profile is con-
trolled by a balance between the deposition of passivating silicon oxyfluorides
on the sidewalls and the etching of the trench bottom (which is dependant on
ion bombardment from the plasma). Figure 3.3 is a schematic showing the
two mechanisms of the cryogenic etch process acting on a trench structure.
This ability to both passivate and etch at the same time has been successfully

employed for the development of waveguide structures in silicon (185).

We chose to develop a cryogenic anisotropic silicon etch recipe similar to those
published before (120; 184), optimizing the recipe for nanocantilever struc-
tures. This cryogenic etching process consists of four steps. First the wafer
is loaded into the plasma reactor and rests on the cooled chuck for 5 min in
order to achieve the desired temperature (-120°C). We have used 1 cm? dies of
SOI bonded to bare Si wafers to avoid waste of material while ensuring control
and reproducibility of the etch rate. Second, an O plasma is run for 10 s,
to clean the silicon substrate and prepare it for etching. Third, the SFg/O,
etching plasma is lit to etch the substrate. The duration of this step depends
on the depth of the desired etch. A 22 s etch was used for 200 nm thick silicon
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Table 3.1: Process steps for cryogenic etching.

Process | Time | Temp | Pressure| ICP power | RF power | He press. | SFg flow | Og2 flow
step (°C) (mTorr) | (W) (W) (Torr) (sccm) (sccm)
Pump / | 5:00 -120 N/A 0 0 N/A 0 0

cool

Oxygen | 0:10 -120 4 150 20 10.0 0 20
plasma

Etch 0:10 -120 10 500 3 15.0 40 9

He re- | 5:00 -120 N/A 0 0 N/A 0 0

lease

devices while a 10 s etch was used for 50 nm thick samples. Lastly, a helium
release step is used to ensure that the process wafer is not stuck to the cooled

chuck. The parameters employed are detailed in Table 3.1.

After etching the devices, the Cr mask is removed and the structures are
released with a buffered HF etch of the SiO5 and a critical point dry step. A
scanning electron micrograph of our resulting cantilever beams is provided in
figure 3.4.

3.4 Resonance Data

Our released cantilevers were mounted in an interferometric resonance mea-
surement setup as described in section 2.7. We evacuated the chamber (rough-
ing or turbomolecular pump) to below 10 mTorr to mitigate viscous and
squeeze damping effects. The chip was driven by a piezo disc attached to
the tracking output of the spectrum analyzer. Resonance frequencies of 400
nm and 800 nm wide single clamped cantilever beams of varying length (4 pym
to 14 pum) were measured for first and second flexural modes. Figure 3.5 is a
sample resonance spectra from a 400 nm wide single clamped cantilever beam.
We measured the quality factor for individual cantilevers by fitting a Lorentz

probability distribution function to the recorded resonance spectra.

The quality factors of the assayed cantilever resonators varied from 744 to
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Figure 3.4: 150 nm wide silicon cantilever beam etched by cryogenic
process and released with buffered HF and CPD. Artifacts below the
cantilever are believed to be an artifact of the SOI synthesis and unre-

lated to our processing.
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Figure 3.5: Resonance spectra of the first mode of a 400 nm wide, 4
pm long, 200 nm thick silicon cantilever etched using the cryogenic RIE
process.

13100. Correctly interpreting the Q-factor can be difficult since it may be
influenced by many mechanical and electrical phenomena resulting from both
intrinsic material limitations or extrinsic processing factors. The resonance
frequency of cantilever beams however tells us a lot about their mechanical
characteristics. Using the Euler-Bernoulli equation (2.20), the frequency of
the first mode (SL = 1.875) of these rectangular silicon cantilevers (moment

of intertia: I, = “{—’;3) can be predicted by the following equation.

3.016t | E
=515 3.1
/ 2w L2\ 12p (3:1)

By using a least squares fit of the cantilever’s frequency to its length we may
extract the speed of sound \/% in the device material. Figure 3.6 is a plot
of the fundamental resonance frequency (to the power -0.5) versus cantilever

length of a series of 400 nm wide SOI cantilever beams.
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Figure 3.6: Frequency vs cantilever length plot for 400nm wide SOI
cantilever beams. Note that error bars corresponding to frequency mea-
surement are vastly smaller than the data point icons.

From the slope of the trendline in figure 3.6 we can determine that the speed
of sound in these silicon cantilevers was 7680 =*. Given the density of single
crystal silicon is well defined (pg; = 2.329 -Z3), the speed of sound can be
used to infer the Young’s modulus. Table 3.2 is a summary of the mechanical

characteristics of the cantilever material inferred from the resonance data.

3.5 Summary

In this chapter, we outlined the development and testing of cantilever beams
fabricated out of silicon on insulator wafers. We applied and refined electron
beam lithography techniques for the patterning of silicon nanocantilevers. This
pattern was then transferred into the device layer of an SOI die using a cryo-
genic anisotropic reactive ion etch. This is an etch that uses simultaneous

passivation and etching mechanisms rather than a gas chopping methodology
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Table 3.2: Summary of physical values of SOI material as measured by
the resonating cantilever beam method.

Cantilever width  mode % E
nm unitless m/s GPa
400 1 7680 150
400 2 8040 137
800 1 8950 191
800 2 9050 186

(like the Bosch process), enabling the reliable patterning of nanoscale features
without significant scalloping. We released single clamped cantilever struc-
tures from the sacrificial layer by a buffered HF wet etch and critical point
dry. We assayed the resonance frequencies of the cantilever resonators under
vacuum in an interferometric resonance testing setup (as described in section
2.7). The correlation between resonance frequency and cantilever length was

predicted by the Euler-Bernoulli model with all R? values greater than 0.99.

The lithography and release processes demonstrated here were applied in the
next chapter to fabricate test structures of Au-Ta alloy for mechanical testing.
The sensitivity of a static cantilever sensor is dependent on the stiffness of its
constituent material, thus it is imperative to quantify this for our Au-Ta alloys.
The resonating beam method will be particularly useful since other methods
to test mechanical characteristics such as nanoindentation become increasingly

impractical as the film thicknesses are scaled down in the nanometre regime.



CHAPTER 4

Gold Tantalum Material Development

4.1 Introduction

To develop static cantilevers sensors out of an Au-Ta alloy, it is imperative to
assay the physical and mechanical properties and determine how to optimize
the material properties to suit the sensing goal. This chapter is a record of
the synthesis and testing of Au-Ta films and cantilever structures to design
a material with superior properties for application as a static cantilever sen-
sor. X-ray diffraction, atomic force microscopy, scanning electron microscopy,
nanoindentation and four-point probe contact measurements were performed
to characterize the bulk and surface characteristics of the films. The films
exhibited an increased elastic modulus and hardness as well as a significant
grain size reduction while retaining the face-centered cubic (FCC) structure of
pure gold with a very strong <111> orientation. Additionally, the mechanical
characterization of a number of 800 nm wide, 50 nm thick Au-5 at.% (atomic
percent) Ta cantilevers was performed using optical interferometry. These de-
vices exhibited resonant frequencies ranging from 371 kHz to 10.9 MHz, with
resonant qualities as high as Q = 640 at room temperature and over 10000 at
77K. Finite element simulations of these devices were performed and showed

good agreement with the experimental observations. A past version of the
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work outlined in this chapter has been published in Ref.!. This work was com-
pleted at the University of Alberta Nanofab and electron microscope imaging

was performed at the National Institute for Nanotechnology (NINT).

4.2 Metals as a Structural Material for Can-

tilever Transducers

Silicon based materials (Si, poly-Si, SizNy, SiC) have typically been utilized
for the fabrication of MEMS and NEMS cantilevers. These materials are all
very light, elastically stiff, and more or less easily synthesized and machined
with typical top-down micro and nanofabrication technologies. However, to
apply a MEMS or NEMS cantilever as a transducer in a bio or chemical sensor
requires the ability to create a selective layer on the cantilever to bind to the
target analyte. A popular approach for the functionalization of many types of
biosensors is to exploit the affinity of thiolized molecules to gold for the creation
of a self-assembled monolayer (SAM). Unfortunately, there is a drawback in
coating a resonant cantilever transducer with a metal film. It has been shown
that the deposition of metal onto a dynamic NEMS device significantly lowers
its resonance quality, thus lowering the sensitivity of the device (109). This can
be overcome by localizing the gold functional layer at the tip of the cantilever,

but it reduces the functional area for analyte binding (34).

As stated in section 2.5.2 the two greatest factors in maximizing the stress
sensitivity of a static cantilever sensor have to do with its dimensions (we wish
to minimize thickness and maximize length). Static cantilevers do not undergo
a significant loss of sensitivity with small metal coatings, in fact metals have

been used to detect chemical reactions through calorimetry by exploiting the

LA version of this chapter was published in Ref. (186). All fabrication, resonance as-
saying, simulations, and film stress measurements were conducted by N. Nelson-Fitzpatrick.
Electron microscopy was conducted by C. Ophus and N Nelson-Fitzpatrick. X-ray diffrac-
tion was conducted by E. Luber and C. Ophus. Nanoindentation was conducted by Z. Lee.
Film conductivity measurements conducted by E. Luber. AFM was conducted by L. Gervais
and C. Ophus. Additional supervision provided by D. Mitlin.
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bimetallic strip effect. Unfortunately, in applications where calorimetry is not
the detection method metal layers will be a source of noise in static cantilever
sensors made of silicon materials, since they have vastly different coefficients
of expansion. In both instances metal coatings on silicon cantilevers are not
beneficial to the transduction function of the cantilevers. Since we desire the
chemical properties of metals on the surface of our cantilever, why not make

the entire cantilever out of a metal film?

Metals have largely been overlooked as a structural material for cantilever
sensors for a number of reasons. Sputtered and evaporated metal films tend
to suffer from differential stresses which can lead to undesirable device defor-
mation. Metal thin films are also typically polycrystalline and large crystal
grains may hinder the machining of the device and the uniformity of its me-
chanical properties. Despite these downsides there have been a few examples
of metal micro and nano cantilever devices with limited stress induced defor-
mation. Chand et al. (187) fabricated gold AFM cantilevers with silicon tips
and demonstrated their use in imaging. While there was no comment on the
impact of polycrystalinity there were significant differential stresses observed
in the released cantilevers, which was relieved through the application of rapid
thermal annealing. Annealing can however be an undesirable process if one

wishes to integrate readout electronics into the cantilever chip.

Ideally, for the fabrication of gold static cantilever structures, we wish to tailor
the gold film such that it is uniform (grain size much smaller than device
dimension) and exhibits a low deposited stress. A new approach to achieve
these two goals has been demonstrated by Lee et al. (99) who used magnetron
co-sputtering to introduce Mo into Al films, demonstrating control over the
film’s microstructure and stress state. Lee et al. were able to demonstrate the
fabrication and release of an 8 um long 50 nm thick single clamped cantilever
without destructive deformation due to stress. The choice of Mo was made
by inspection of its binary phase diagram with Al. The presence of large
numbers of intermetallic species with no low temperature solubility implied a

high negative heat of formation. Considering that film synthesis from vapour
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deposition involves extremely high cooling rates, these complex intermetallic
phases were not thermodynamically accessible (188). Instead supersaturation
of elemental phases and the formation of an amorphous phase was observed
at various Mo concentrations. A similar methodology has subsequently been
applied to Ni-Mo (101) and Cu-Hf (102) material systems.

A similar approach was pursued for the synthesis Au alloy films with mechan-
ical characteristics suitable for static microcantilever transducers. Tantalum
was chosen to complement Au based on the large number of intermetallic com-
pounds in its binary phase diagram (189), which implies a large negative heat
of mixing. Indeed, supersaturated FCC Au and amorphous alloy phases have
previously been achieved (190) through the ion mixing of alternatively de-
posited Au and Ta layers, indicating that this co-sputtering approach should
be able to achieve similar film microstructures. There are several other alloying
additions that form intermetallics with Au, including Ca, Cd, Ce, Dy, Er, Ga,
Gd, Hf, Ho, In, La and Nd. Tantalum was specifically chosen as the alloying
addition due to its ease of integration with standard micro- and nanofabri-
cation processes. Tantalum is routinely used in clean rooms, is inexpensive,
non-toxic and serves as an excellent film adhesion layer, reducing the need of

additional processing steps.

4.3 Physical Vapour Deposition and Sputter-

ing

Methods for the deposition of thin films can generally be broken down into two
categories, chemical vapour deposition (CVD) and physical vapour deposition
(PVD). To ensure the purity of the deposited films, all of these processes take
place in reaction chambers that have been evacuated. Chemical vapour depo-
sition synthesizes a thin film on a substrate by means of a chemical reaction
of precursor gases directly at the substrate’s surface. Physical vapour deposi-

tion uses physical excitation to eject material from a source which is allowed
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Figure 4.1: Schematic diagram of a magnetron co-sputter system used
to deposite Au-Ta alloy films.
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to condense on a substrate. The two primary technologies used in physical

vapour deposition are evaporation and sputtering.

In evaporation a crucible of material (sometimes called the charge) and the
substrate are placed in a high-vacuum chamber (typically evacuated by a dif-
fusion or cryopump). The charge is heated up until it is molten by either
a resistance heater or an electron beam increasing its vapour pressure. The
increased vapour pressure results in a significant number of charge atoms leav-
ing the crucible. Due to the low pressure in the chamber, these ejected atoms
travel in a straight line path until they condense either on the chamber walls
or the substrate. This directionality of the evaporant flux can be deleterious as
the coating of step heights on the substrate surface can be poor. However, this
flux directionality has also been advantageously leveraged for the formation of
structured thin films by exploiting self shadowing effects in thin film growth
at oblique angles (191). However, for the synthesis of stoichiometrically con-
trolled thin films, evaporation is not typically employed since the deposition

rate of evaporant is an extremely sensitive function of the charge temperature.

Sputtering is the primary alternative to evaporation for PVD thin film syn-
thesis, and this is the film synthesis technique applied in chapters 4 and 5.
Compared to evaporation, sputtering has much better step coverage and de-
position rates are much more controllable. This ability to more accurately
control the deposition rate in sputtering makes it a more attractive technology
for the formation of thin alloy films. The process of sputtering starts similarly
to evaporation, a material source (called the sputter target) and a substrate
are placed in a high-vacuum chamber. Once the chamber has been evacuated
to the desired base pressure, a noble gas (typically Ar) is introduced into the
chamber, typically bringing the pressure into the mTorr range. The target
material is located on a powered chuck (called a sputter gun) and an elec-
tric field is generated between this chuck (potential in the negative hundreds
of volts) and the chamber walls (ground), which causes a plasma discharge
to form near the target. Positively charged ions from the plasma are driven

towards the target material and collide with it causing a cascade of atomic
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collisions in the target, ejecting electrons (which help sustain the plasma) and
atoms of the target material. The higher operating pressures of sputtering
lead to more conformal coverage of topology on the substrate, since at these
higher pressures the ejected atoms will undergo multiple collisions with gases
in the chamber before adsorbing on the substrate. The ability to control the
number of ion collisions (and thus sputter flux) by modulating the potential
of the target makes sputtering much more amenable to alloy deposition than

evaporation.

DC sputtering is typically employed for the deposition of metals while insulat-
ing materials may require RF or pulsed DC power supplies. For the deposition
of thin metal films (like Au and Ta) magnetron DC co-sputtering is typically
employed. Magnetrons are commonly incorporated into sputtering systems to
confine the electrons in the vicinity of the target, increasing the density of
the plasma and thus improving the sputter yield. For the deposition of Au-
Ta alloy two magnetron sputter guns we employed simultaneously so that the
rates of Au and Ta deposition could be controlled independently to tailor the
stoichiometry of the alloy. A schematic of the co-sputtering system is provided

in figure 4.1.

4.4 Generalized Method for Sputtering Metal
Alloys with Stoichiometric Control

This section outlines a general method for depositing metal alloy thin films
with stoichiometric control and it has been applied successfully for other binary
alloys like Al-Mo (99) and Ni-Mo (101). In all these cases, the power of one
sputter gun was held constant (for a constant deposition rate) while the power
of the second gun was varied to control the stoichiometry of the film. Using
this method, one can determine the relationship between the power of the

varied gun and the stoichiometry of the film.

The first step in depositing an alloy film with stoichiometric control is to
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Figure 4.2: Calibration plot of deposition rate versus sputter gun power
for Au and Ta used to control for stoichiometry of the film. Note that
the introduction of extra electrons in the plasma by co-sputtering causes
a minor ~ 2% variation in Ta deposition rate versus applied power.
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characterize the sputter rates of its component films. We describe the film by
the atomic percent of one of its constituents, we will call this “element A”. The
composition of a co-sputtered film of elements A and B can be approximated

by the following equation:

DsRy

tA =
%a DuRA+ DpRp

(4.1)

where Dy is the molar density of the element X and Ry is the deposition rate
of element X. It is assumed that the deposition rate is proportional to the

applied sputter power

Ry = MxPx (4.2)

where Py is the sputter power of element X and My is the constant of propor-
tionality. If the deposition rate of element B is held constant (ie. deposition
under the same conditions and power) the required power to achieve the de-

sired stoichiometry of the film can be evaluated by the following equation:

. DBRB(%CLt.A)
~ DaMA(1 — %at.A)

Py (4.3)
To determine the appropriate powers for a desired stoichiometry, the deposi-
tion rates of elements A and B must be measured. This is done by marking a
clean microscope slide with a felt pen and then depositing our films of varied
power on them. The height of the film can then be determined by a stylus
profilometer and knowing the deposition time we can relate this height to the

deposition rate.

In this work the deposition rate of the Au is held constant and the deposi-
tion rate of Ta was varied to achieve the desired stoichiometry. Figure 4.2
is a typical calibration plot of deposition rate versus sputter gun power. It
is important to note that running multiple sputter guns simultaneously will

increase the number of free electrons in the sputter chamber and that sputter
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rate is highly dependant on electron density in the plasma. For this reason,
sputter rates were measured for Au and Ta independently, and while both
guns were running. In practice very little difference was observed in the sput-
ter rates in these two cases ( ~2% difference in Ta deposition rate per watt),
this was attributed to the placement of a grounded cross contamination shield
between the Au and Ta sputter guns. The cross contamination shield would
intercept the vast majority of electrons from one gun, preventing them from

affecting the plasma discharge of the complimentary sputter gun.

4.5 Film Characterization

A series of Au-Ta alloy films with compositions ranging from pure Au to pure
Ta were synthesized using the DC magnetron co-sputtering of pure Au and
pure Ta metal targets. The argon sputtering pressure was kept constant at 7.0
mTorr and the base pressure was 1.0 x 10~% Torr or lower in all sputtering runs.
The films were deposited onto single side polished, 4 inch silicon <100> wafers
that were cleaned in a piranha solution (3:1 mixture of 51% H5SO4 and 30%
H,0,) for 15 min. Sputtering was performed in a sputter-up configuration,
with substrate rotation implemented to increase film uniformity. For Au-Ta
films containing up to 50 atomic percent (at.%) Ta, the Au sputtering power
was kept constant at 75 W, corresponding to a deposition rate of 0.34 **. To
achieve the desired stoichiometry, the Ta sputtering power was varied from 0
to 298 W, corresponding to deposition rates of up to 0.36 “*. In addition,
Au-Ta films with 65 at.% Ta were also synthesized using a 38 W sputtering
power for Au, and 277 W for Ta. All films first used a 50 nm thick Ta adhesion

layer to insure bonding of the Au-Ta film to the substrate.

4.5.1 X-Ray Diffraction

Figure 4.3 shows a series of XRD curves of Au-Ta alloys with increasing Ta

concentrations of up to 65 at.% Ta. All X-ray scans up to 50 at.% Ta display
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Figure 4.3: X-ray diffraction scans of Au-Ta films of different composi-
tions

an face centred cubic (FCC) diffraction pattern, highly oriented in the <111>
direction. From the lack of any other peaks, we conclude that all of the Ta
is in solid solution with the Au for compositions up to 50 at.% Ta. This sol-
ubility of at least 50% of Ta in gold is considerably higher than the reported
room-temperature equilibrium solubility of ~5-10 at.% (189). The enhanced
solubility of Ta in Au is a result of the physical vapour deposition process. The
sputtered adatoms cool extremely rapidly after impinging upon the surface,
and therefore not much energy is available for diffusive processes on the film
surface such as nucleation. Since the nucleation barrier to forming the inter-
metallic compounds AusTas and AuTas is much greater than the barrier to
forming a disordered solid solution of Ta in Au, the solid solution phase is ex-
pected to dominate. Further discussion on solubility enhancement of sputtered
or evaporated thin films can be found in the following book (192). The Au
microstructure hence remains supersaturated with Ta. It is also worth noting
that this enhanced solubility agrees with the amorphous transition noted by

Liu et al. at ~55 at.% Ta (193). This transition occurs when the free energy



CHAPTER 4. GOLD TANTALUM MATERIAL DEVELOPMENT 84

4.14
<
S 410
:‘é’
o
o
(6]
L { 2 Bulk Au lattice parameter
4006 ¥ w w w w

0 10 20 30 40 50

Composition [%Ta]

Figure 4.4: Au-Ta lattice parameters calculated from the <222> XRD
peaks, with Vegard’s law plotted for the first five points.

of the amorphous phase reaches a value lower than that of the FCC phase
(with Ta in solid solution). The 65 at.% Ta diffraction pattern shown in fig-
ure 4.3, however, has a much different microstructure. The signal under the
diffraction peaks is considerably higher than that of the crystalline samples
and the overall scan strongly resembles previously reported amorphous film
diffraction patterns like the Zr-30 at.% Pd alloy studied by Murty et al. (194).
Previous work on the Al-Mo system (99) suggests that the structure of Au-65
at.% Ta is not completely amorphous, but rather a true composite consisting

of nanocrystallites embedded in an amorphous matrix.

The peaks of the Au-Ta crystalline diffraction patterns shift as the Ta concen-
tration is increased. From this shift, we calculate the changing lattice param-
eter of the FCC gold matrix (figure 4.4). Intrinsic film stress could cause such
a change in lattice parameter. However, as discussed later, the measured film
stresses were all below values of 400 MPa, corresponding to approximately

0.2% shift in lattice parameter in the worst case. Stress as a source of lat-
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tice strain is therefore neglected in this study. For compositions of up to 26
at.% Ta, the lattice distortion appears to follow Vegard’s law, meaning a lin-
ear relationship between lattice spacing and concentration of solute atoms in
solid solution. Interestingly, the higher Ta compositions substantially deviate
from this linear relationship, with the lattice parameter falling down to near
that of pure Au. Vegard’s law is indeed an empirical relation nominally ob-
served in mutually soluble FCC systems (195). Completely soluble systems,
such as Ni-Cu and Cu-Pd, generally follow this trend, though with some non-
linear deviation at high alloy contents. The fact that Au-Ta, an FCC-BCC
(body-centered cubic) system, deviates from Vegard’s law at high Ta contents
is therefore not unusual. Vegard’s law is essentially an assumption that the
lattice parameter of the alloy system is a rule-of-mixtures sum of the parent
atomic radii. The deviation from linearity comes from the fact that the atomic
radius of a Ta atom in Au solid solution is not the same as in the parent ele-
mental Ta phase. This should be especially true since Au and Ta have highly
negative heats of interaction, as evident by the presence of the intermetallic

phases.

4.5.2 Microscopy

We characterized film surfaces using a Digital Instruments Dimension 3100
atomic force microscope (AFM) with Nanosensors BS-Tap300 aluminum coated
tapping-mode AFM probes. The scan size was kept constant at 1 um x 1 pm.
The AFM data were processed using Scanning Probe Image Processor version
4.0.6.0 SPIP™™ commercial software to ascertain the root mean square (RMS)
roughness of the films. Scanning electron microscope (SEM) imaging was also
performed using a Hitachi S-4800 field emission system in order to supplement

the AFM imaging results.

From the scanning electron and atomic force micrographs we can see that
in the regime below 50% at. Ta, grain size of the Au-Ta films is reduced

with the introduction of increased concentrations of Ta. Figure 4.7 is a plot
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Figure 4.5: Scanning electron micrographs of various Au-Ta concentra-
tions
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Figure 4.7: Film roughness versus Au-Ta composition

of the corresponding RMS surface roughnesses, as measured in the AFM. A
significant decrease in surface roughness is observed, as we would expect for
a PVD deposited film given the grain size reduction observed in the SEM
and AFM images. The reduction of thin film grain size by alloying is a well-
known effect (196). As noted above, surface diffusion is already reduced due
to the rapid cooling of sputtered adatoms. In addition, Au and Ta have a
strong negative heat of mixing (189). Therefore Au-Ta bonds are stronger
than either Au-Au or Ta-Ta bonds. As a consequence, Ta lowers the surface
diffusivity of Au and vice versa, leading to reduced grain sizes. For a similar
reason, Ta would also reduce the size of the Au islands found during the initial
stages of film growth. Given a constant impinging atomic flux, this would lead
to a higher surviving island number density, and in turn refine the grain size
throughout the film thickness.
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Figure 4.8: Au-Ta flim stress vs. Ta content for a 400nm film. Error
bars correspond to the standard deviation of six separate wafer bowing
measurements 30° apart.

4.5.3 Film Stress

Stress observed in PVD and CVD thin films can be caused by a plethora of
sources (thermal mismatch, doping, lattice mismatch.etc...). When making
nanomechanical cantilevers, we wish to use a material with low stress (for
making single clamped cantilevers) or a material undergoing tensile stress (for
making doubly clamped beams), to ensure that our released devices do not
undergo any significant deformation. A Flexus 2320 thin film stress measure-
ment system was employed to determine the stress state of our deposited films.
This system uses a laser interferometer to map the curvature of a silicon sub-
strate before and after a film is deposited. The difference in curvature can then
be related to the stress of the film using Stoney’s equation (section 2.5.1), if
we know the thickness of our film and Si substrate. Alternative methods to
measure stress include the cantilever method, whereby the deflection of a can-

tilever due to stress is monitored and related back to the film stress (section
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2.5.2). A plot of Au-Ta film stress for a 400 nm thick film is provided in Figure
4.8. The residual stress undergoes several passages from compressive to tensile
as the Ta concentration is increased from 0 to 65 at. %. With these results
it was concluded that the region around the 5% at. Ta concentration would
be suitable for a single clamped cantilever due to the near-zero residual stress

observed at this concentration.

4.5.4 Film Resistivity

Four-point probe measurements were also conducted on the films to deter-
mine the changes in conductivity resulting from additional Ta (figure 4.9). As
expected, the conductivity decreased considerably as the Ta concentration in-
creased. This result is again similar to the results obtained in previous work
on aluminum-molybdenum nanocomposite films (99). The overall observed
reduction in conductivity can be attributed to a number of microstructural
changes, such as increasing grain boundary density and microstrains in the
lattice induced by increasing Ta in solid solution. We also noted that the con-
ductivity data is highly nonlinear. As shown by Bhatia and Thornton (197),
the resistivity of a binary alloy that exhibits ideal mixing can actually be

expressed using Nordheim’s rule:

p=Kc(l—rc) (4.4)

where c is the mole fraction of tantalum, and K is a proportionality constant. A
best fit curve of Nordheim’s rule is superimposed in figure 4.9. Nordheim’s rule
is observed in the range Au-0 at.% Ta to Au-20 at.% Ta. Since the equilibrium
phase diagram of Au-Ta (189) shows several intermetallics, we expect that
at sufficiently high concentration of tantalum, Au-Ta will exhibit non-ideal
mixing. Beyond the addition of 20 at.% Ta, we observe slight deviations from
Nordheim’s rule, as the mixing is no longer ideal and the description of electron

scattering in the material becomes more complex.
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Figure 4.9: A semi-logarithmic plot of Au-Ta electrical resistivity as a
function of Ta content. A best fit to Nordheim’s rule is superimposed
onto the datapoints.

4.5.5 Nanoindentation

Nanoindentation was performed on the unprocessed films prior to nanoma-
chining in order to assess the reduced modulus and hardness over the range
of Au-Ta alloys we synthesized. These measurements were performed with
a Hysitron triboindenter using a Berkovich indenter tip at an applied load of
500 uN. Each graphed measurement is composed of 25 averaged measurements
with individual indentations separated from each other by approximately 25
pm. The hardness and reduced modulus were determined from the unloading
portion of the load-depth curve using the method outlined by Oliver and Pharr
(198). The reduced modulus was then converted to the elastic modulus of the

alloy by compensating for tip deformation through the following equation.

== +— (4.5)
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Figure 4.10: Graph of nanoindentation hardness versus Ta concentra-
tion for a series of Au-Ta films, as measured by nanoindentation. The
error bars in this graph were obtained by the standard deviation of 25
separate indentation tests performed on each composition film.
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Figure 4.11: Graph of elastic modulus versus Ta concentration for a
series of Au-Ta films, as measured by nanoindentation. The error bars
in this graph were obtained by the standard deviation of 25 separate
indentation tests performed on each composition film.
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where E, is the reduced modulus, E is the Young’s modulus and v is the
Poisson’s ratio of the film material, and E; and 1; are the Young’s modulus

and Poisson’s ratio for the indenter material.

Figure 4.10 shows a dramatic increase of hardness with increasing Ta concen-
tration. More specifically, the hardness of the Au-65 at.% Ta film was five
times greater than that of the pure Au film. This hardness increase could be
attributed to several effects, including grain size reduction (199; 200), solid
solution hardening (201), the higher intrinsic hardness of tantalum (200), and
the previously mentioned phase change at tantalum concentrations higher than
50 at.%. Since figure 4.7 shows very little change in the roughness (implying
little change in grain size) of Au-Ta beyond 2 at.% Ta, the increase in hardness
is attributed primarily to solid solution strengthening. Solutes in gold have
been shown to greatly increase hardness (201), and in our sputtered films we
have higher solute concentrations than can exist in equilibrium Au-Ta. Be-
cause the Au-65 at.% Ta film is amorphous, it should exhibit a significantly
higher hardness than the crystalline film compositions since no plasticity via
dislocation motion would be possible. Figure 4.11 shows the increase of the
elastic modulus with the composition of the films. We can see that there is a
modest increase in the Young’s modulus of the films in the low and mid Ta
concentrations. This increasing stiffness is rather small and should have little

impact on the application of Au-Ta films as static cantilever sensors.

4.6 Fabrication of Cantilevers

With all of our surface and bulk material testing completed, the 5 at.% Ta
concentration was chosen as the most promising alloy for cantilever fabrication,
due to its near-zero intrinsic stress and refined grain structure. Cantilever
resonators were therefore fabricated out of Au-Ta nanocomposite (5 at.% Ta).
A process flow of the fabrication procedure is provided in figure 4.12. The
devices had widths of 400 or 800 nm, and lengths ranging from 1 to 8 um.

Fabrication was conducted using silicon <100> wafers onto which 400 nm
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Figure 4.12: Process flow illustration for the fabrication of resonant
Au-Ta nanocantilevers.
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of thermal oxide was grown. A resist bilayer consisting of 60 nm of 495K
polymethylmethacrylate (PMMA), followed by 60 nm of 950K PMMA was
first coated onto the thermal oxide, and patterned in a Raith150 electron
beam lithography system using a 10 kV accelerating voltage and a 10 pum
aperture. The exposed resist was developed in a methylisobutylketone solution
(1 methylisobutylketone:3 isopropyl alcohol). The die was then mounted into
the sputter system for deposition of a 1 nm Ta adhesion layer and a 50 nm
thick Au-Ta device layer. After deposition, the die was immersed in a bath
of acetone to lift off the unexposed PMMA, thus leaving a pattern of Au-Ta
where the resist was exposed. Usage of a resist bilayer enabled the formation
of an undercut in the developed resist profile, allowing a discontinuity of the
deposited metal layer at the sidewalls of the resist, and resulting in a relatively
clean lift-off of the metal. This being said, the devices still did exhibit some
roughness at their edges due to the finite deposition of metal onto the resist
sidewalls. The underlying thermal oxide was then etched away using a solution
of buffered hydrofluoric acid (1 HF:10NH4F), and the die was immediately
placed in a critical point dryer to prevent stiction. Figure 4.12 shows an SEM

micrograph of a typical resulting cantilever.

4.7 Resonance Data

Resonance testing of the cantilevers was performed using an interferometric
method (as outlined in section 2.7.1) initially developed for the characteri-
zation of Si NEMS resonators (108). The die is mounted on a piezoelectric
element that is contained within a small vacuum chamber pumped down to
the 1073 Torr range. The piezoelement is actuated by the tracking output of a
spectrum analyzer (Agilent model 4401B). A He-Ne gas laser (JDS Uniphase
model 1144, A = 633 nm) beam is directed through a beamsplitter and focused
onto the cantilever beam using a 0.35 NA microscope objective. When excited
at the resonant frequency, motion of the cantilever relative to the substrate

creates a moving fringe pattern that is reflected back through the microscope
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Figure 4.13: Scanning electron micrograph of an Au-Ta nanocantilever
with dimensions w = 800 nm, t = 51 nm, | = 3 um.

objective and reflected off the beamsplitter, impinging on an AC coupled pho-
todetector (New Focus model 1601). The photodetector output is connected

to the input of the spectrum analyzer.

4.7.1 Room Temperature

Figure 4.14 shows the typical resonant response of a Au-5 at.% Ta cantilever
with a length L = 5 pm, width w = 800 nm and thickness t = 51 nm. The
resonant frequency of that device is f = 708 kHz, and it possesses a resonant
quality of Q = 640. Resonance qualities of the other devices from this series
varied from Q = 304 to 640 (table 4.1). No distinct trend of resonant quality
is observed as a function of device dimension. The absence of a Q-length
relationship suggests that clamping losses are not the dominant loss mechanism
in our devices (136). Our observed Q factors overlap with the range of Q
observed by Sekaric et al. (109) in metallized SiN cantilevers. The resonant

quality of a L = 5 um cantilever (from table 4.1) was also studied as a function
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Table 4.1: Resonant frequencies and quality factors of a series of Au-Ta
5% at. Ta cantilevers with width w = 800 nm and thickness t = 51

nm.
Cantilever length Frequency Q
pm MHz unitless
1 10.9 327
2 3.67 474
3 1.82 383
4 1.06 304
5 0.708 640
7 0.371 424
8 0.285 540
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Figure 4.14: Resonant response of an Au-Ta 5 at. % Ta cantilever with
a length L = 5 um, width w = 800 nm and thickness t = 51 nm.
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Figure 4.15: Resonance quality Q as a function of pressure for a Au-Ta
5% at. Ta cantilever with dimensions L. = 5um, w = 800 nm, t = 51
nm, and a resonant frequency of 708 kHz.

of ambient pressure (figure 4.15). The value of Q of the cantilever did not
change significantly as the pressure was varied over the range of 200 mTorr
to 1 Torr. However, squeezed film damping became more significant at higher

pressures, resulting in a distinct drop of the quality factor.

By using a least squares fit of the cantilever’s frequency to its length we may
extract the speed of sound \/% in the cantilever material. Figure 4.16 is a plot
of the fundamental resonance frequency (to the power -0.5) versus cantilever
length of a series of 800 nm wide Au-Ta 5% cantilever beams. Note please that
error bars are omitted on this graph since they would be dwarfed by the actual
datapoint icons. A detailed determination of \/% from this data is provided
in appendix D.

From the slope of the trendline in figure 4.16, we applied equation 3.1 and
determined that the speed of sound in these Au-Ta 5% cantilevers was 2493.64
+ 132.19 2. This compares favourably to the speed of sound in gold of \/% =
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Figure 4.16: Linearized graph of resonance frequency versus length for
a series of cantilevers Au-Ta 5% at. Ta with dimensions w = 800 nm
and t = 51 nm. The fit of data to equation 3.1 provides a speed of

sound (/) of 2493.64 & 132.19 2
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2010 2 (given a density of p = 19.3 —Z3 and Young’s modulus of E = 78 GPa
for gold). A linear interpolation (rule of mixtures) derived speed of sound for
Au-Ta 5% would be 2086 = (given a density of p = 16.69 —%; and Young’s
modulus of E = 186 GPa for tantalum). Both these values for speed of sound
are lower than the speed of sound measured for our Au-Ta 5% cantilevers, but
this result should be expected given that the density of a sputtered film is

expected to be significantly lower than the bulk density of the material.

4.7.2 Cryogenic

It is well known that resonant loss mechanisms such as phonon-phonon scat-
tering, phonon-electron scattering and thermoelastic damping can be subdued
by the cooling of a cantilever resonator. To probe these intrinsic damping
mechanisms an Au-Ta cantilever die was mounted on the cold finger of a vac-
uum cryostat and cooled with LNy to 77 K. The resonance peak of a 3 pum
long, 800 nm wide 51 nm thick Au-Ta cantilever was tracked and correlated to
cold finger temperature. Figure 4.17 is a plot of cantilever QQ versus substrate
temperature. Since we are measuring the change in () for single clamped can-
tilevers, we can be confident that changes in (Q will not be affected by increased
tension in the cantilever beam induced by different coefficients of expansion

between substrate / sacrificial material and cantilever material.

We can see that there is no internal friction peak as observed in temperature
dependance of silicon nanocantilevers (126), rather the Q factor decreases con-
sistently with temperature. A Q factor of over 10° was achieved by cooling
the cantilever beams to 77 K, which is higher than any value known in lit-
erature for single clamped metal nanocantilevers. As ultimate sensitivity in
resonant cantilever transducers was not the goal of this work, investigation
of temperature effects on quality factor was therefore limited to this single

measurement.
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Figure 4.17: Measured quality factor versus substrate holder tempera-
ture for a 3pum long, 800 nm wide, 51 nm thick Au-Ta cantilever.

4.8 Finite Element Modelling

Lastly, finite element modelling was performed to corroborate the measured
eigenfrequencies and the speed of sound extracted from this data and equation
3.1. Two cantilever models for each cantilever geometry (1 - 8 um length, 800
nm width, 51 nm device / adhesion layer) were built in COMSOL Multiphysics
3.5a. The models were defined in three dimensions using the MEMS module,
structural mechanics, solid stress-strain analysis toolkit. The cantilever models
included a 10 pm wide, 400 nm deep “clamping point” that is rigidly fixed at
one end and connected to the cantilever at the other to simulate the undercut
from the BOE release of the Au-Ta cantilevers. The boundary conditions for
all faces of the structure were free, except for the fixed condition imposed
on face at the “clamping point”. An illustration of the cantilever geometries
constructed in COMSOL is provided in figure 4.18. The two cantilever models

were designed as unimorphs, that is there was no material property distinction



CHAPTER 4. GOLD TANTALUM MATERIAL DEVELOPMENT 103

Fixed boundary condition

along this face \ ) S

. Freestanding clamping point
simulating 400 nm of undercut

X

Figure 4.18: Illustration of the cantilever geometry constructed in
COMSOL 3.5a for finite element simulations of resonance frequency.

between the adhesion layer and the mechanical layer. The decision to build a
unimorph model was undertaken due to machine limitations in meshing and

solving for the eigenfrequencies of structures with extremely thin adhesion
layers in COMSOL.

The mechanical properties for the two unimorph cantilever structures differed
in terms of Young’s modulus. One model was termed the “nanoindentation
model”, deriving its Young’s modulus from volumetric interpolation of nanoin-
dentation derived Young’s moduli of Au-Ta 5% and pure Ta. The second model
was termed the “bulk model” deriving its Young’s modulus from a volumetric

interpolation of reference values for the Young’s moduli of Au-Ta 5% (itself
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Table 4.2: Summary of the mechanical properties used in COMSOL
finite element modelling of eigenfrequencies of Au-Ta 5% cantilever

resonators.
Cantilever model  Young’s modulus density Poisson’s ratio
label GPa % unitless
nanoindent model 132.1 19121 0.433
bulk model 85.4 19121 0.433

interpolated from interpolation from pure Au and pure Ta) and pure Ta. Pois-
son’s ratios and densities were similarly derived from reference values for both
models. A summary of the physical values input into the COMSOL models is
provided in table 4.2.

A test was performed to determine the mesh sensitivity of the cantilever struc-
tures to confirm that simulations were performed with a mesh density suffi-
cient for accurate computation. COMSOL’s adaptive meshing tool (tetragonal
meshing elements) was used at eight different mesh density levels to determine
the first eigenfrequency of a 1 ym and 8 um cantilever. As the meshing density
was increased from coarse to fine we see the eigenfrequency result converge to
a value at which increased mesh density has little impact on the computed
result. A plot of fundamental resonance frequency versus number of mesh
elements is provided in figure 4.19, confirming mesh insensitivity at higher
meshing densities. All subsequent simulations were run with mesh settings
at the “extremely fine” setting (the highest setting available), ensuring mesh

insensitivity.

With mechanical properties, geometry, model-type, and meshing density ap-
propriately chosen the simulations were run for all cantilever geometries, gen-
erating the fundamental resonance frequency for each cantilever model. These
resonance frequencies are plotted in figure 4.20. The values generated in COM-
SOL were then used to extract the speed of sound of the material as was done

for the measured cantilever data. The results are summarized in table 4.3.

The results of COMSOL modelling show that a simple rule of mixtures assump-
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Figure 4.19: Fundamental resonance frequency vs number of mesh ele-
ments for a 1ym long 800 nm wide Au-Ta cantilever.

Table 4.3: Summary of the speed of sound of COMSOL cantilever
models and comparison to measured values
Cantilever model Speed of sound difference

label ”f %
nanoindent model 2646 6%
bulk model 2127 -15%

measured values 2493 N/A
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Figure 4.20: Fundamental resonance frequency vs cantilever length
for measured cantilevers (black lozenges) and COMSOL modeled can-

tilevers using a reference value for Young’s modulus (red squares) and
a nanoindentation derived for Young’s modulus (green triangles).
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tion of mechanical properties of Au-Ta underestimates the speed of sound in
the material, while the nanoindentation derived mechanical properties lead to
an overestimation. The fact that we are not compensating for the reduced den-
sity of a sputtered film should lead these models to underestimate the speed of
sound as compared to the cantilever measurements. This leads us to conclude
that the nanoindentation measurements are overstating the Young’s modu-
lus, but without a measurement of sputtered film density we can not quantify
this value. Overall, the COMSOL models do provide resonance frequencies
and speeds of sound that are reasonably close to the experimentally measured

frequencies and the speed of sound.

4.9 Summary

We synthesized a novel gold-tantalum nanocomposite alloy material for static
microcantilever applications using a co-sputtering approach. We envision the
possibility of simplified static cantilever based biological and chemical sensors,
given the affinity of gold films for thiolized SAMs. Nanoindentation, XRD,
AFM, SEM, and a four-point probe were used to measure the bulk and surface
characteristics of the films. The XRD data indicated that below 50 at.% Ta
the FCC structure of gold is retained with a very strong <111> orientation,
indicating that these films should still have an affinity for thiolized molecules.
The films exhibited an increased elastic modulus and hardness as well as a
significant grain size reduction with the introduction of tantalum. All these
improvements make this material more suitable than pure gold as a structural
material for micro and nanocantilever applications. Indeed, the application
of tantalum as an adhesion layer during sputter deposition will enable the
cantilever’s underside to be intrinsically inert to thiolized molecules, greatly
simplifying the application of Au-Ta as a static cantilever material. Mechanical
characterization of a number of Au-5 at.% Ta cantilevers was performed with
an interferometric resonance measurement setup. The measurements indicated
a speed of sound for the Au-5 at.% Ta of 2493.64 + 132.19 "*. The observed Q
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factors of the resonators ranged from 304 to 640 at room temperature, and up
to 10000 when cooled to 77 K. Finite element analysis was also performed and
corroborated the resonance frequencies measured and speed of sound extracted

through application of the Euler-Bernoulli PDE.



CHAPTER 5

Gold Tantalum Static Cantilevers: Proof of
Concept and Surface Chemistry

5.1 Introduction

In this chapter! we describe the chemical affinity of Au-Ta alloys to alkanethiol
molecules and the fabrication of static cantilevers out of Au-Ta 5% alloy. Pre-
vious X-ray diffraction analysis showed that from 0-50% at. Ta, the films
retain golds FCC structure and <111> orientation necessary for the forma-
tion of an alkanethiol self-assembled monolayer. First the chemical affinity of
a series of Au-Ta compositions to alkanethiols was explored. Attachment of
dodecanethiol molecules from vapor phase onto the surface of our Au-Ta films
was quantified using contact angle measurements and X-ray photoelectron
spectroscopy. The presence of alkanethiols was also confirmed by FTIR. As
suggested by the X-ray diffraction results, the incorporation of small amounts
of tantalum (5% and 10% at. Ta films) had little adverse effect on the attach-

ment of dodecanethiol. However, this ceased to be the case at 20% at. Ta

LAll work in this chapter was performed by N. Nelson-Fitzpatrick except for XPS and
FTIR measurements. XPS data was taken by Alberta Centre for Surface Engineering and
Sciences (ACSES) technicians and analyzed by N. Nelson-Fitzpatrick. FTIR measurements
were taken by D. Rider and N. Nelson-Fitzpatrick, subsequent analysis was performed solely
by N. Nelson-Fitzpatrick
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and above. Commercially available static microcantilevers were then coated
with Au-Ta films and the stress induced by the attachment of dodecanethiol
was measured by monitoring cantilever bending with white light interferome-
try before and after adsorption. A compressive stress of ~1 % was induced on
the silicon cantilever coated with pure Au, as expected from previous reports
(82; 83; 85). Induced stress was progressively reduced as Ta content was in-
creased in the Au-Ta films, until no significant deflection was recorded in the
case of 20% at. Ta and above compositions, confirming the contact angle and
XPS results. Static microcantilevers were then fabricated directly out of a 5%
Au-Ta alloy by patterning the sputtered Au-Ta layer onto a silicon wafer with
contact photolithography and releasing the cantilever with an SFg reactive ion
etch. Cantilever dimensions were 140 pym long, 20 ym wide, and 369 nm thick
with a theoretical spring constant of 10.5 %N The detection of chemisorbed
dodecanethiol molecules was successfully demonstrated with these structures

through the monitoring of static deflections.

5.2 Background

Static microcantilever devices have been the focus of considerable interest as
biological and chemical sensors (82; 43; 97; 96; 202; 203; 83; 204; 89; 205; 172;
85; 98; 206). These devices operate by integrating physically or chemically
dissimilar surfaces at their top and bottom. Selective attachment of the target
onto one of the surfaces leads to a stress difference between the two sides,
resulting in a static deflection of the device. This deflection can in turn be
detected by numerous approaches such as piezoresistive sensors (207; 85; 208),

split photodiode (82; 83) or interferometery, all outlined in section 2.7.1.

Materials with relatively low Young’s modulus that can be machined into
structures with high length-to-thickness ratios are desirable in order to opti-
mize their deflection response. Other important considerations also include
inherent response to the target analyte, process compatibility, residual stress

issues, as well as amenability to effective detection of these deflections. While
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silicon has been traditionally used for such machining, this material is not
particularly soft compared to other materials such as polymers and metals.
To that end, Calleja et al. (203) first reported on the fabrication of polymeric
microcantilevers optimized for chemical sensing. Polymers indeed offer the ad-
vantages of being relatively inexpensive and having an extremely low Young’s
modulus compared to silicon. This seminal work demonstrated the produc-
tion of cantilever of lengths ranging from 100 pm to 200 ym and thicknesses
ranging 1.5 pm to 1.7 pum, corresponding to spring constant of 15 Tn—N, which
compares favorably to current commercially available silicon cantilevers (30
2 for Concentris CLA-500-010-08). Recent advances in SU-8 process control
lead to improved cantilevers with dimensions of 500 pm in length, 100 ym in
width, and 2 pgm in thickness, corresponding to a spring constant of 4.8 %
(209). Chand et al. (187) explored the fabrication of cantilevers out of sput-
tered Au. These cantilevers were 160 nm thick and 17 pgm long, corresponding
to a spring constant of 0.2 % Unfortunately, these metal cantilevers suffered
from significant residual stress and required high temperature annealing to

achieve a usable device.

This thesis proposes the use of co-sputtered metal nanocomposite alloys for
the fabrication of ultra-thin and thus highly compliant metal cantilevers. As
outlined in chapter 4, these nanocomposites offer grain size as low as a few
nanometers as well as a low residual stress (186). These alloys offer the possi-
bility of an extremely stress sensitive device due to the relatively low Young’s
modulus of Au and the thinness of the Au nanocomposite alloy layer that can
be successfully released. The stoichiometry of the Au-Ta film was controlled by
independently varying the power of the DC magnetron guns to control the de-
position rate of Au and Ta. Using this technique, we were able to deposit layers
of Au-Ta that retained <111> FCC structure of gold, necessary for retaining
the ability to form alkanethiol self-assembled monolayers (7; 210; 211; 212),
while exhibiting a negligible residual stress. As will now be shown in this
chapter, such materials also offer intrinsic tunability of their affinity to the
target chemisorbed species through control of their atomic composition. This

would allow the design and fabrication of ultra-thin structures whose backside
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would intrinsically be inert to the target species without need of a blocking
layer. Recently, Luber et al. (102) explored the fabrication of AFM cantilevers
using co-sputtered Cu-Hf that exhibited near zero stress gradient. This alloy
is however prone to oxidation and is not particularly conducive to the detec-
tion of chemisorbed species. Thus, it does not offer such tunability over its

chemical response, which precludes its use in practical sensing applications.

This chapter is a report on the fabrication of static microcantilevers fabricated
out of Au-Ta composites and a demonstration of their use for the detection
of a chemisorbed analyte. The impact of Ta concentration on the binding of
1-dodecaneanethiol is first determined using three different techniques. First,
contact angle measurements are used to determine the hydrophobicity change
attributable to exposure to dodecanethiol. Second, X-ray photoelectron spec-
troscopy is employed to look for the presence of sulfur bound to the surface of
Au-Ta films. Third, Au-Ta coated Si cantilevers are fabricated and the deflec-
tion due to surface stress imparted by the assembly of dodecanethiol molecules
is measured. All three techniques suggest that incorporation of small amounts
of tantalum (5% and 10% at. Ta films) had little adverse effect on the attach-
ment of dodecanethiol. This however ceased to be the case at 20% at. Ta and
above, opening the possibility of designing cantilevers whose backside would

be intrinsically inert to thiol chemistry.

Cantilevers as thin as 370 nm and with a spring constant as low as 10.5 %
were then realized out of a Au-Ta 5% alloy. The bottom surface of these all-
metal cantilevers was however made of pure Ta, and thus intrinsically inert
to the chemisorption of thiols. These devices were successfully employed to
detect the attachment of dodecanethiol molecules through monitoring of static

deflection induced by their binding onto their top surfaces.

5.3 Self-Assembled Monolayers

Self-assembled monolayers (SAMs) (7) are ordered molecular assemblies formed

by the adsorption of an active surfactant on a solid surface. The two dimen-
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sional order of these monolayers is generated spontaneously as adsorption of
SAM molecules reaches equilibrium. There exists a large volume of review
literature and books on the subject of SAMs (7; 213; 211; 214; 215). The two
most common classes of SAMs are organosulfur compounds (like alkanethiols
generally referred to as “thiols”) and organosilicon compunds (like alkyltri-
cholorsilane derivatives generally referred to as “silanes”). Silanes require the
presence of hydroxyl groups on a surface to form a bond while thiols will bind
to noble metals such as Au, Ag and Pd, (Au is most studied) (214). SAMs are
important in the context of bio/chemical sensors because they are frequently
used as building blocks of supermolecular structures that enable chemical or bi-
ological binding. As a proof of concept to demonstrate possible applications as
a cantilever chemical or biosensor, we explore the attachment of dodecanethiol
onto Au-Ta surfaces in this chapter. Dodecanethiol (Figure 5.1) is a simple
alkane chain molecule with a sulfur atom at one end attached to a 12 carbon
alkane (single bond) chain and is a liquid at room temperature. As mentioned
in chapter 4, alkanethiol molecules in general have an affinity for the <111>
face of PVD deposited Au. A top-view diagram of the arrangement of S atoms

from an alkanethiol on the <111> surface of Au is provided in figure 5.2.

It has been observed however that depending on material surface and thiol de-
position conditions, alkanethiol SAM formation takes place through the forma-
tion of several lower order “striped” phases of coverage before finally reaching
the equilibrium “standing up” phase. Figure 5.3 is a diagram of three proposed
phases of coverage as described by Godin et al. (83) this is in general agreement
with other literature describing SAM phase evolution (216; 213; 214).

5.4 Contact Angle Measurements

One of the results of exposing a gold surface to alkanethiols is that the gold
surface will be obscured from the environment by a organic layer with a hy-
drogen group at the end. This surface modification will change the interfacial

properties of our thin film (217), specifically it will increase the hydrophobicity
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Figure 5.3: Diagram of three phases of SAM formation. Firstly, alka-
nethiols bind to the Au surface with alkane chain lying down on the Au
surface. Second, as SAM formation evolves thiol molecules transition
into a denser stacked lying down phase. Finally SAM reaches its fully
formed “standing up” phase.

of the gold film. We can exploit this change of hydrophobicity to determine
the presence of SAMs by evaluating the contact angle of water on our thin

film surfaces.

To evaluate the contact angle we employ the static sessile drop method whereby
a droplet of purified water is gently placed on the thiolized surface while mon-
itored under a high resolution camera goniometer apparatus that is attached
to a PC. The contact angle is ascertained using image analysis algorithms,
or by manual tracing on the image where these algorithms fail. Typically
for alkanethiols on pure gold surfaces, we observe contact angles of approx-
imately 110°, while clean gold will exhibit a contact angle of approximately
20° (218; 219; 220; 80). Figure 5.4 is a side by side comparison of contact
angle images for clean gold and thiolized Au showing the dramatic difference

in wetting between these samples.

A series of silicon dies (Ultrasil) were cleaned with a piranha solution (3H2SO4

: 1H504) and sputter coated with a series of 20 nm thick Au-Ta films of varying
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Figure 5.4: Images from contact angle goniometer. Left: Deionized
water droplet on clean Au. Right: Deionized water on Au exposed to
dodecanethiol vapour for 2 hours.

Ta contents (0, 5, 10, 20, 40% at. Ta). All films employed a 3 nm thick Ta
adhesion layer. Each die was cleaned prior to film deposition by an Ar/Os
plasma for 3 min while mounted in the sputter system (50 sccm Ar, 4 sccm
O, 100 W). Prior to dodecanethiol exposure, the Au-Ta films were cleaned in
a UV-Ozone cleaner for one hour at 70°C to minimize the presence of organic
contamination before dodecanethiol deposition. One set of films was left out in
the laboratory environment while an identical set was exposed to dodecanethiol
vapor in a vacuum dessicator. After two hours, both sets of films were taken
to a First Ten Angstroms contact angle goniometer, where the contact angle
of deionized water was evaluated for each film using the static sessile drop
method.

Figure 5.5 is a graph of the contact angle of deionized water droplets on the se-
ries of Au-Ta films, both clean and dodecanethiol exposed. The pure Au films
behave as expected inasmuch as hydrophobicity was increased dramatically
with dodecanethiol exposure. This contact angle however drops off dramat-
ically as Ta content is increased, up to a point where there is no significant
difference between the dodecanethiol exposed film and the control at 40 at.%
Ta. Bain et al. (220) observed that in the case of on 1mM solution of octade-
canethiol in ethanol, the water contact angle on gold reached ~90% of its final
value within the first minute of SAM growth. These authors suggested that
the bulk of change in contact angle was related to the initial “striped-phase”
of SAM growth (216) rather than to the final, highly ordered arrangement
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Figure 5.5: Contact angle of deionized water versus Ta content in Au-
Ta film for clean and dodecanethiol exposed films.

of the layer. The dramatic reduction in the contact angle change as Ta con-
tent is increased thus here suggests a decrease in the efficiency of this initial
“striped-phase” binding. We indeed previously observed that with increased
Ta concentration, the Au-Ta films undergo both grain refinement and an in-
crease in the lattice parameter (186). Both these changes could be contributing

factors to the drop-off in dodecanethiol binding efficiency.

5.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a characterization tool used to
determine the elemental composition of a surface (28). A sample is irradiated
with X-rays from a known source (typically the Al Ka emission line) which
causes the emission of photoelectrons from the outer shells of the atoms on the
material surface. The energy and rate of photoelectron emission are measured

by a detector and a spectra of photoelectron energy is generated, which can
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Figure 5.6: X-ray photoelectron spectroscopy curves for dodecanethiol
exposed Au-Ta films. Two peaks are visible, one at 168 eV corre-
sponding to nonspecific, unbound SO, and one at 162 eV corresponding
to elemental S from bound dodecanethiol molecules. Control samples
showed only peaks at 169 eV.

be used to determine atomic composition of the surface. Bonds and oxidation
states of the sample can also be determined in some cases. Prior to analysis,
photoelectron energy spectra must be calibrated, which is typically done by
ascertaining the location of the Cls peak and defining it at 285 eV.

Au-Ta films (0, 5, 10, 20, 40% at. Ta) were sputtered onto Si cantilever
array chips (Concentris CLA-500-010-08) which had been cleaned prior to de-
position by a 3 min Ar/Os plasma (50 scem Ar, 4 scem Og, 100 W) in the
sputter chamber. The dies were then UV-Ozone cleaned and exposed to dode-
canethiol using the same protocol employed for the contact angle samples. The
dies were then assayed by X-ray photoelectron spectroscopy. Dodecanethiol
exposed and control samples were taken and mounted in an AXIS 165 X-
ray photoelectron spectrometer where a high-resolution plot of photoelectron

counts was recorded.
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Figure 5.6 shows high resolution X-ray photoelectron spectrum of the S2p
orbital binding energy acquired on Au-Ta films similarly exposed to the do-
decanethiol. Two peaks are visible one centred around 162 eV attributed to
elemental sulfur or to a sulfide (221) and the other centred around 169 eV at-
tributed to a sulfate (SO%7). Spectra acquired from samples with 0, 5, 10, 20,
40 % at. Ta suggests dominance of the sulfate peak (at 169 eV) over the sulfur
peak (at 162 eV) as Ta concentration is increased. Buck et al. (222) observed
similar behavior following the XPS analysis of hexadecanethiol SAM assem-
bled onto gold. They specifically observed a peak initially present around 168
eV. The peak was however progressively replaced by a peak around 162 eV as
the thiol was further allowed to interact with the gold. The explanation offered
was that the initial 168 eV peak was due to SO, from thiol molecules inter-
acting with oxygen present on the gold surface due to the presence of organic
contaminants. The oxidized sulfur peak was observed to markedly decrease,
and became dominated by an elemental sulfur signal at 162 eV. This change
in the energy of the S2p peak was also closely correlated with a decrease in the
oxygen peak around 532 eV, as would be expected from an gradual substitu-
tion of organic contaminants with the assembled thiol layers. This process was
termed “cleaning” of the gold and was also observed by Bain et al. (220). This
being said, Ishida et al. (223) observed this SO, peak on gold that was merely
left in the laboratory environment for 24 hours without exposure to alkanethi-
ols. This sulfur presence from environmental contamination is consistent with
our XPS observations of the SO, peak being present to some degree on all

control and dodecanethiol exposed samples.

Figure 5.6 shows that only the pure Au, 5% Ta and 10% Ta films exhibit the
sulfur S2p peak located around 162 eV. In turn, Figure 5.7 shows a plot of
the relative weight (by area) of the 162 eV peak in the overall S2p spectrum.
Figure 5.7 quite clearly shows that as the Ta concentration is increased in
the Au-Ta films, the relative contribution of the 162 eV peak associated with
elemental sulfur species decreases. This again confirms that there is a decrease
in the “cleaning” of the gold at higher Ta concentrations. The lack of the

162 eV at higher Ta concentrations indicates that the dodecanethiol is no
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Figure 5.7: Bargraph of proportion of X-ray photoelectron spectroscopy
counts attributed to SO, and elemental S. As Ta is introduced to the
Au-Ta films the proportion of elemental S decreases, corresponding to
decreased dodecanethiol formation efficiency.
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Figure 5.8: Bargraph of carbon signal for a series of clean (control) and
dodecanethiol exposed Au-Ta films.

longer displacing the oxygen-containing contamination at those compositions.
This would in turn further suggest that the initial dodecanethiol binding step
is greatly inhibited by the incorporation of Ta at concentrations of 20% at.
and above. These observations are in good agreement with the contact angle

measurements.

The biggest constituent of the dodecanethiol molecule is carbon (12C : 1S) (H
cannot be detected by XPS), therefore it was also of interest to monitor for
the presence of carbon on all samples. This isn’t the best way to quantify the
presence of the dodecanethiol SAM, since all samples should exhibit some C
signal from advantitious carbon contamination and thiol SAMs are known to
displace contaminant molecules on the surface of Au, but it may provide some
corroborating evidence of SAM presence. Figure 5.8 is a bargraph of counts per
second at the Cls energy location showing that in the control samples there is
a baseline C signal of ~ 2000-2500 CPS. In dodecanethiol exposed samples we
can see that the Au-Ta 0, 5, and 10 % at. Ta samples have drastically higher
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carbon counts than their control sample counterparts ~ 4500-6000 CPS which
is attributable to the presence of bound dodecanethiol. The 20 and 40 % at.
samples do not exhibit any significant increase in carbon presence over their
control samples, likely due to very poor dodecanethiol binding. This result is

in good agreement with the sulfur XPS analysis and contact angle analysis.

5.6 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a tool that can be used to
detect the presence of molecules by monitoring for the absorption of infrared
radiation at frequencies that correspond to the vibration of the specific chem-
ical bonds in the molecule (224). FTIR is rather complimentary to XPS in
that it can easily distinguish between different molecules that contain the same
elements because it derives its signal from bond vibrations rather than energy
levels of electrons in the molecule. Unfortunately, FTIR is a qualitative tool

and cannot quantify the presence of molecules on a surface.

FTIR was performed on samples that were prepared identically and in parallel
with those used in the contact angle measurements. A series of silicon dies
(Ultrasil) were cleaned with a piranha solution (3H2SO4 : 1H205) and sputter
coated with a series of 20 nm thick Au-Ta films of varying Ta contents (0,
5, 10, 20, 40% at. Ta). All films employed a 3 nm thick Ta adhesion layer.
Each die was cleaned prior to film deposition by an Ar/O, plasma for 3 min
while mounted in the sputter system (50 sccm Ar, 4 scem Og, 100 W). Prior to
dodecanethiol exposure, the Au-Ta films were cleaned in a UV-Ozone cleaner
for one hour at 70°C to minimize the presence of organic contamination before
dodecanethiol deposition. One set of films was left out in the laboratory
environment while an identical set was exposed to dodecanethiol vapor in a
vacuum dessicator. After two hours, FTIR spectra were gathered for both sets
of films using a Nicolet Nexus 760 FTIR spectrometer with a DTGS detector
and a nitrogen-purged sample chamber. All acquisitions were obtained using

32 scans with a 4 cm™! resolution. The FTIR spectra of the control films were
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Figure 5.9: FTIR absorption spectra peaks of dodecanethiol on Au-
Ta 5% film. Peaks between 2850 cm™' and 3000 cm™! correspond to
absorption by CH3 and CHy bonds of alkane chain.

subtracted from their corresponding dodecanethiol film counterparts and the
background machine FTIR signature was removed to reveal the absorption

peaks.

In FTIR studies of thiol molecules, it has been noted that the C-S and C-S-H
bonds give rise to rather weak absorption in the infrared spectrum, but are
highly polarized making Raman spectroscopy a better candidate to monitor
for the presence of these bonds. We are therefore left to determine alkanethiol
presence by monitoring the presence of CHy and CHj3 groups which are known
to absorb IR radiation in the 2800-3000 cm™! window (210; 211; 213; 224).
Figure 5.9 is a plot of the 2800-3000 cm ™! window of the IR absorbance spectra
of an Au-Ta 5% at. Ta sample exposed to dodecanethiol. We can see two clear
peaks around 2850 cm ™! and 2950 cm ™! corresponding to the stretching of C-
H bonds in the CH3 and CHy groups of the alkane chain of dodecanethiol.
These peaks were observed for all five Au-Ta compositions tested, but were

observed to grow progressively weaker (until spectrometer levelling artifacts
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were more pronounced than the peaks) as more Ta was incorporated into the
alloy. This result confirms that dodecanethiol indeed binds to Au-Ta films and

is consistent with contact angle and XPS results.

5.7 Au-Ta Coated Silicon Cantilevers

To assess the effect of changing alloy concentration on the stress imparted by
dodecanethiol SAM assembly we prepared a series of commercially available
single crystal Si cantilever array chips (Concentris CLA-500-010-08) coated
with the same series Au-Ta nanocomposite alloy films (0, 5, 10, 20, 40% at.
Ta). The cantilever chips consisted of eight identical cantilever beams 500 pm
in length, 100 gm in width and 1 gm in thickness. Cantilever chips were pre-
pared as before with films of 20 nm of sputtered Au-Ta alloy. Each cantilever
chip was cleaned by an Ar/O; plasma for 3 min prior to film deposition while

mounted in the sputter system (50 sccm Ar, 4 sccm Og, 100 W).

The Au-Ta coated cantilever dies were then placed in a UV-Oj3 system at 70°C
and cleaned for one hour, removed and allowed to cool for approximately 10
min. Initial deflection data is taken for each cantilever on each chip using a

Zygo NewView 5000 imaging white light interferometer.

With the initial deflection data recorded, one set of cantilever chips was left
out in the laboratory environment while an identical set was exposed to dode-
canethiol vapor in a vacuum dessicator. After two hours, the deflection of the
cantilever chips was once again measured with imaging white light interferome-
try. The change in cantilever deflection was calculated for each cantilever beam
on each chip and averaged to produce a deflection change for each composition
of Au-Ta. The deflections from the control samples were then subtracted from
the dodecanethiol exposed samples to account for noise due to effects such
as unstable oxide formation by UV-O3 (219; 225) cleaning or fluctuations in

ambient temperature in the lab environment.
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5.7.1 White Light Interferometry

Imaging white light interferometry was preferable to other methods of deflec-
tion measurement for a couple reasons. Firstly, this technique allows measure-
ment of the deflection of the cantilever with a high resolution (sub um?/pixel)
as opposed to being limited to measuring the displacement of one single large
spot using an AFM style split photodiode readout. Secondly, in an AFM style
split photodiode readout, it is imperative that the location of the laser spot on
the cantilever be well quantified in order to accurately translate the measure-
ment into a stress value. Imaging the cantilevers deflection profile bypasses

this possible source of error.

Recalling equation 2.35, we can use Stoney’s equation to correlate cantilever

tip deflection to the surface stress with the following equation.

Eh?Az

Ao = 32(1 —v)

(5.1)
where o is the stress at the top surface of the cantilever, E is the Young’s
modulus of the cantilever, t is the cantilever thickness, | is the length of the
cantilever, Az is the change in cantilever end height caused by the induced

stress, and v is the Poisson’s ratio of the cantilever.

It is notable that equation 5.1 has an 1? dependance. When using a split photo-
diode setup, the placement of the laser spot along the length of the cantilever
dictates the length in this 12 term. To have run to run consistency it is impera-
tive that we are able to place the laser beam at the same place on the cantilever
every time a cantilever chip is mounted in the setup. Initial explorations of
the effect of Ta content on dodecanethiol binding to Au-Ta coated cantilevers
were performed in the Concentris Cantisens CSR-801 system. The Cantisens
system has a CCD camera that can be used to help maneuver the cantilever
substrate into position so that the cantilevers impinge the laser path. The
problem with this is that the laser spot appears quite large in the CCD image

with a diameter approximately that of the width of the cantilevers themselves
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(100pm). Assuming that we can align the laser beam on the cantilever arrays
to within 50um of where the beam was placed on a previous run, we conclude
that we could have a deflection error of as high as 19% between runs. In addi-
tion to this, the cantilevers cannot be positioned independently since they are
mounted on the same substrate, so any tilt in the mounting of the substrate
will manifest itself as a progressively lower deflection signal as we go down the
cantilever array, further confounding signal comparison between runs. Given
the limitations of the Cantisens system we opted to measure cantilever de-
flection using the Zygo NewView 5000 imaging white light interferometer for
the sake of run to run consistency. Having a cantilever length associated with

every deflection datapoint would ensure this consistency.

5.7.2 Temperature Sensitivity

Analytic Solution

It is understood that a cantilever can form the basis of an extremely sensi-
tive calorimeter through leveraging the “bimetallic effect” (77; 140). This is
beneficial if we desire to apply calorimetry as a means to sense an analyte,
otherwise this effect must be regarded as a source of noise. The deflection of
a bimorph cantilever due to a change in temperature can be described by the

following equations (75; 76).

Az = tg_K<ac_ Oéb)(tc+tb)l2AT (52)
tb tb 2 Eb tb 2 Ec tc
K=14 — 4(— —(— — (= .
+6(tc)+ (tc> +Ec(tc> +Eb(tb) (5.3)

Where Az is the cantilever deflection, t, and t. are the thicknesses of the beam
and the coating film, E, and E, are the Young’s modulus for beam and coating,

ayp, and «,. are the coefficients of expansion for the beam and the coating film, |
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Table 5.1: Theoretical temperature-induced tip deflection and stress
noise in Ti/Au coated Si cantilevers, Ti/Au coated SU-8 cantilevers,
the most stress sensitive Au-Ta “metal-only” cantilever fabricated (with
10 nm Ta adhesion layer), and the same Au-Ta cantilever scaled up to
500pm long (a common length for commercial static cantilever sensors).
Values are calculated from equations 5.2 and 5.3

Cantilever Epeam  Efitm  Qbeam afim  Tip defl.  Str. noise
label GPa GPa 10° 107 o Y
Si + Ti/Au 150 83 2.6 13.5 101 0.028
SU-8 + Ti/Au 3.0 83 54 13.5 -203 0.044
Au-Ta 5% 1=140pm 115 186  13.8 6.3 47.9 0.023
Au-Ta 5% 1=500pm 115 186 13.8 6.3 611 0.023

is the effective cantilever length (or where the beam spot is actually located),

and AT is the induced change in temperature.

Equation 5.2 shows that the cantilever tip displacement due to thermal mis-
match is a linear function. Applying this equation to Silicon and SU-8 can-
tilevers coated with 3 nm Ti adhesion layer and 20 nm Au we can compare
the theoretical tip deflection and stress noise attributable to temperature. We
employ the Concentris CLA-500-010-08 (226) as the basis for the model silicon
cantilevers and cantilevers described by Keller et al.

citeKeller:2010p1273 as the basis for the model SU-8 cantilevers. For these
calculations, the metal film’s E and o were determined from a volumetric
interpolation of reference values for the E and « of Au and Ti. a7, is de-
termined by molar interpolation of a4, and ar, reference values and E 4,7, is

determined from the resonating cantilever method used in chapter 4.

We can see from table 5.1 that even when coated with extremely thin gold
layers (to enable thiol binding) the SU-8 and Si cantilevers undergo deflection
corresponding to significantly higher values of surface stress than the Au-Ta

cantilevers.
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Finite Element Analysis

A series of two dimensional finite element models were constructed in COM-
SOL 3.5a using the MEMS package thermal-structural interaction “SMPS” to
corroborate the theoretical temperature noise calculations. All models were
constructed using the same E and a values as table 5.1. Unfortunately, Au-Ta
coated silicon cantilever models could only be run at the most coarse (“ex-
tremely coarse”) adaptive mesh settings possible due to the extreme aspect
ratio of the cantilever devices. The Au-Ta 5% “metal only” cantilevers could
be run at higher mesh densities, but the model still demonstrated some mesh
sensitivity before machine limitations generated solution errors. Thus we were
unable to perform the simulations at an adequate mesh density and the results
should be taken with a grain of salt. Nonetheless, the simulated structures in-
deed displayed a tip deflection that increased linearly with temperature (as the
analytic model suggests) and differed from the analytically predicted values
by <15% in the worst case. It was determined that surface stress noise due to
temperature fluctuations shouldn’t be a significant issue given the controlled
environment of the Nanofab and our precautions taken by measuring control

and dodecanethiol cantilever deflection.

5.7.3 Stress Induced by Dodecanethiol Attachment

The derivation of stress as a function of deflection from Stoney’s formula is
appropriate for use when the Young’s modulus of the cantilever material is
well defined. In the case of cantilevers where compliance is provided by a
measured spring constant (such as AFM cantilevers or other micro-cantilevers),
it may be more appropriate to use a stress sensitivity formulation based on
this property, since material properties of common cantilever materials like
LPCVD SizNy vary greatly depending on process recipe. Godin et al. (227)
published a method to determine stress sensitivity of a microcantilever from
its spring constant using an energy method. The resulting stress sensitivity of

a cantilever of rectangular cross-section is:
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Figure 5.10: Stress induced by the attachment of dodecanethiol on
silicon cantilevers coated with a series of Au-Ta compositions. As Ta
content is increased induced stress decreases, corresponding to poorer
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(5.4)

where Ao is the change in surface stress, | is the cantilever length, w is the

cantilever width, t is the cantilever thickness, v is the Poisson’s ratio of the ma-

terial and Az is the change in deflection of the cantilever. This stress-deflection

relationship was applied to the Au-Ta coated silicon cantilever deflection data

taken by white light interferometry.

Figure 5.10 shows a plot of the surface stress induced by the chemisorption

of the dodecanethiol onto a series of Au-Ta coated Si microcantilevers. Can-

tilevers coated with low-Ta composition Au-Ta films (pure Au, 5% at. Ta

and 10% at. Ta) exhibited a compressive surface stress and thus a downwards

bending. The surface stress observed for pure Au (1.2 %) was similar to those
observed by Godin et al. (83), Desikan et al. (85), and Berger et al. (82) (ie
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0.51 %, ~1.0 %, and 0.19 %, respectively). As expected, the surface stress de-
creases as Ta content is increased and becomes nearly negligible in cantilevers
coated with films with 20% and 40% at. Ta composition.

It is notable that this decrease in the compressive stress as Ta content is
increased is correlated with a decrease in the elemental sulfur XPS signal and
a decrease in the water contact angle. Godin et al. (83) observed a sharp
decrease in the stress imparted on his Au surfaces as the grain size of the Au
was reduced. This was attributed to the relative ability of the dodecanethiol
SAM to achieve its final highly-ordered “standing up” state. Our previous
work with Au-Ta nanocomposites (186) showed that the introduction of Ta
leads similarly reduced the Au grain sizes. A decrease in surface stress with

increased Ta content is therefore expected.

5.8 Gold-Tantalum Cantilevers

5.8.1 Fabrication

A series of cantilevers were fabricated directly out of Au-Ta 5% to synthesize
a cantilever of superior sensitivity to stresses. In our preliminary study of
these Au-Ta nanocomposite alloys (186), we noted that the 5% at. Ta con-
centration could be sputter deposited on a silicon substrate without inducing
any meaningful bending due to stress. From these observations, we know that
the stress gradient of the Au-Ta 5% material should be small enough that we

could completely release a cantilever made entirely of this material.

Figure 5.11 contains a schematic of the process flow for fabricating Au-Ta 5%
cantilever sensors. First a Si <100> wafer (Ultrasil) is cleaned in a piranha so-
lution (3HSO4 : 1H204) and a bilayer of LOR 5B (Microchem) and HPR 504
(FujiFilm) photoresists is spun. The photoresists were patterned with contact
photolithography and developed such that there was an approximately 5 pym
overhang in the top layer of HPR 504 photoresist. A 10 nm Ta adhesion layer
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AuTa sputtered onto patterned silicon

AuTa pattern liftoff

AuTa cantilevers released by RIE
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Figure 5.11: Process flow for the fabrication of Au-Ta 5% static micro-
cantilever transducers.
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Figure 5.12: Scanning electron micrograph of a static Au-Ta 5% mi-
crocantilever with dimensions 1 = 140 pym, w = 20pum and t = 370
nm.

and 400 nm thick Au-Ta 5% layer were then sputtered onto the patterned
wafer. The Ta adhesion layer would later serve as a blocking layer, preventing
alkanethiol molecules from binding to the bottom surface of the cantilever. Ex-
cess photoresist was removed from the silicon wafer with an ultrasonic acetone
bath followed by a 2 min rinse in Remover PG (Microchem), leaving behind
only the cantilever pattern in Au-Ta alloy. The patterned Au-Ta mechanical
layer was then released from the silicon wafer by exposure to an isotropic SFg
reactive ion etch (50 scem SFg, 50 mTorr, 50 W, 60 min etch time). The
plasma etch conditions were optimized to release the 20 pm wide and nar-
rower cantilever beams. Figure 5.12 shows a scanning electron micrograph of
a released Au-Ta 5% cantilever (140 pm long by 20 pum wide) fabricated by
this method. Using cross sectional scanning electron microscopy (SEM), we
determined that the SFg plasma etch step had thinned the 410 nm cantilevers

down to approximately 370 nm.
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5.8.2 Alternate Release Methods

Initially a traditional wet etch bulk micromachining approach was taken to
release the Au-Ta 5% static cantilever structures, as outlined in chapter 2.
Cantilever patterns were deposited on the front side of doubly polished silicon
<100> wafers. The wafers were then coated (device side and bottom) with a
PECVD synthesized SiO, layer. Photolithography was employed to open up
a window to allow for anisotropic TMAH etching from the wafer’s backside
which would completely release the Au-Ta cantilevers. TMAH was employed
over KOH since it is known to be selective to Au (115) and metals in general.
Unfortunately, TMAH is roughly half as fast as KOH for etching through Si,
necessitating ~16 h to etch through a standard 500 pum wafer. Ultimately,
poor adhesion and porosity of the SiO5 mask to the Au-Ta metal caused mask
delamination exposing the Au-Ta cantilevers to the TMAH solution after a
couple hours. Thus, to preserve the Au-Ta cantilever integrity it was necessary
to remove wafers from the TMAH etching solution before the wafer was entirely
etched through. The wafers were dried using critical point drying, though they
were so compliant that turbulence in the CPD chamber was enough to cause
deformation. XeF, vapour was also explored as an alternate method of release
since it also etches Si over Au with an extremely high selectivity. Unfortunately
the cantilever structures were deformed due to the turbulent pulsed nature
of the XeF, vapour chamber controller. Ultimately, the SFg plasma etch was
chosen since it did not cause the cantilever devices to plastically deform during

release and still exhibited a very high selectivity of Si to Au.

5.8.3 Initial Conditions

For most static cantilever transduction methods (such as PSD and white light
interferometry), it is important to ensure that the cantilever beam is not ex-
periencing excessive initial out of plane bending, so that its deflection may be

read out accurately. Cantilever bending can be attributed to both residual



CHAPTER 5. GOLD TANTALUM STATIC CANTILEVERS 134

mean stress and residual stress gradients (159). Keller et al. (209) found ini-
tial bending to be a significant issue when fabricating SU-8 static cantilever
sensors and used a camera to generate a cantilever bending profile. Fang and
Wickert’s model (159) could then be applied to these profiles to determine
mean stress and stress gradient in their cantilevers. This stress information
was then used to modify the SU-8 baking steps to reduce both stress gradients

and mean stresses, reducing initial bending.

In Fang and Wickert’s model, cantilever bending is separated into a bending
term with a constant radius of curvature “R” and a rotational deformation

about the clamping point with an angle 6.

2

x
Ziot N 2y + 2p = SR + Oz (5.5)

where the angular rotation 6 is composed of 6,, due to mean stress and ¢, due

to the stress gradient.

6, ~ %"(1.33 +0.450)(—1.4 - 1074 + 1.022) (5.6)

0, ~ %(6.6 S 10%2 — 4.7 -107% + 0.81) (5.7)

Using white light interferometry, we were able to extract a cantilever profile
for a series of lengths of released Au-Ta 5% cantilevers to ascertain the effect
of SFg etch release time and UV-Oj cleaning on the cantilever stress profile.
Extraction of the cantilever’s mean stress was highly dependant on accurately
locating the clamping point, which was impractical given the undercut result-
ing from the isotropic SFg etch release. Analysis was therefore constrained
to stress gradient calculations since these were relatively invariant with small
errors in clamping point location. A second order polynomial fit was applied
to the cantilever profile in order to extract the radius of curvature so the stress
gradient could be computed. Figure 5.13 is a graph of cantilever stress gradient

versus release time for just released and UV-O3 cleaned Au-Ta 5% cantilevers.
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Figure 5.13: Stress gradient of identically deposited Au-Ta 5% can-
tilevers with varied release times. Stress gradient was also obtained for
the same cantilever samples after UV-Og cleaning.

From figure 5.13, we do not see a relationship between SFg etch release and
the resultant curling of the cantilever. The cantilevers do however undergo a
small downward deflection upon UV-Oj cleaning, reducing the measured stress
gradient. We can now be confident that the effects of SFg etch time have
minimal effect on the cantilever’s initial deflection, enabling more aggressive

cantilever designs in the future.

5.8.4 Sensitivity Comparison

The sensitivity of a static cantilever sensor is typically quantified by the can-
tilever’s spring constant. Recalling equation 2.9, we know that the spring

constant of a cantilever can be calculated from the following equation.

3BT
b=
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Table 5.2: Comparison of spring constants of recently published and
commercially available highly compliant microcantilevers and the Au-
Ta cantilevers fabricated in this study.

Cantilever label Length Width Thickness Spring const
label pm L nm %
Au-Ta 1 35 5 369 1.68x10~!
Au-Ta 2 45 10 369 1.59x107!
Au-Ta 3 65 20 369 1.05x1071
Au-Ta 4 70 10 369 4.21x1072
Au-Ta 5 90 20 369 3.96x1072
Au-Ta 7 140 20 369 1.05x10~2
Cantisens CLA-500-010-08 500 100 1000 3.00x1072
Calleja et al.
citeCalleja:2003p1270 200 20 1500 1.50x10~2
Keller et al.
citeKeller:2010p1273 500 100 2000 4.80x1073
Mikromasch 17 series 460 50 2000 1.50x10~!
Au-Ta scaled up 500 20 369 2.31x1074

Where E is the Young’s modulus, I is the cantilever’s moment of inertia (I =

Ui_g) and L is the cantilever’s length.

Spring constant is a measure of the cantilever’s sensitivity to a point force
and not a surface stress distributed over the cantilever. However, since it
is measurable with an AFM and it is correlated to stress sensitivity, spring
constant is the prevalent way to quantify a static cantilever’s sensitivity. Table
5.2 is a summary of cantilever dimensions and spring constants for the Au-
Ta 5% static cantilevers outlined in this chapter, commercially available Si

cantilevers, and published SU-8 cantilevers.

Table 5.2 shows that the spring constant of the most compliant Au-Ta 5%
cantilevers is comparable to the most sensitive SU-8 and commercially avail-
able silicon cantilever structures. If the length of our most sensitive Au-Ta
cantilever is scaled up to a typical commercial static cantilever length (500

pum) we see that the spring constant is lower than the most sensitive SU-8
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cantilevers by more than an order of magnitude. This coupled with the lower
thermal noise (Table 5.1) of our Au-Ta cantilevers would enable far greater

real world sensitivity to thiolized molecules.

5.8.5 Stress Induced by Dodecanethiol Attachment

A set of all-metal Au-Ta 5% cantilevers were used to measure the stress as a
result of dodecanethiol chemisorption in order to determine their applicability
as chemical sensors. Two identical chips (fabricated as described in section
5.8.1) with varied cantilever geometries were cleaned in a UV-Oj cleaner for
one hour at 70°C and allowed to cool for 10 min. Initial cantilever deflections
were measured by white light interferometry. One chip was then placed in a
vacuum dessicator and exposed to dodecanethiol vapor for 2 h, while the other
chip was left exposed to the laboratory environment. The deflection of the two
cantilevers was measured again and the difference in deflections translated
into an assessment of the surface stress imparted by the chemisoprtion of the

dodecanethiol.

Figure 5.14 shows a graph of deflection of each cantilever as a function of
device sensitivity. A fit of this data to equation 5.1 ascribes a stress of 1.07
+ 0.09 % to the dodecanethiol exposure. This stress is significantly different
from the 0.2 % value observed in the silicon cantilevers coated with Au-Ta
films of similar Ta content. This difference could be related to some variation
in of the alloy’s mechanical properties or the Au-Ta grain size changing with
device thickness. Finally, in spite of their relative shortness, the theoretical
spring constant of these cantilevers ranged from 168 % to 10.5 % which is
already comparable to the most compliant cantilevers reported in literature.
Fabrication of longer and thinner cantilevers showing spring constants below

the 1 Z—N mark is currently underway.
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Figure 5.14: Deflection versus stress sensitivity for a suite of Au-Ta
5% cantilevers exposed to dedecanethiol. Cantilever deflections corre-
spond to an induced stress of ~ 1.07 % after two hours dodecanethiol
exposure.
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5.9 Summary

Static microcantilever sensors were fabricated directly out of a Au-Ta nanocom-
posite synthesized by a co-sputtering process. The attachment of dodecanethiol
molecules onto the surface of such films was first assessed using contact angle
measurements, X-ray photoelectron spectroscopy, fourier transform infrared
spectroscopy and stress measurements using silicon microcantilevers coated
with the alloy. It was observed that as tantalum was added to alloy films, the
water contact angle for dodecanethiol exposed films decreased dramatically,
from over 100° for pure Au to ~40° for the 20% and 40% at. Ta films. XPS
measurements also showed that as Ta in incorporated in the alloy, the ratio of
elemental S to SO, decreases until no elemental S can be observed for the 20%
and 40% at. Ta films. FTIR scans showed the presence of absorbance peaks
corresponding to the stretching in CH; and CHj groups of the alkane chain
of dodecanethiol in all samples, though qualitatively the peak was very weak
as Ta content was increased to 20% and above. The stress associated with
dodecanethiol assembly on Au-Ta coated silicon cantilevers was observed to
decrease as the concentration of Ta was increased. Silicon cantilevers coated
with pure Au exhibited stress similar to previously published values and as Ta
was increased in the films stresses associated with SAM assembly decreased
until the 20% and 40% at. Ta films showed negligible deflection due to stress.
It was concluded that while the Au-Ta films retained the FCC structure and
<111> texture of Au the inclusion of Ta in solid solution inhibits the initial
binding step of alkanethiol molecules as Ta is increased. The 5% and 10% at.
Ta films still showed significant dodecanethiol binding but 20% and 40% at.
Ta showed no evidence of significant binding. This tunability of the chemical
affinity of the alloy therefore allows the design of ultra-thin all-metal can-
tilevers whose backside is intrinsically inert to the target analyte. This feature
foregoes the need of a passivation step and would greatly simplify the analysis

and handling of sensors based on such structures.

To that end, all-metal Au-Ta nanocomposite alloy metal-only cantilevers were



CHAPTER 5. GOLD TANTALUM STATIC CANTILEVERS 140

successfully employed to detect the attachment of dodecanethiol. Spring con-
stant of the Au-Ta cantilevers fabricated and employed in this study were as
low as 10.5 ’:Ln—N, which is already comparable to the most compliant commer-
cially available silicon microcantilevers. These Au-Ta cantilevers were however
substantially shorter than typical silicon devices, thus limiting the ultimate
stress sensitivity of the cantilever device. Initial bending was minimal and
was determined to be relatively invariant with changing SF¢ release etch times.
Design revisions currently underway to scale up the length of the Au-Ta can-
tilevers closer to the commercially available Si cantilevers promise to increase

the stress sensitivity tenfold.



CHAPTER 6

The Application of Atomic Layer Deposition

Materials for Resonant Cantilever Applications

6.1 Introduction

We applied our nanofabrication expertise to the fabrication of NEMS res-
onators out of atomic layer deposition (112; 228) material. This work is a
logical extension to the work in chapter 3, as many ALD materials have a high
Young’s modulus and low density, making them ideal for NEMS resonator ap-
plications. Initial NEMS resonator studies were conducted using single crystal
Si as the resonator material. To employ a NEMS resonator as a gravimetric
transducer we desire a material that is light and stiff, Si has both of these
properties. The frequency response of a cantilever to an added mass is in-
versely proportional to the cantilever’s mass (equation 2.28) thus to achieve
a cantilever of unprecedented sensitivity we wish to reduce its dimensions as
well. Single crystal silicon materials are prone to brittle failure when machin-
ing devices with dimensions below approximately 50 - 60 nm (106; 107). The
cause of these yield problems has been attributed to lattice damage from the
reactive ion etching step. The brittle nature of RIE damaged Si necessitated

the move towards nanocantilevers made from glassy materials like SizN4 (109)
and SiCN (110).

141
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The lateral dimensions of a NEMS resonator are determined by the patterning
and etching steps in fabrication. Low voltage electron beam lithography and
reactive ion etching already been applied for the fabrication of sub 10 nm
resonator beams in glassy SICN (111). In the case of these SiCN resonators,
the beam thickness was 50 nm, as this was the thinnest layer that could be
reliably deposited in the PECVD process. In order for reductions in device
thickness to catch up to reductions in lateral dimensions one needs to use a
film synthesis technique that is inherently slower than most CVD technologies.
Atomic layer deposition is a CVD technology, capable of synthesizing glassy or
nanocrystalline materials. ALD is inherently limited in deposition rate making
it a viable candidate for the production of NEMS resonators into the sub 10
nm scale regime. In this chapter!, we describe the deposition, characterization
and machining of TiN from ALD. We fabricated cantilever beams out of lightly
tensile stressed ALD TiN films, though we were unable to assay the device’s

resonance frequency.

6.2 ALD Background

Atomic layer deposition employs chemical vapours in vacuo to make thin films
in this way it is similar to the chemical vapour deposition technologies which
were briefly discussed in chapter 4. The difference between ALD and CVD
technologies lies in the self-limiting nature of the ALD reaction. Generally in
CVD reactions, one or more gasses are flowed over the substrate in a tem-
perature and vacuum controlled environment such that the gas(es) react at
the surface of the substrate to form the desired thin film. CVD methodolo-

"Work in this chapter was conceived by N. Nelson-Fitzpatrick and K. Harris. ALD
films were deposited by N. Nelson-Fitzpatrick and K. Harris. Reactively sputtered films
were deposited by N. Nelson-Fitzpatrick. Optical reflectometry and stress measurements
were preformed by N. Nelson-Fitzpatrick. Spectroscopic ellipsometry was performed by N.
Nelson-Fitzpatrick with helpful input by B. Szeto and N. Wakefield. X-ray diffraction was
performed by B. Worfolk and analyzed by N. Nelson-Fitzpatrick. Machining of reactively
sputtered and ALD films was performed by N. Nelson-Fitzpatrick. Electron microscopy was
performed by N. Nelson-Fitzpatrick
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gies have spawned a plethora of sub-technologies (LPCVD, PECVD, MOCVD)
(28) and have been well explored to synthesize materials (Poly-Si, SisNy, PSG)

that have proven essential to MEMS and microelectronics technologies.

We can regard ALD as a CVD reaction that is broken into two half reactions
(112; 228). In the first half reaction, the ALD chamber is exposed to a “pre-
cursor vapour which adsorbs onto the device substrate, subsequently the extra
waste vapour is purged from the chamber. The second half reaction is now
carried out and the chamber is exposed to a “reactant” vapour that adsorbs
onto the substrate and reacts with the precursor chemical. Ideally this re-
action will form a one molecule thick layer of our desired material. Excess
reactant is purged out of the chamber and we can continue cycling these steps
until our synthesized material is of an appropriate thickness. The methodol-
ogy of ALD, relying on chemical reactions between adsorbed monolayers of
precursor vapours, presents an inherent limitation on the growth rate of films
which is an incredible blessing for the fabrication of NEMS cantilevers. The
cyclical nature of ALD inherently entails a very slow material deposition rate
and allows extremely precise control over the thickness of films, which should
bode well for repeatability between runs. ALD is also excellent at creating
uniform films since deposition is broken into multiple steps whereby we have
the luxury to wait until the entire wafer has undergone precursor adsorption
before proceeding with the subsequent reaction. This uniformity will result
in excellent uniformity of stress and thickness over a wafer, so that NEMS
devices that are made from the same wafer will exhibit a very low deviation

in device performance.

A review of literature reveals very few papers in the intersection of ALD and
MEMS and NEMS. The application of ALD has been mainly limited to surface
modification of MEMS devices that are made out of conventional materials.
There were only a few papers that used ALD films as the basis for micro and
nano-resonant cantilevers (229; 230; 231), all of which concentrated on AlyO3
as structural material. Aside from this, there has been some work on applying

ALD materials as a cladding layer for cantilever transducers. Waggoner et al.
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Table 6.1: Mechanical properties for CVD synthesized Nitrides and

Oxides (1)
Material Density Coeff. of thermal expansion Young’s mod.
name e 100—;5 GPa
TiN 5.4 9.35 251
Al,O3 3.965 7.0-8.3 378
SizNy 3.18 2.8 -3.2 260 - 330

(232) have also applied ALD SiO; as a cladding layer to improve silanization

and bioaffinity of LPCVD SizN, resonant cantilever transducers.

While technically poorer than Al;O3 as a resonant NEMS material, the mate-
rial properties of TiN are nonetheless promising for the development of NEMS
sensors. TiN is typically employed as a coating on machine tools such as drill
bits to improve durability and corrosion resistance. In microelectronics ALD
TiN can be used as a gate electrode to interface with Hafnium based gate
insulators since TiN is conductive and is effective at preventing Cu diffusion
into the gate oxide (233; 112). The main advantage that TiN would have over
Al,Og is that it is much more resistant to attack by etchants like KOH and HF
that are commonly used to remove sacrificial layers in NEMS fabrication (234).
Specifically TiN would enable the fabrication of low-undercut NEMS beams
using a KOH release, as applied previously by our group (33). In this study we
employ an Oxford FlexAL ALD system with a temperature controlled chuck
(up to 400°C) and a remote plasma system which is capable of Al,O3, TiOs,
and TiN film deposition.

The plasma assisted ALD deposition recipe used to synthesize TiN in this
chapter is provided in table 6.2. The TiCly precursor is introduced into the
chamber by releasing a trapped volume of TiCl, vapour that was generated
from a bubbler containing liquid TiCly. The chamber is then purged of excess
precursor to ensure that TiN formation only takes place at the substrate sur-
face and not above it. Hy and Ny gas flow is started and allowed to stabilize

before a plasma is lit. The Hy:Ny plasma ions react with the adsorbed TiCly
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Table 6.2: ALD TiN deposition recipe used in this chapter. All films
were deposited for 3000 cycles.
Deposition step Time Pressure Power Ar flow H, flow N, flow

name S mTorr W scem scem scem
TiCly Dose 0.03 80 N/A 60 0.1 0.1
TiCly Purge 1.5 80 N/A 60 0.1 0.1
Gas stabalize 6.5 15 N/A 0.1 40 2
Plasma 20 20 300 0.1 40 2
Plasma purge 5 N/A N/A 0.1 0.1 0.1

to form TiN, and unreacted Hy and Ny gas is pumped out of the chamber.

Five ALD films were synthesized for the work presented in this chapter. All
ALD films were grown on <100> silicon prime wafers that were cleaned in a
15 min piranha bath (3HySOy4 : 1H50,) prior to deposition. TiN films were
synthesized at deposition temperatures of 120°C, 160°C, 200°C, 250°C and
300°C.

6.3 Film Thickness and Deposition Rates

The first step in characterizing the ALD TiN films was to determine the depo-
sition rate of the material per ALD cycle. For films below 100 nm in thickness,
the poor resolution of stylus profilometry becomes a significant source of error
in thickness measurement and optical methods would provide a better solu-
tion. One could use white light interferometry to measure the step height of an
opaque film, but TiN isn’t opaque thus, optical reflectometry and ellipsometry

are more appropriate solutions.

In optical reflectometry, a light is shone through the thin film reflecting back
off the substrate and the reflected intensity of the light is recorded for a series
of wavelengths. This intensity spectra can then be used to determine the film
thickness given the index of refraction of the material over those wavelengths.

Ellipsometry is a more powerful tool whereby a linearly polarized beam is
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reflected off of the film / substrate interface which changes the polarization
state of the light. The resulting p- and s-polarized intensities as well as the
phase difference are measured. Ellipsometry can be extremely accurate at
measuring the thicknesses of films from hundreds of nanometres down to the

<10 nm regime.

Once the films were deposited on the Si wafers, they were taken to a filmetrics
reflectometer to determine the film thickness over 13 points. The filmetrics
TiN model was found to yield best fits over the wavelength window of 550 - 800
nm. Thickness data was taken over 13 points and error bars were generated

from standard error calculations.

The reflectometry data only fit well over a rather narrow wavelength window
(550 - 800 nm) so ellipsometry measurements were also performed to ensure
that the thickness data was accurate. To this end, spectroscopic ellipsometry
data was taken with a J.A. Woolam variable angle spectroscopic ellipsome-
ter. Spectroscopic ellipsometry has been successfully employed in literature to
determine the thickness of ALD deposited TiN films (233; 235; 236). Spectro-
scopic ellipsometry measurements were taken at angles 55°, 65° and 75° over
the wavelength range of 300 nm - 1350 nm at a 10 nm wavelength resolution. A
Drude-Lorentz model was then constructed along the lines of models described
by Langereis et al. (235; 236). The data was fitted to the Drude-Lorentz model
using the VASE software. In fitting the data, we sought to minimize mean
square error of the fit while avoiding simultaneous fitting of parameters with a
correlation factor above 0.9 (this would hinder convergence). Films deposited
at 200°C and below were modelled with one Drude and one Lorentz oscillator,
while films deposited at 250°C and 300°C were modelled with one Drude and
two Lorentz oscillators. Measurements were taken from five points on each

wafer and error bars were generated from standard error calculations.

Figure 6.1 is a graph of the film thickness of 3000 cycles of ALD TiN deposited
on Si at various temperatures. The reflectometry and ellipsometry data yield
very similar results indicating that ALD film synthesis efficiency improves

dramatically with increased substrate temperature. The deposition rate varies
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Figure 6.1: Thickness of 3000 cycle TiN films deposited at different
temperatures. Red squares are measurements taken with a filmetrics
reflectometer and blue lozenges are measurements taken with a spec-
troscopic ellipsometry.
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from as low as 0.193 ﬁ at 120°C substrate temperature to 0.317
300°C. Heil et al. (233) also observed very similar deposition rates (through in
situ ellipsometry in a home-built ALD system) as ALD synthesis temperature

was varied.

6.4 Film Stress

A constant theme in nanofabrication is the need to understand and control
film stresses. In nanomechanical cantilevers, stress should be quantified so
that cantilever structures won’t deform, aiming for stress as close to zero as
possible. In the case of nanobeam resonators stress must be managed so that
beams do not undergo destructive buckling (due to any compressive stress)
or delamination (due to excessive tensile stress overcoming film adhesion).
To this end the stress of the TiN films was measured by a flexus 2320 thin
film stress measurement system. TiN film thicknesses were input as 100 nm

initially, then corrected using the following equation.

h
Oactual = Omeasured ( TLM) (6 1)
actual

As stated in previous chapters, stress in deposited films can be due to a number
of sources such as thermal mismatch stress or intrinsic stress due to sources
such as lattice mismatch. ALD TiN film synthesis requires an elevated tem-
perature for film deposition, so we expect thermal mismatch stress to be a
significant source of stress. Equation 6.2 is a model for thermal mismatch

stress of a deposited film, given E and v are temperature independent (145).

E ilm Tdez)
Othp = L/ A film — Asub dT (62)

1 - Vf’le Tamb

Figure 6.2 is a graph of stress of ALD deposited TiN films as a function os de-

position temperature. The blue lozenges represent the measured stress which
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increases significantly with deposition temperature. The green line in figure
6.2 is the thermal mismatch stress of the films calculated using equation 6.2
and assuming that the temperature coefficient of expansion is temperature
invariant over the temperature range of 20° - 300°. The red squares on the
graph are the measured stress minus the thermal mismatch stress, which gives
the intrinsic stress of the film. We can see that thermal mismatch stress is
indeed a significant source of film stress and that the TiN films would be in-
trinsically compressive but for the thermal mismatch in the deposition process.
The measured stress of the 120°C film is nearly zero and would be suitable
for the machining of single clamped cantilever structures. The tensile stress
state of the rest of the films makes them suitable candidates for the fabrication
of doubly clamped beam resonators as tensile stresses are known to improve
the quality factor of such structures. In subsequent fabrication steps the film
deposited at 200°C was chosen for prototyping, since it showed tensile stress

which is not so strong as to cause film delamination upon machining.

6.5 X-Ray Diffraction

X-ray diffraction (XRD) scans were conducted to determine the crystalline
structure of the ALD TiN films to see if they would be suitable for reso-
nant nanocantilever structures. The yield of single crystal silicon resonators
is known to be dramatically reduced as their lateral dimensions are reduced
below 50 nm (107). Glassy materials such as SiCN (136) and materials with
small grain size are preferred since they do not provide significant intragranular

propagation of defects that lead to brittle failure.

XRD measurements of the five ALD TiN films were conducted on a Bruker
D8 X-ray diffractometer and showed peaks corresponding to the underlying
Si <100> wafer very prominently. <200>, <220>, <311>, <222>, peaks
of TiN were also visible with the <200> peak of TiN being most prominent.
Heil et al. observed these peaks in 100°C and 400°C ALD TiN films using
XRD, while Li et al. (237) observed (200) and (111) grains most commonly
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Figure 6.3: XRD scans of the <200> peak of TiN. This was the only
peak in the XRD scan that could not be attributed to the Si wafer.

in their HRTEM studies of ALD TiN grain boundaries. Figure 6.3 shows the
XRD curves corresponding to the amplitude normalized peaks of the <200>
plane of TiN film deposited at various temperatures. It is evident that as the
deposition temperature is increased, the <200> peak becomes more narrow
and sharply defined. Scherrer’s formula (equation 6.3) correlates XRD peak

broadening with grain size of the material.

0.9A

t =
FWHMpeak . COS(HPGGk)

(6.3)

Peak broadening may also be due to instrumental broadening or inhomoge-
neous strain, but this analysis will neglect those effects. A gaussian fitting
algorithm was used to determine the FWHM and angle of the XRD peaks,
which was applied to Scherrer’s formula to generate the <200> crystallite
sizes plotted in figure 6.4.

Figure 6.4 shows that as TiN deposition temperature is increased, we see larger
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Figure 6.4: Crystallite size derived by application of Scherrer’s formula
to XRD scans of the <200> peak of TiN.

crystallite sizes in the <200> orientation. The grain size for all these films
is around 10 nm or below. However, one must note that the films are not of
uniform thickness and that the thinner dimensions of the low temperature TiN
films would limit its ability to contain very thick crystal grains. This should
have a fairly modest effect on lowering the average grain size for thinner films,
since grain size in all films is 10 (or more) times smaller than the film thickness.
We would like to avoid films with large crystal grains for beam nanoresonator
applications. Thus the XRD data indicates that the TiN films grown at low

temperature should be best suited for nanoresonator fabrication.

6.6 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted to determine the el-
emental composition of the ALD TiN material as a function of deposition

temperature. The mechanism by which XPS operates was explained previ-
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Table 6.3: ALD TiN composition as determined by X-ray photoelec-
tron spectroscopy. Note that as Temperature is increased Ti / N ratio
approaches 1.

Deposition temp. O Ti N C Cl  Ti/ N ratio

°C %at. %at. %at. %at. %at. unitless
120 2809 30.0 206 8.1 12.4 1.46
160 293 31.1 212 7.9 10.4 1.47
200 270 319 229 87 9.5 1.39
250 257 321 260 85 7.8 1.24
300 226 345 314 7.0 4.6 1.10

ously in chapter 5. To accurately determine the elemental composition of the
film material, the first few atomic layers were sputtered off with a 2 min Ar
plasma before the XPS signal was assayed. This sputter cleaning was done to
remove any adventitious C and excess O (due to unbound Ti near the surface
binding with O from the laboratory environment). Table 6.3 is a summary
of the atomic composition of the ALD synthesized TiN films, which is also
illustrated in bargraph form in Figure 6.5.

In our XPS studies we observed three elemental contaminants i.e. O, Cl and
C. XPS studies reveal that carbon contamination was relatively constant with
deposition temperature and could be due to impurities in the vessels that con-
tain the precursor material or in the ALD chamber. Table 6.3 and figure 6.5
also show that as the temperature is increased, oxygen and chlorine content in
the ALD films decreases. We expect that chlorine in the film is entirely due to
trapped and unreacted TiCly precursor. The TiCly is a precursor that is com-
mon to the ALD synthesis of both Ti and TiN materials and is directly related
to the synthesis of Ti in our ALD films. We expected and confirmed that as
Cl contamination is reduced, Ti signal is increased. Oxygen contamination in
the film is due to the strong affinity of O to Ti (Ti can be used as a getter
material in PVD systems for this reason) and thus exposed Ti surfaces in the
ALD system will react to any O present. An increased deposition rate will

mean that a given Ti atom is exposed to the ALD vessel environment for less
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Figure 6.5: Bargraph of TiN film composition by temperature. As
temperature increases we see a decrease in O and Cl and an increase
in N. Cl is attributed to unreacted TiCly precursor and O is attributed
to oxidation of unreacted Ti.
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time and thus we expect and indeed observe that as deposition temperature is
increased (increasing deposition rate), oxygen contamination is reduced. Wa-
ter vapour adsorbed on the sidewalls of the ALD reactor could also be another
source of O contamination and higher process temperature will also ensure

efficient removal of these vapours during pumpdown of the chamber.

The two non-contaminant species in our film are Ti and N. As stated pre-
viously, Ti synthesis is dependant on the reduction of the TiCly precursor,
which takes place with slightly improved efficiency at higher temperatures.
The more prominent change in TiN composition is the vastly increased N con-
tent at higher temperatures. The Ti / N ratio goes from 1.46 at 120°C to 1.10
at 300°C due to the improved TiN synthesis in the plasma step.

High resolution XPS data was inspected to give further insight into the binding
state of the atoms in the TiN films (221). Figure 6.6 gives a series of high
resolution XPS plots for Ti, N, O and Cl. The high resolution XPS of the Ti
2p orbital shows a strong peak at 455 eV with a shoulder at 458 eV. These
peaks also appear to have doublets approximately 6.1 eV higher (238), which
has been observed previously for Ti and TiCl, XPS scans (239). The Ti 2ps/,
peak is typically located at 454 eV whereas TiN is expected to be slightly
higher at 455 eV, which is approximately where this peak was observed. This
most prominent Ti 2ps/, peak is likely attributable to the presence of TiN and
a small amount of metallic Ti. The presence of the 458 eV shoulder can be
attributed to the presence of TiOy and/or TiCly, which should decrease with

increasing temperature.

The high resolution scan of N shows a 1s orbital peak at 397 eV which increases
with increased temperature and consistent with the presence of TiN (239).
The high resolution scan for oxygen shows a 1s orbital peak around 530 eV
consistent with the presence of generic metal oxides (221) such as TiO, (239).
The oxygen in the TiN films is clearly attributable to the presence of TiOs,
which decreases at higher temperatures. The chlorine high resolution scan
shows the Cl 2p3/, doublet at 198 eV which has also been observed for TiCly
(238). All of these scans are consistent with the presence of TiO, and TiCly
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Figure 6.6: High resolution XPS spectra of ALD synthesized TiN films.
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as the main impurities in the TiN films and none of the high resolution XPS

peak features are inconsistent with this conclusion.

6.7 Cantilever Resonator Fabrication

The fabrication of TiN nanobeam resonators was conducted using a surface
machining methodology very similar to that described in Figure 2.3 and in
chapter 3 for SOI cantilever resonators. The substrates of ALD TiN film de-
posited at 200°C were cleaved into approximately 1 cm x 1 cm dies and cleaned
with isopropyl alcohol to gently remove organics (piranha solution will etch
TiN quickly). The samples were then dehydrated on a hot plate at 200°C for
5 min in the ambient atmosphere of a class 10 environment. A 60 nm thick
polymethylmethacrylate (PMMA) 495K electron beam resist was spun and
then baked at 180°C for 30 min. This step was repeated with a 60 nm thick
PMMA 950K resist, creating a bilayer for lift-off. The substrates were pat-
terned with a Raith150-TWO Electron Beam Lithography (EBL) system (10
kV, 10um aperture, anchors defined as areas with dose 120 Cffn—og, beams defined
by single pixel line with dose 2500 ’C%) and developed in a methylisobutylke-
tone based developer (1 MIBK: 3 TPA). The application of single pixel line
doses enabled the patterning of features narrower than 30 nm. The patterned
resist is then subjected to a light Oy “descum” plasma to smooth any rough-
ness in the resist template resulting from nonideal developing. The patterned
resist was then used to generate a 50 nm thick SiO, masking layer by elec-
tron beam evaporation and lift-off of the unexposed areas with an ultrasonic

acetone bath.

The patterned TiN dies were then mounted on a Si wafer with vacuum grease,
taken to an Oxford Plasmalab DRIE tool and subjected to a Cly etch for 36
s at 20°C. Lemme et al. (240) demonstrated the etching of TiN in a similar
reactor with a combination of Cl; and HBr gas chemistries. Previous etch
testing determined the etch rate of the Cly recipe to be 2.3 =* + 4.9 nm
for the strike step. After etching, the SiO, masking layer is removed by a 5
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Figure 6.7: Scanning electron microgfaph of a fabricated TiN beam
resonator from the 200°C deposition run. Beam dimensions are 11.3um
long, 30 nm wide and 72.9 nm thick.

min bath in BOE and the cantilever is released from the substrate using an
isotropic SFg RIE release for 4 min. This release step is conceptually similar
to the release step employed in chapter 5. Originally, a KOH etch release step
was intended since it is highly anisotropic and thus minimizes clamping point
undercut while it etches downwards quickly to avoid stiction when drying (33).
However, SFg release was chosen for initial prototyping since it is a dry and
relatively gentle process. The nanoresonator beams were imaged in SEM and

a representative image of a fabricated beam is shown in figure 6.7.

Nanoresonator beams were fabricated with four different lengths (5.7pm, 8.5um,
11.3pm, 14.1pum) using a single-pixel line exposure. The majority of the 5.7
and 8.5 um beams survived fabrication, but few 11.3pum and no 14.1um were
successfully fabricated. We attempted to assay the resonance frequencies of
the nanoresonator beams in an interferometric resonance testing setup (as de-
scribed in section 2.7.1 and used in chapters 3 and 4). Unfortunately, due to
time constraints and relative inexperience with such narrow line features no

resonance data was acquired.
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6.8 Summary

We explored the synthesis of TiN films using atomic layer deposition in order
to fabricate nanoresonator beams. Atomic layer deposition (ALD) is concep-
tually similar to CVD technologies, except that film growth is broken into
half-reactions that are alternated to form the desired material, rather than
a constant reaction in the case of traditional CVD. ALD technologies yield
very thin highly conformal films with fewer defects. As lateral dimensions
for nanoresonators are scaled down below 10 nm, it is important to be able
to synthesize films with well controlled thicknesses to enable reliable device
machining. Additionally, the synthesis of extremely thin films will enable im-

proved gravimetric sensitivity in resonant NEMS transducers.

To this end, TiN films were grown on silicon substrates at different deposition
temperatures for 3000 cycles and were characterized using several thin film
characterization tools. The film thicknesses were measured by reflectometry
and variable angle spectroscopic ellipsometry to determine the film deposition
rate per cycle. Film’s stress was assessed by measuring wafer bowing with a
laser interferometer. X-ray diffraction was performed to determine the crystal
structure of the film and X-ray photoelectron spectroscopy was conducted to

determine the elemental composition of the TiN films.

The TiN deposition rate increased significantly with substrate temperature
from 0.193 ﬁ at 120°C to 0.317 Cy"ﬁ at 300°C. The stress of the ALD films
went from near -17.7 MPa (compressive) for 120°C to 649.0 MPa (tensile) for
300°C. Thermal mismatch stress was associated with most of the increase in
tensile stress. A simple model for thermal mismatch stress was used to subtract
this effect from the measured stress revealing that the intrinsic stress of the TiN
film does change with deposition temperature from -243.6 MPa (compressive)
for 120°C to 16.5 MPa (tensile) for 300°C. X-ray diffraction revealed peaks
corresponding to <200> crystallographic orientation with additional weaker
peaks corresponding to <220>, <311>, and <222>. The Scherrer formula

was used to reveal that average crystallite size of the <200> crystals increased
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dramatically with temperature, but remained smaller then 10 nm in all cases.
High resolution XPS revealed that the TiN films suffered from significant CI
and O contamination which decreased as temperature was increased. The
source of the Cl contamination was the TiCly precursor, while O contamination
is in the form of TiOy formed during film synthesis since Ti is a very effective
getter material. As deposition temperature was increased N presence increased
dramatically, the ratio of Ti / N went from 1.46 at 120°C to 1.10 at 300°C
due to the vastly improved TiN synthesis in the plasma step.

Resonator beams were fabricated out of the 200°C TiN film. The 200°C com-
position was used due to its smaller crystallite size and its mildly tensile (~250
MPa) stress state. Beam structures were patterned in PMMA using single pixel
line electron beam lithography and this pattern was used to deposit an SiOq
mask using a liftoff process and electron beam evaporation. The pattern was
transferred into the TiN with a Cly RIE, masking layer was removed with a 5
min BOE bath and the TiN beam were released by etching away silicon below
with a 4 min isotropic SFg RIE. The nanobeams were inspected with SEM
and their yield decreased dramatically as beam length was increased. Reso-
nance assaying was not performed due to time constraints. The fabrication
of nanobeams based on ALD TiN materials was quite successful considering
time constraints. ALD TiN is very light and elastically stiff making it a good
candidate for a resonant transducer. Additionally the ALD process is inher-
ently rate-limited in deposition, making the synthesis of ultrathin layers quite
simple and repeatable compared to other CVD processes. TiN is also resistant
to etching by KOH, so this method may be used in the future to release TiN
nanobeams without significant undercut at clamping points. Ultimately, the
low deposition rate and high uniformity of ALD deposited materials makes
them ideal material candidates for the fabrication of large arrays of nanobeam

resonators.
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A Summary and Outlook at Future Directions

7.1 Summary

This work demonstrated the application of gold-tantalum metal nanocom-
posite films for the fabrication of static microcantilever transducers. Metals
have largely been overlooked for dynamic resonators due to their low elastic
modulus, high density, polycrystalline nature, and large intrinsic sources of
mechanical loss. Conversely, the sensitivity of a static cantilever transducer is
very strongly dependant on its dimensions and less on its mechanical charac-
teristics. The application of gold-tantalum as a structural material for these
transducers confers a number of advantages. Firstly, the cantilever’s top side
is inherently sensitive to binding to thiol groups, enabling the application of a
vast library of intermediate chemistries to sensitize these cantilever transduc-
ers for chemical and biological sensing applications. Secondly, the cantilever’s
backside is inherently inert to thiol binding due to the application of pure
Ta as an adhesion layer, this simplifies cantilever transducer application by
removing the need to subject the cantilever transducer’s backside to a tech-
nically difficult blocking layer treatment. Thirdly, the demonstrated ability
to control stress and fabricate cantilevers with an extremely high length to

thickness ratio makes the compliance of these cantilevers (and thus their sen-
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sitivity to surface stresses) among the most sensitive in known literature. As
a proof of concept, these transducers were applied to detect the presence of
self-assembled monolayers of dodecanethiol. Self-assembled monolayers are
commonly used as an intermediate layer enabling functionalization of a can-
tilever transducer to its desired analyte (97; 98; 15; 205). Using white light
interferometry we determined that the assembly of dodecanethiol on Au-5%
at. Ta cantilevers caused a deflection that corresponded to 1.07 %, a stress
comparable to that observed by previous investigators who used traditional

Au coated Si or SizN, cantilevers.

First, cantilever fabrication and resonance testing was explored in silicon using
SIMOX wafers. Silicon is a commonly used material for cantilever transduc-
ers since it is light, stiff, and has a plethora of technologies available for its
machining. Since the speed of sound (\/g) of a material can be inferred from
the resonance of a cantilever structure using the Euler-Bernoulli equation, we
chose to test this analysis on single crystal silicon before applying this tech-
nique to determine the stiffness of our gold-tantalum materials. In machin-
ing silicon nanocantilevers we developed electron beam lithography techniques
that would be applied throughout this thesis, and demonstrated the use of a

novel cryogenic etching technique.

Secondly, we applied co-sputtering to synthesize a series of films of gold-
tantalum nanocomposite alloy films. We assessed the film structure with vary-
ing Ta content using atomic force and scanning electron microscopy as well
as X-ray diffraction. Film conductivities were assessed with four-point probe
measurements. Hardness and elastic modulus were measured with nanoinden-
tation. Deposited film stress was measured with an interferometer, and a low
stress composition was identified at Au-5 at.% Ta. The XRD data indicated
that below 50 at.% Ta the FCC structure of gold is retained with a very strong
<111> orientation, indicating that these films should still have an affinity for
thiolized molecules. The films exhibited an increased elastic modulus and
hardness as well as a significant grain size reduction with the introduction of

tantalum. Cantilevered resonators constructed out of Au-5 at.% Ta were man-
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ufactured and their fundamental resonance frequencies were assessed. These
measurements indicated that the speed of sound in the Au-5 at.% Ta was 2406
7. The observed Q factors of the resonators ranged from 304 to 640 at room
temperature, and up to 10000 when cooled to 77 K. Finite element analysis
was also performed and corroborated the resonance frequencies measured and

speed of sound extracted through application of the Euler-Bernoulli PDE.

Thirdly, we endeavoured to determine the effect incorporated Ta would have
on the film’s affinity for alkanethiol molecules and if appropriate, fabricate
static cantilever transducers out of low stress Au-5 at.% Ta material. We
performed contact angle measurements, x-ray photoelectron spectroscopy and
fourier transform infrared spectroscopy to determine the presence of dode-
canethiol on a series of Au-Ta composition films. We indeed observed that
there was reduced but significant thiol binding on Au-Ta films until Ta content
reaches 20% at. Commercially sourced silicon microcantilevers were coated
with the same series of Au-Ta compositions and the stress imparted by expo-
sure to dodecanethiol was measured. The silicon microcantilevers underwent
measurable compressive stress due to dodecanethiol exposure which decreased
with increasing Ta in the Au-Ta coating film until no stress was detectable
for films with 20% at. Ta and above. We fabricated Au-Ta static microcan-
tilever transducers with spring constants as low as 10.5 %—N using the low-stress
Au-5 at.% Ta material. These highly compliant Au-Ta cantilever transducers
were exposed to dodecanethiol vapours for two hours and underwent deflection

corresponding to a 1.07 £ 0.09 % surface stress.

Lastly, we fabricated and characterized nanoresonant beams machined from
ALD synthesized thin films. The rate limitation, uniformity, lightness and
stiffness of ALD synthesized materials makes them ideal for the fabrication of
resonant nanobeam transducers with superior gravimetric sensitivity. TiN was
grown on silicon wafers at different temperatures between 120°C and 300°C.
The films’ thicknesses were measured by reflectometry and ellipsometry. Film
stresses were determined by measuring the silicon wafer bowing with an inter-

ferometer. XRD and XPS were conducted to ascertain information about the
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films’ crystallininty and chemical composition respectively. We observed that
as synthesis temperature was increased, film thickness and stress increased
markedly. Film thickness increased due to increased TiN synthesis efficiency
and film stress increased mainly due to thermal mismatch stress (with a small
contribution from increased intrinsic stress). XRD data showed that the TiN
grew preferentially in the <200> direction and an application of Scherrer’s
formula showed that there was a significant increase in crystallite size with
increased deposition temperature. XPS analysis showed that the primary con-
taminants in the films were O, C, and Cl, of which O and Cl contamination
was reduced with increased deposition temperature. Additionally, the Ti /
N ratio went from 1.46 to 1.10 as deposition temperature was increased from
120°C to 300°C, indicating improved TiN synthesis efficiency at higher tem-
peratures. Nanobeam resonators were fabricated out of the 200°C TiN film,
however time constraints limited the ability to assay the resonance frequencies

of these devices.

7.2 Future Directions

There are still some avenues for improvement of the Au-Ta static cantilever
transducer designs. Most obviously the cantilever dimensions could be modi-
fied to increase sensitivity by increasing the cantilever length and decreasing
its thickness. In order to increase these dimensions it is imperative to control
the mean and gradient stress of the deposited Au-Ta. An in situ stress moni-
toring system like the k-space kSA 400 could be used in the sputter chamber
to monitor the stress state of the deposited film so that we would have a more
accurate value for the stress state of thinner Au-Ta films, and could make

adjustments to stoichiometry to further reduce mean and gradient stresses.

A major inconvenience in the synthesis of Au-Ta nanocomposites is maintain-
ing accurate deposition rate and stoichiometry data. As a magnetron sputter
target is depleted, a “racetrack” pattern forms on the sputter target where

electron confinement by the magnetron causes the majority of the sputtering
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to take place. This “racetrack” pattern increases the surface area of the tar-
get in this high yield area and thus increases the sputter rate. To mitigate
this effect rates were recalculated and power-stoichiometry relationships were
recalibrated approximately every 30-60 minutes of gold sputter time (since
most films were predominantly gold). A simple solution to this problem would
be the inclusion of crystal thickness rate monitors and substrate shutters so
that deposition rates could be determined on every sputter run and power-
stoichiometry relationship could then be computed, ensuring more accuracy

in designed stoichiometry.

One major design improvement would be to utilize a bulk machining methodol-
ogy to fabricate the Au-Ta cantilever transducers. Bulk machining would allow
us to fabricate cantilever transducers without an Si substrate underneath, al-
lowing easier application of these transducers in liquid environments without
concerns about stiction when drying the cantilevers during pretreatments or
experiments. We had explored bulk machining of Au-Ta with TMAH, but
there were many complications with regards to synthesizing a masking layer
that would withstand the etch times required. However, one could use a differ-
ent approach by applying bulk machining techniques to fabricate a cantilever
out of a sacrificial material like highly doped Si or SiO,, deposit the Au-Ta
mechanical layer and finally remove the sacrificial cantilever with RIE, XeFs,
HF vapour or wet etch techniques. This would be a great improvement in the

ruggedness of the Au-Ta cantilever design.

One last improvement in the fabrication of Au-Ta cantilevers that could be
explored would be the fabrication of a cantilever structure that simplifies laser
spot alignment in an AFM style readout system. Many commercial cantilever
readout systems operate by this method, and AFM style readouts are able
to operate with the cantilever in a liquid environment. As stated previously,
the biggest weakness with these split photodiode setups for static cantilever
readout is that it is difficult to accurately and reliably place the laser spot
on the same location of the cantilever which leads to errors in translating

the cantilever deflection to a surface stress value. Some investigators have
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used triangular cantilevers for this reason because the intersection of the two
cantilever arms near the apex is rather simple to locate reliably. However tri-
angular cantilever designs are stiffer than similarly dimensioned rectangular
cantilevers, lowering their sensitivity. Ideally for this design, one would fabri-
cate a cantilever geometry whereby the cantilever is much narrower than the
beam spot, but has a dramatically wider paddle near its tip. A camera in
the AFM setup could be used to locate the laser spot on this paddle reliably,

significantly reducing the uncertainty in the beam spot location.

In summary, in situ stress and deposition rate measurement abilities would
improve the consistency of the cantilever’s physical properties enabling more
stress sensitive designs. Bulk machining methodologies could be pursued to
improve the applicability and robustness of the Au-Ta cantilever devices. Tri-
angular or paddle cantilever designs would then be useful to improve the ability
to readout cantilever deflection with AFM type setups, which are common in
commercial cantilever transducer platform like the Concentris Cantisens CSR-
801.
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APPENDIX A

Au-Ta Static Cantilever Wafermap

A.1 Wafermap for Static Au-Ta cantilevers

A 57 contact photolithography mask was designed for the patterning of the
static Au-Ta cantilevers described in chapter 5. Figure A.1 is an image of
the liftoff mask as designed using Tanner L-Edit 12.1. This mask image is
inverted (orange polygons are clear on the actual mask) due to our use of
liftoff technique for patterning. Additional masks were fabricated to protect
cantilever clamping points and beams from attack during the SFg etch release;
unfortunately these masking steps proved insufficient and were omitted in later

fabrication runs.

Figure A.2 is an image of the cantilever unit cell with the dimensions of the

cantilevers.
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Cantilever unit cell
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Figure A.1: Mask pattern for the AuTa static cantilevers.
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Figure A.2: One cell of AuTa static cantilever mask, with cantilever

dimensions.



APPENDIX B

Reactive sputtered TiN

B.1 Reactive Sputter Background

The ALD system relies on a mechanically delicate dry pump system that can
be unreliable. Due to the possibility of downtime we explored alternative
methods of depositing TiN. One such method is to sputter Ti in a nitrogen
rich environment, this process is termed reactive sputtering. When employing
reactive sputtering one must be aware of the stoichiometric state of the mate-
rial. Typically in DC reactive sputtering of insulating compounds as gaseous
reactant flow is increased beyond a critical level the formation of an insulating
layer on the target is promoted and the sputter rate drops precipitously. How-
ever in the case of TiN we are depositing a relatively conductive material and
we should not expect dramatic target “poisoning” effects as one would expect

with reactive deposition of an insulating material.

Table B.1: Reactively sputtered TiN recipe summary

Recipe  Ar flow Ny flow Pressure Power t,., Frequency dep. rate

name sccm scem mTorr W s kHz nn
SpTiN 1 14.6 14.5 6.7 250 0.5 150 3.16
SpTiN 2 14.6 16.0 6.7 250 0.5 150 3.29
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Table B.2: Reactively sputtered TiN composition as determined by
X-ray photoelectron spectroscopy.
Recipe  Deposition temp. O Ti N C  Ti/ N ratio

Name °C %at. %at. %at. %at. unitless
SpTiN 1 150 36.8 31.6 225 9.1 1.41
SpTiN 2 150 369 326 236 6.9 1.38
SpTiN 1 20 370 328 222 8.0 1.48
SpTiN 2 20 35.8 30.0 21.7 124 1.38

We developed two separate recipes for the deposition of TiN (outlined in table
B.1). The N, flow rate was chosen by conducting a test deposition and moni-
toring for a drop in target voltage as Ny flow was increased, this was a small

effect. We employed The recipes employed are summarized in a table below.

To ensure close to stoichiometric films we wish to deposit the material at a
gas flow rate that is just below this critical level. To this end a target voltage
test was performed on our DC reactive sputter system to determine the point
at which we are forming TiN on the target. Target voltage was observed to
increase erratically with added N5 flow from since TiN is a relatively conductive

material

B.2 XPS

X-ray photoelectron spectroscopy was conducted for the reactively sputtered
films as outlined in chapter 6 for the ALD TiN films. Films surfaces were
sputtered away with a 2 min Ar sputter step, then high resolution XPS count
were taken for O, Ti, N, C, and CI. Cl was not present in any samples since
there is no source for it in the reactive sputter process. Table B.2 contains

composition data for the reactively sputtered TiN films.

From Table B.2 we can see that all films are highly Ti rich, as we had observed
before in the ALD TiN films. Additionally, there is significant O content, which
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Figure B.1: High resolution XPS scans of Ti, N and O for reactively
sputtered TiN films.

is likely due to the presence of TiO, in the films. A shoulder peak (of Ti 2ps/,)
was observed at 458 eV in the reactively sputtered films as we had observed
in the ALD TiN films. This 458 eV peak can be conclusively tied to the
presence of TiOs in the reactively sputtered films, as there is no other plausible
contaminant species in that energy range. The source of TiO, in these films is
the presence of oxygen from water vapour and trace gases left from pumping
down to the 107% Torr range combined with Ti’s great affinity for oxygen. The
Ti / N ratio observed in the reactively sputtered films is comparable to ratios
observed in low temperature ALD TiN films. Carbon contamination is also

comparable to the amounts observed in the ALD synthesized films.
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Table B.3: Deposited stress of reactively sputtered TiN films.
Sample  Recipe  Deposition temp. Avg. Stress St. Dev. Stress

Name Name °C MPa MPa

Sp7 SpTiN 1 150 49.5 133.6

Sp8 SpTiN 2 150 38.5 100.5

Sp9 SpTiN 1 20 17.5 180.5

Spl0  SpTiN 2 20 33.7 102.2
B.3 Stress

Stress measurements for the reactively sputtered TiN were taken with the
Flexus 2320 thin films stress measurement system. Table B.3 is a summary of

these measurements.

From Table C.3 we can see that all the reactively sputtered TiN films are
mildly tensile. There appears to be little to no difference in the deposited
stress between high and low deposition temperatures. It is likely that the
effect of thermal mismatch stress is being counteracted by some modification
of the intrinsic stress. The low tensile stress state in all cases means that any of
these film recipes and temperatures would be suitable for cantilever resonator

fabrication.

B.4 Fabrication

The fabrication of TiN nanobeam resonators from sputtered TiN was con-
ducted using a bulk machining methodology similar to one described by Fis-
cher et al. (241; 33). 50 nm of Reactively sputtered TiN was first deposited
onto a piranha cleaned Si wafer using the SpTiN 2 recipe (at 150°C, as out-
lined in table B.3). Dies were cleaved into approximately 1 cm x 1 cm dies and
cleaned with isopropyl alcohol to gently remove organics (piranha solution will
etch TiN quickly). The samples were then dehydrated on a hot plate at 250°C
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for 5 min in the ambient atmosphere of a class 10 environment. A 60 nm thick
hydrogen silsesquioxane (HSQ) electron beam resist was spun and then baked
at 150°C for 5 min. The substrates were patterned with a Raith150-TWO
Electron Beam Lithography (EBL) system (30 kV, 10um aperture, anchors
defined as areas with dose 650 C’;n—c;, beams defined by single pixel line with
dose 4000 %) and developed in a 30% TMAH solution. HSQ is a negative
tone resist, upon development in TMAH the HSQ crosslinks and hardens into
an SiOq-like film. The patterned HSQ is used as a mask for the subsequent
RIE step.

The patterned TiN dies were then mounted on a Si wafer with vacuum grease,
taken to an Oxford Plasmalab DRIE tool and subjected to a Cly etch for 23
s at 20°C. Lemme et al. (240) demonstrated the etching of TiN in a similar
reactor with a combination of Cl; and HBr gas chemistries. Previous etch
testing determined the etch rate of the Cly recipe to be 2.3 ®* + 4.9 nm
for the strike step. After etching, the SiO, masking layer is removed by a
5 min bath in BOE. A KOH solution (961 ml 45% KOH, 567 ml deionized
water, 250 ml isopropyl alcohol) is now prepared for the etch release step. A
KOH solution is employed because it etches silicon anisotropically, enabling
rapid etching of the <110> and <100> planes over the <111> plane of the
wafer. This attribute can be leveraged to allow for very deep etching below
most of the cantilever beam while the clamping point undergoes relatively
little underetching. The capillary force associated with stiction is inversely
proportional to the gap between the released structure and the substrate, thus
the KOH release can be used to avoid stiction without having to resort to
critical point drying. The patterned dies are etched in the KOH solution for
2 min at 75°, then rinsed successively in isopropyl alcohol and pentane. A
representative SEM image of a released sputtered TiN beam is provided in
figure B.2.

All nanoresonator beams fabricated by this method were observed suffer from
fracturing within 1 um of the clamping point. Furthermore, all the broken

beams were curled upwards indicating that there was a significant stress gra-
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5.0kV 6.9mm x100k SE(U) 5/13/2010 10:29
Figure B.2: Scanning electron micrograph of a beam structure fabri-
cated from reactively sputtered TiN. All beams fabricated in this man-
ner experienced similar fracturing.

dient in the reactively sputtered TiN. The use of reactively sputtered TiN for
nanobeam resonators was not pursued after this point, due to the extremely

low yield.



APPENDIX C

Au-Ta AFM, nanoindentation and stress data

C.1 AFM, Nanoindentation and Stress mea-

surement Data for Au-Ta films
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Table C.1: Data from nanoindentation testing - Nanohardness

Ta content Average

Standard deviation Standard error

% at. GPa GPa GPa
0 2.36 0.0851 0.01702
2 3.72 0.1079 0.02158
10 6.11 0.1495 0.02990
18 7.65 0.2985 0.05970
26 8.65 0.4438 0.08876
34 9.49 0.3640 0.0728
42 8.94 0.5510 0.1102
50 8.67 0.3316 0.06632
65 11.63 0.3792 0.07584
100 18.48 0.6678 0.1336

Table C.2: Data from nanoindentation testing - Reduced modulus

Ta content Average Standard deviation Standard error

% at. GPa GPa GPa
0 135.21 15.78 3.156

2 145.22 10.85 2.170
10 140.62 10.77 2.154
18 158.90 9.66 1.932
26 163.04 10.32 2.064
34 162.74 13.02 2.604
42 164.57 6.78 1.356
50 143.72 3.82 0.764
65 161.56 5.19 1.038
100 175.69 7.02 1.404
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Table C.3: Data from nanoindentation testing - Contact depth

Ta content Average

Standard deviation Standard error

% at. GPa GPa GPa
0 80.02 1.690 0.3380
2 60.74 1.070 0.2140
10 45.12 0.6527 0.1305
18 39.57 0.8730 0.1746
26 36.88 1.090 0.2180
34 34.94 0.7569 0.1514
42 36.20 1.290 0.2580
50 36.79 0.8140 0.1628
65 31.11 0.5719 0.1144

100 24.01 0.4924 0.09848

Table C.4: Data from atomic force microscopy testing - roughness

Ta content RMS roughness

% at. nm
0 4.38
2 2.44
10 2.09
18 1.99
42 1.80
50 1.31
65 0.546
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Table C.5: Data from film stress testing

Ta content Average  Min Max  Standard deviation
% at. MPa MPa MPa MPa
0 -30.73  -104.00  7.11 15.01
3.2 -30.19  -77.80  35.42 16.80
5 20.35 -48.50  186.43 31.08
10 46.84 -17.10  112.07 21.43
18 60.77 3.23 117.23 20.02
26 -36.05  -103.00 18.33 17.63
50 -450.03  -546.00 -371.18 25.76

65 319.43 24250  395.80 22.86




APPENDIX D

Determination of Au-Ta speed of sound using

resonating cantilever method

D.1 Analysis for speed of sound in Au-Ta nanocan-

tilevers

To extract the speed of sound for a material using the resonating cantilever
method first we must recall the results from the Euler-Bernoulli PDE. The

flexural modes of a cantilever are described by

EI
= = D.1
w=0= (D.1)
where,
w=2rf (D.2)
and for a rectangular cross section beam,
wt?
= — D.3
P (D.3)
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and for the first mode of resonance,

3516

5= (D.4)

Of course, the cantilever’s length has two components, its designed length,
and the undercut that results from wet etch release processing, so 1 is replaced

with 14u. Equation D.1 can therefore be simplified to the following

¢ E
/= 270.98(1 +u)2\/; (D-5)

This equation can be rearranged to

1 27098 E 1
—=(4+u —)a D.6
= = 1y ) (D.6)
which has the form of
y=mx+b (D.7)

A series of lengths of Au-Ta cantilevers had their resonance frequencies as-
sayed, the data was fitted to a Lorentz probability distribution function in
order to determine the centre frequency reliably. Error bars were defined ac-
cording to the resolution of the scan on the spectrum analyzer. The inverse
square root of these frequencies were plotted against cantilever length and a
least squares linear fit was performed in figure D.1. Note please that the error
bars in figure D.1 are so small that their the data point is vastly larger. 20

cantilevers in total were assayed, the data is summarized in table D.1.

From figure D.1 we get a slope

m = 220.03952 £ 0.33124 (D.8)
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Table D.1: Assayed cantilever data - Au-Ta nanocantilever beams

length frequency frequency resolution

pm Hz Hz

1 10941100 500

1 10945000 500
2 3673810 125
2 3674050 125
2 3674820 125

2 3674670 125

3 1821240 250

3 1821120 500

3 1821280 250
4 1064090 250
4 1064010 250
4 1064570 250

) 707096.04 140.345
5 707059 140.345
) 707375.33 140.345
7 370507.85 125

7 370468.83 125

7 370482.49 125

7 371897.04 125

8 284884.56 125
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Figure D.1: Plot of inverse square root of frequency versus cantilever length for
Au-Ta 5% nanocantilevers

with 95% confidence that

219.3436 < m < 220.73543 (D.9)

recalling

NG

()

970.08 E
m0.98 B (D.10)
p

We attribute a thickness of 51 £+ 2.55 nm to the Au-Ta cantilever beams.

Using error propagation formulae from (242) we therefore determine that the

fractional error in \/% is:

5[ ,om ot
VB Cloal T 1 (D-11)

The speed of sound in the Au-Ta cantilevers is therefore:
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E
([ = = 2493.64 + 132,19 (D.12)
p S
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