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Abstract

Resonant cantilever-based mass sensors utilize the fact that a vibrating beam
experiences a shift in resonance frequency when the beam’s mass is altered,
e.g. by adsorption of particles. The mass-sensitivity of a cantilever-sensor is
defined by the resolution with which this frequency shift can be measured.
A measure of this frequency-resolution is the quality-factor (or Q-factor),
which depends on the energy loss and damping that the vibrating cantilever
experiences.

The major part of this PhD project has been to design and construct a
vacuum chamber in which the environmental conditions such as temperature,
pressure and gas constituents can be controlled with sufficient accuracy to
perform characterizations of micro- and nanocantilevers.

The vacuum chamber has been fitted with electrical interconnections for
cantilever actuation and signal detection; and with flanges for inlet of vapor-
ized chemicals for adsorption and detection experiments. Special equipment
has been designed for piezoelectric actuation of passive cantilevers and for
video inspection of the cantilever samples inside the chamber.

A laser-optical detection system has been designed and built in conjunc-
tion with the vacuum chamber for characterization of the resonant properties
(i.e. resonance frequencies and Q-factors) of micro- and nano-cantilevers as
well as alternative resonant devices.

Upon completion of the chamber- and detection setup, an experimental
investigation of resonant silicon dioxide microcantilevers was performed. The
resonance frequency and Q-factor of the fundamental and higher order flex-
ural modes were characterized at different temperatures and pressures and
with different thicknesses of a top-surface gold coating.

An analytical solution for the flexural eigenmodes of a multi-layered vi-
brating cantilever was derived and its validity was verified by comparison
to finite–element analysis as well as the experimentally measured resonance
frequencies in vacuum.



Dansk resumé

Dansk titel: Karakterisering af de resonante egenskaber for fler-
lagscantilever-sensorer

Resonante cantilever-baserede massesensorer udnytter, at der sker en for-
skydning af resonansfrekvensen når cantileverens masse ændres, f.eks. ved
adsorption af partikler. Masse-følsomheden af en cantilever-sensor er bestemt
af den opløsning, som denne frekvensforskydning kan måles med. Et mål for
denne frekvensopløsning er kvalitetsfaktoren (eller Q-faktoren), som afhænger
af det energitab og den dæmpning, som den vibrerende cantilever udsættes
for.

Hovedparten af dette ph.d.-projekt har været at designe og konstruere
et vakuumkammer, i hvilket de omgivende forhold såsom temperatur, tryk
og gas-sammensætning kan kontrolleres med tilstrækkelig nøjagtighed til at
udføre karakteriseringer af mikro- og nanocantilevere.

Vakuumkammeret er blevet udstyret med elektriske forbindelser til can-
tilever-aktuering og signal-detektion; og med flanger til indførsel af fordam-
pede kemikalier til adsorptions- og detektionseksperimenter. Der er blevet
designet specialudstyr til piezoelektrisk aktuering af passive cantilevere og til
video-inspektion af cantilever-prøverne inde i kammeret.

Et laser-optisk detektionssystem er blevet designet og opbygget i sammen-
hæng med vakuumkammeret, til karakterisering af de resonante egenskaber
(dvs. resonansfrekvenser og Q-faktorer) af mikro- og nanocantilevere såvel
som alternative resonante komponenter.

En eksperimentel undersøgelse af resonante siliciumdioxid-mikrocantile-
vere blev udført efter færdiggørelsen af kammer- og detektionsopstillingen.
Resonansfrekvensen og Q-faktoren for den fundamentale samt højere ordens
udbøjningstilstande blev karakteriseret ved forskellige temperaturer og tryk
og med forskellige tykkelser af top-overflade-guldbelægninger.

En analytisk løsning til de udbøjende egentilstande for en vibrerende
flerlagscantilever blev udledt og dens validitet blev bekræftet ved sammen-
ligning med finite–element-analyser samt med de eksperimentelt målte reso-
nansfrekvenser i vakuum.
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Chapter 1

Introduction

The concept of a stick – held in one end and free to move in the other – may
be one of man’s oldest and most primitive tools. Through millennia of re-
search and development, this tool has been refined to become one of the most
delicate and sensitive instruments in present day micro- and nanotechnology,
in the form of cantilevers.

Microcantilever sensors were introduced with the invention of the atomic
force microscope (AFM) by Binnig et al.[1] in 1986; and development, char-
acterization and application of micro- and nanocantilevers has since then
become a continuously expanding, global field of research, mainly because of
their potential as low-cost and high-sensitivity measurement probes.

1.1 Cantilever sensor operation

Cantilever sensors are currently used in two fundamentally different ways,
which may be denoted as static mode and dynamic (resonant) mode.

In static mode, the deflection of a bending cantilever is measured as
illustrated in figure 1.1. This deflection may be induced by an internal stress
gradient – e.g. in bimorph cantilevers, subjected to a temperature change.
Such bimorph structures are used in macroscopic as well as microscopic scale
as thermostats [2, 3] or calorimeters [4]. The deflection may also be generated
by a surface stress – e.g. as a result of molecular adsorption, in which case
the cantilever may work as a chemical sensor [5], or simply as a sensor for
measuring the surface stress itself [6].

The static mode of operation holds very promising potential for biomed-
ical applications, where an array of nanocantilevers could be used to screen
a blood sample for a number of specific constituents. In particular, detection
of specific DNA-sequences could prove valuable for e.g. cancer research or
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Fig. 1.1: Principle of static mode cantilever operation: A cantilever
is functionalized with a receptor coating (left), which will adsorb spe-
cific chemical compounds, resulting in a surface stress that causes the
cantilever to bend (right).

detection of biological warfare agents, and the area has therefore attracted
much attention, both experimentally [7, 8] and theoretically [9].

Fig. 1.2: Resonant mode cantilever operation: The functionalized
cantilever is actuated into resonant vibration. The change in mass
from the adsorbed molecules causes a shift in resonance frequency.

In contrast to static cantilevers, dynamic (or resonant) cantilever sensors
(figure 1.2) react to a mass change rather than a stress change. In this mode
of operation, the cantilever is actuated into vibration, and the physical vi-
bration amplitude of the cantilever is monitored as a function of vibration
frequency. Resonance frequencies are identified as peaks of maximal oscilla-
tion amplitude in the frequency spectrum.

As the spectral positions of the resonance frequencies depend on the can-
tilever geometry, material elasticity and mass, a change in mass will cause a
shift in resonance frequency. When used as a mass detector, the cantilever
surface can be coated with a functionalization layer for adsorption of spe-
cific chemical compounds. Adsorbed molecules will add to the mass of the
cantilever and the resulting frequency shift can be detected.
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Applications for resonant cantilever sensors include gas- or vapor-detec-
tion of e.g. mercury [10], ethanol [11] or relative humidity [12], and recently
Ledermann et al.[13] reported on CO2 detection of concentrations down to
330 ppm. In the biomolecular area, protein masses of specific antigens have
been measured using cantilevers in liquid, with a sensitivity of 100 ng/ml [14],
and even liquid in a channelled cantilever has been implemented by Burg et
al.[15] with a surface density sensitivity of 10 ag/µm2 on an channel surface
of 53000 µm2.

As the dimensions of the cantilevers decrease, the sensitivity increases,
implying that resonant cantilever sensors have the future potential of de-
tecting the mass of individual molecules. Current state–of–the–art includes
demonstrated mass detection in the order of a few ag [16] and fabrication of
cantilever sensors with sub-ag estimated mass sensitivities [16, 17].

This work is primarily concerned with issues regarding resonant cantilever
operation, and unless otherwise specified, it is assumed in the following, that
cantilevers are operated in resonant mode.

1.2 Resonant cantilever characterization

Several methods have been developed to actuate cantilevers and detect the
resonant motion. The most commonly used are described in the review arti-
cle by Stemme [18] and include electrostatic actuation and capacitive detec-
tion [19], which requires electrodes to be integrated parallel to the cantilever,
and holds great promise for cantilevers in the nano-regime; piezoelectric ac-
tuation, which may be integrated in the cantilever structure [20] or applied as
a separate piezo-ceramic element in physical contact with the cantilever chip;
piezoresistive detection [21]; thermal actuation [22, 23], where the cantilever
vibration arises from thermal fluctuations (Brownian motion); and optical
detection [24], where the cantilever motion or position is probed by a laser
beam.

The theoretical oscillation amplitude of a cantilever, as a function of actu-
ation frequency near a resonance peak, is illustrated in figure 1.3. Increasing
the mass of the cantilever will shift the resonance towards a lower frequency.

There are two ways of detecting this frequency shift. One is to measure
the entire frequency spectrum around the peak and observe whether the peak
has moved. This is the common method when characterizing the cantilever
experimentally. The other method is to continuously monitor the amplitude
of the cantilever at the frequency where the response curve has the steepest
slope. A shift in resonance frequency will result in a change in the oscillation
amplitude of the monitored frequency. This would be the detection method
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used with a cantilever sensor working in continuous operation.

f0

-f

-�

∆f

Fig. 1.3: Amplitude response of vibrating cantilever around resonance
peak at f0, as a function of oscillation frequency.

For any cantilever sensor, there are two properties of the frequency re-
sponse that are of central importance: the position of the resonance frequency
and the quality factor or Q-factor, given by Q = ∆f/f0, where ∆f is the
full–width half–maximum (FWHM) of the resonance peak.

An observed change in resonance frequency may not just be caused by
adsorption of the type of molecule that the cantilever is designed to de-
tect. The elasticity of the cantilever material is an important parameter
that governs the resonant properties, and as the elasticity of any material
is temperature dependent [25, 26], so is the resonance frequency. When the
cantilever is vibrating in a fluidic medium, e.g. atmospheric air, the air that
moves with the cantilever will add to its effective mass and lower the reso-
nance frequency. Thus, the resonance frequency is also pressure dependent,
as well as dependent on the type of gas or liquid it’s surrounded by [27, 28].
Characterizing the temperature and pressure dependencies of the resonance
frequency is therefore of great importance in order to be able to distinguish
between an actual signal and a frequency drift caused by changes in the
ambient conditions.

Regardless of the method of resonance frequency detection, the Q-factor
is closely related to the detection sensitivity and resolution as described by
Fadel et al. in [29, 30]. A high Q-factor is equivalent to a narrow peak and
a steep slope, and a change in resonance frequency will therefore result in a
distinct displacement of the resonance peak for high Q-factors, while being
undetectable for low Q-factors. Like the resonance frequency, the Q-factor
depends on temperature dependent material properties as well as ambient
conditions such as pressure. and the characterization of these dependencies
is another important issue in the development of micro- or nanocantilever
sensors.
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1.3 Multi-layer cantilevers

Most cantilever applications require that the cantilever consists of more than
one material layer. As a coating layer, gold is widely used, due to the large
selection of materials that can be adsorbed via thiol chemistry as described
in recent review articles by Lavrik et al.[31] and Ziegler [32]. Besides from
a gold layer, electrically conducting layers can be patterned and integrated
into the cantilever for local heating [33], magnetomotive actuation [34] or
piezoresistive readout of the deflection [35, 36].

The analytical theory describing the motion of a monolithic cantilever is
commonly used [37]. For cantilevers with two or more layers, it is customary
to use approximations for the effective modulus of elasticity as well as the
mass density to estimate the resonance frequency [38], or to neglect the
elastic properties of all but the thickest layer [39]. Although good agreement
between approximations and experiments have been observed [27, 38], the
validity when more than two layers are used has not been verified.

Since high precision measurements are required in many of the mentioned
applications, a non-approximative approach would be very useful. Finite–
element models are very accurate in predicting the resonance frequencies of
cantilever modes, but it is still a time consuming calculation method.

As a step towards an accurate yet easily implemented method for calcu-
lating multi-layer resonance frequencies, the analytical theory of monolithic
cantilevers has been extended to include any number of layers, as presented
in chapter 2, and has shown to be in very good agreement with finite–element
simulations.

1.4 Overview of the thesis

The work presented here has primarily been focused on the design and im-
plementation of an experimental setup for characterization of micro- and
nanocantilever devices. The central part of this setup is a custom built vac-
uum chamber with capabilities for temperature and pressure control, and
with equipment for introduction of different gases and other chemical com-
pounds.

The vacuum chamber was initially developed as part of an EU project
called “Nanomass” [40]. The project took place in 2000–2004 as a collabora-
tion between MIC and three other European research institutes. The main
goal of the Nanomass project was to develop a resonant nanocantilever mass
sensor integrated with a CMOS circuit for actuation and readout [19]. One
of the responsibilities of MIC in this project was to characterize the final
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mass sensor devices and present suitable applications. This was the primary
purpose for the construction of the vacuum chamber.

In addition to the electrical interface to the chamber, which was required
for control and characterization of the Nanomass devices, an optical detection
system, based on the principle used in AFM, was implemented with the
chamber setup, to enable laser-optical characterization of resonant devices,
and make the setup more generally applicable.

As the construction of the vacuum chamber setup came to an end, an
experimental project with focus on characterization of the resonant properties
of gold coated cantilevers was initiated. Despite the frequent use of gold
coatings, the effects of gold on the resonant properties of high–Q cantilevers
have not been fully investigated.

By utilizing the capabilities for pressure and temperature control in the
vacuum chamber setup, the thermal dependencies and effects of viscous
damping on the resonant properties of silicon dioxide cantilevers with varying
thicknesses of gold coatings was studied.

In chapter 2 the theory for an analytical model predicting the reso-
nance frequencies of flexural modes of multi-layer cantilevers is deducted.
A detailed description of the experimental setup with the vacuum cham-
ber and optical detection system is given in chapter 3. The investigation of
temperature-, pressure- and gold coating effects on the resonant properties
of SiO2 cantilevers is presented in chapter 4, with details of the experiment,
and discussion of the obtained results. An experiment concerning detection
of DNA by means of resonant cantilevers in a fluidic cell is described in chap-
ter 5. The capabilities of the vacuum chamber and detection setup have been
utilized by several members of the Bioprobes group at MIC for a number of
different experiments, some of which are presented in chapter 6. Finally,
some concluding remarks are given in chapter 7.



Chapter 2

Flexural eigenmodes of a
multi-layer cantilever

The commonly used theory for the motion of a vibrating cantilever, as pre-
sented in [37], is well known, but is limited to the description of homoge-
neous cantilevers that consist of only one material (monolithic cantilevers).
In many applications, the cantilevers used are structured in more layers,
and the theory is not directly applicable. Previous theoretical work on non-
monolithic resonant cantilevers has mainly been limited to bi-material can-
tilevers [41, 27, 38, 26], and even then, approximations have been used.

The most commonly used approximation is to estimate the Young’s mod-
ulus as a weighted average [38]:

E ≈ E1h1 + E2h2

h1 + h2

(2.1)

This is accurate when the neutral axis is not significantly altered compared to
a homogeneous cantilever of the same thickness, which implies that E1 ≈ E2

or that one layer must be much thinner than the other, e.g. a very thin
coating layer.

The theory presented here is explicitly accounting for the mass and elas-
ticity of all layers and is therefore relevant for calculations on more complex
layered cantilever structures, such as for instance coated cantilevers with in-
tegrated piezoelectric or piezoresistive layers [20]. It is meant as an accurate
and time-saving alternative to finite–element modelling (FEM). Its accuracy
is confirmed in chapter 4 by comparison to FEM as well as experimentally
obtained results.
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2.1 Analytical theory

Consider a cantilever with rectangular cross-section, consisting in the z-
direction of N layers with different heights (hi), densities (ρi) and Young’s
moduli of elasticity (Ei). The different layers are uniform along the width
(w) and length (`) of the cantilever. The cantilever is clamped in one end
(y = 0), and is otherwise free to move in the z-direction, as sketched in fig-
ure 2.1. A deflection of the cantilever will result in a bending, which creates
an internal moment (torque), M , given at any point along the cantilever
length by [37]

M = w
∫

h

σzz · (z − z0)dz = −Cw
∫

h

E · (z − z0)
2dz (2.2)

where σzz = −C E · (z − z0) is the tensile stress due to the curvature (C), E
is Young’s modulus of elasticity, and the integration is taken over the height
(h) of the entire cantilever. z0 is the position of the neutral axis (i.e. the
part of the cantilever which retains its original length during bending). For
a layered cantilever, E is a discontinuous, piecewise constant function of z.

Fig. 2.1: Illustration of the geometry of a two-layer, clamped can-
tilever.



2.1. Analytical theory 9

The neutral axis can easily be determined as the solution to

w
∫

h

σzz dz = 0

⇔
∫

h

E · (z − z0) dz = 0 (2.3)

which states that the integrated tensile stress over the cross-section of the
cantilever must be zero. This equation must hold, as there would otherwise
be a net longitudinal force, straining the cantilever.

The equation of motion, governing the flexural modes of the cantilever,
can be derived from Newton’s 2nd law:

w
N∑

i=1

(hiρi)
∂2ζ(y)

∂t2
=

∂2M

∂y2

= −w
∂4ζ(y, t)

∂y4

∫
h

E · (z − z0)
2dz (2.4)

where ζ(y, t) is the time dependent z-deflection at any point along the can-
tilever length. In the derivation of equation (2.4), the expression in equa-
tion (2.2) for M has been used in conjunction with the small deflection ap-
proximation of the curvature [37]

C ≈ ∂2ζ

∂y2
(2.5)

The equation of motion can be solved by assuming harmonic, modal solutions
of the form

ζ(y, t) = ζ(y) cos(ωnt + θ) (2.6)

where ωn is the angular resonance frequency of the nth mode, and θ is an
arbitrary phase. Equation (2.4) then simplifies to

d4ζ(y)

dy4
= κ4

nζ(y) (2.7)

where the modal parameter κn is defined as

κ 4
n ≡ ω2

n

∑N
i=1(hiρi)∫

h
E · (z − z0)2dz

(2.8)
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The boundary conditions for a clamped cantilever are

ζ(0) = 0 , ζ ′(0) = 0 , ζ ′′(`) = 0 , ζ ′′′(`) = 0 (2.9)

stating that at the clamped end, the deflection and slope must be zero, and
that there is no moment or shear force acting at the free end. Applying these
boundary conditions, the solutions to equation (2.7) take the form of the
flexural eigenmodes

ζ(y) = A(cos κny − cosh κny) + B(sin κny − sinh κny) (2.10)

with the modal restrictions

A

B
=

cos κn` + cosh κn`

sin κn`− sinh κn`
= − sin κn` + sinh κn`

cos κn` + cosh κn`
(2.11)

where the second equality implies that

cos κn` cosh κn` + 1 = 0 (2.12)

The first five solutions of this equation are obtained numerically as

κn` ' 1.8751, 4.6941, 7.8548, 10.9955, 14.1372 (2.13)

For higher order modes, the very accurate approximation

κn` ' π(n− 1
2
) (2.14)

may be used. The resonance frequencies fn can be obtained from equa-
tion (2.8) as

fn =
ωn

2π
=

(κn`)
2

2π`2

(∫
h
E · (z − z0)

2dz∑N
i=1(hiρi)

)1/2

(2.15)

For a homogeneous, single–material, rectangular cantilever, this expression
reduces to the well-known

fn =
(κn`)

2

4π

h

`2

(
E

3ρ

)1/2

(2.16)



Chapter 3

Vacuum chamber for cantilever
characterization

A vacuum chamber and laser-optical detection system was designed and con-
structed for the purpose of characterizing cantilever sensors in a controlled
environment. This chapter describes the details of the design and function-
ality of the setup.

The structure of the vacuum chamber body is described in section 3.2.
Section 3.3 is concerned with the basic equipment of the vacuum chamber,
such as gas inlet, pump, temperature- and pressure-control. The more spe-
cialized equipment for cantilever characterization, that has been designed for
the chamber is described in section 3.4. Section 3.5 is dedicated to the laser-
optical detection system, and section 3.6 gives a discussion of the steps that
may be taken to improve the functionality of the experimental setup.

3.1 Introduction

In relation to the EU project “Nanomass” [40], where MIC had the respon-
sibility to characterize the fabricated cantilever devices, a vacuum chamber
and detection system was constructed. The main focus in the construction
process was to make the chamber versatile and easily configured for new
experiments.

For characterization of the Nanomass devices, only electrical interconnec-
tions to the chamber were required, as the cantilevers were integrated with
CMOS circuitry for actuation and signal detection. The laser-optical detec-
tion system was implemented as an additional method of detection, to enable
characterization of a wide range of the resonant structures that are designed
and fabricated at MIC.
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The primary purpose for the chamber was

• to be able to measure the resonant properties (i.e. resonance frequency
and Q-factor) of nano- and micro-cantilevers at different temperatures
and pressures,

• to functionalize the cantilevers by introducing chemicals such as e.g.
silanes that will bind to the cantilever surface,

• to do mass detection measurements by introducing chemicals that will
adsorb onto the functionalization layer.

The vacuum chamber setup is illustrated schematically in figure 3.1, and
technical drafts of the chamber and custom designed equipment are collected
in appendix D.

3.2 Vacuum chamber body design

Fig. 3.1: Schematic diagram of the vacuum chamber setup.
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The chamber was decided to be constructed in stainless steel rather than
aluminum, mainly because of the outgassing rate of aluminum, which is 2–3
times higher than that of stainless steel [42] and due to the small chemical
reactivity of stainless steel.

The size of the chamber should be minimized, as a smaller volume requires
less time to pump down. The limiting factor for the size was the number of
flanges required, as the cantilever chips that would be placed in the chamber
are at most a few centimeters across. A tubular shaped chamber body with
an inner diameter of 150 mm proved to be sufficient.

Connection of external equipment to the chamber was decided to be done
through KF flanges as these are easy to use and highly standardized. When
using Viton O-rings, these flanges will sustain temperatures up to 150 ◦C.

Gas inlets were designed as Swagelok VCR 1/4" face seal fittings with
silver plated metal gaskets.

Figure D.2 in appendix D (p.96) shows a technical draft of the vacuum
chamber. The three VCR flanges in the bottom are meant as inlets for dif-
ferent gasses (see section 3.3.1). In addition to the gas inlets,a KF DN-16
flange for the pump (section 3.3.2) and one KF DN-25 flange for a pressure
sensor (section 3.3.3) have been placed in the back of the chamber body.
The VCR flange at the top (chamber front) is for mounting a vapor injection
manifold (section 3.4.3). The large KF DN-40 flange has been fitted with
an electrical feed-through using a vacuum tight LEMO model SWH series
5S coupler mounted with a 48-pin hermaphroditic multicontact. A couple of
LEMO model FFA.5S straight plugs may then be plugged into this coupler
providing electrical connections from the sample inside the chamber to any
measurement equipment. The horizontally mounted KF25 flange is for any
auxiliary equipment that needs to be connected to the chamber, e.g. a mass
spectrometer for analyzing the gas composition in the chamber. The two 45◦
mounted KF DN-40 flanges are fitted with glass blanks for optical charac-
terization (section 3.5). Loading of samples or equipment into the chamber
is done through the top, which is fitted with an ISO-K DN-160 blank flange,
also with an encased glass plate for visual or video inspection of the sample
(section 3.4.2).

The entire chamber body has been helium leak tested to a pressure of
4 bar. The inner volume of the chamber and flanges when no equipment
has been inserted is approximately 3640 cm3. Measurements show a pressure
increase rate of 6.5 mPa/s when the chamber is pumped down to a vacuum
level and the pump valve is closed. This corresponds to a leak rate of about
24 mPa l/s.
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3.3 Basic equipment

The basic features of the chamber are described in the following sections.
This includes the system for gas inlet (section 3.3.1), the properties of the
pump (section 3.3.2), the pressure sensors (section 3.3.3) and the implemen-
tation of temperature control (section 3.3.4).

3.3.1 Gas Inlet

The three VCR gas inlets are placed in the back of the chamber, so the pipes
are not in the way when the chamber is in use, and at the bottom of the
chamber – below the sample, in order to have the gas molecules scattered off
the sample mount, thus avoiding a direct jet of gas onto the sample.

One inlet is permanently connected to a N2 supply line through a Swage-
lok bellows valve (model SS-4BKT V51) and an Air Liquide pressure reducer
as sketched in figure 3.2. The bellows valve has only two settings: open and
closed, while the pressure reducer allows the flow to be varied continuously.
The pressure reducer is not capable of shutting off the flow entirely.

Fig. 3.2: N2 inlet valve setup (from left to right): The flow of N2 is
limited by a pressure reducing valve, followed by a bellows valve (only
on/off ), immediately before the chamber body.

The order of the two valves allows for instantaneous shutoff of the N2

flow into the chamber, but has the disadvantage that the pressure in the pipe
section between the two valves will build up when the bellows valve is closed.
An initial burst of gas will therefore be let into the chamber when reopening
the bellows valve. This burst could be avoided by switching the order of
the two valves, which, however, would introduce a different disadvantage, as
the N2 pressure between the two valves will be high (supply line pressure)
when the bellows valve is open. The high pressure N2 between the valves will
therefore continue to flow into the chamber after closing the bellows valve
and thus prevent instantaneous shutoff. The ideal solution would naturally
be a mass flow controlled valve with shutoff ability. For financial reasons this
has not been implemented though.
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3.3.2 Vacuum Pump

Fig. 3.3: Pumping speed curve of the DIVAC 0.8 LT. (Source: Ley-
bold product catalog)

The vacuum chamber was required to pump down to a pressure of less
than 50 Pa, in order to have negligible air damping of the Nanomass can-
tilevers. This is a relatively high vacuum level, which can be obtained without
installation of a turbo pump. To avoid oil and hydrocarbon contamination
of the chamber, a Leybold diaphragm pump model DIVAC 0.8 LT was in-
stalled. All parts of this pump that are in contact with the gas are coated
with PTFE (Teflon), FFPM (Kalrez) or PVDF (Solef), making it highly re-
sistant against chemically reactive gasses. The 4 pump heads enable it to
reach a final pressure of less than 50 Pa in 10 to 20 minutes, as illustrated in
figures 3.3 and 3.4.

For attaining a lower vacuum level, the diaphragm pump may be used as
a backing pump for a turbo pump, which can therefore easily be installed.

3.3.3 Pressure Sensor

The pressure sensor is a HPS Series A900 vacuum sensor system with a
DualTrans+ transducer, consisting of a Piezo transducer and a MicroPirani
transducer. The Piezo transducer is a solid state sensor, which measures the
mechanical stress, due to pressure, in a silicon membrane. It has an absolute
accuracy of 200 Pa in the range from 10 Pa to 400 kPa, and outputs a voltage
directly proportional to the pressure. The MicroPirani transducer is based on
the measurement of thermal conductivity. It has a relative accuracy of 5 %
of the measured value over the range from 1 mPa to 100 kPa. To obtain the
most accurate pressure reading at any pressure, the Piezo transducer should
therefore be used for pressures at and above 4 kPa, and the MicroPirani
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Fig. 3.4: Measurement of the chamber pressure as a function of pump-
ing time. Terminal pressures are 77 Pa before cleaning the chamber,
59 Pa after cleaning but before baking, and 28 Pa after the chamber
has been baked.

transducer for pressures below 4 kPa. The MicroPirani transducer provides
an output voltage in the range 0− 10 V, which depends on the pressure as
well as the type of gas. A 5-parameter analytic conversion formula as well
as a parameter table has been provided by the manufacturer.

3.3.4 Temperature Control

Description

To control the temperature of the chamber, the exterior surface of the cham-
ber body has been covered with an electrical heating ribbon. Direct heat
transmission is not easily implemented on cantilever chip samples, and at
low pressures, heat transfer by convection is almost negligible. The only way
of heating the interior of the chamber is therefore by radiation, and for this,
the heating ribbon is quite efficient, as illustrated in figure 3.5.

The ribbon is connected to a solid state relay which is driven by a
CAL 9400 autotune temperature controller by CAL Controls. It is equipped
with Proportional–Integral–Derivative (PID) functionality, which is a neces-
sity due to the very slow and nonlinear response of the chamber temperature
to heat pulses from the ribbon. The controller is also equipped with a RS-232
serial interface, enabling it to be connected to a computer for programmatic
control and readout of temperature data.

The temperature sensor connected to the controller may be any con-
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ventional thermocouple or resistance thermometer. A thermocouple in the
vacuum chamber would require a special feed-through flange with electrodes
consisting of the same metals or alloys as the thermocouple. Otherwise, the
temperature gradient across the chamber wall would give rise to a nonlinear
and temperature-dependent error in the temperature reading. The simpler
solution, to use a resistance thermometer detector (RTD), was therefore used.
The detector was chosen to be a U.S. Sensor thin film platinum RTD (Pt100
type) with an accuracy of 0.06 % at 0 ◦C, corresponding to 1/2 DIN of the
DIN 43760 standard.

Adjusting the controller

The CAL9400 operates on the PID control principle. In general, the PID
controller has a three parameter transfer function, with a proportional gain,
an integral gain and a derivative gain, which determines the heating level at
any time based on the target temperature and the temperature-history. The
heating level is represented in the controller as a percentage of full power,
and as the solid state relay only allows the heating ribbon to be on or off,
a heating level below 100 % is accomplished by turning on the heat in the
corresponding fraction of the cycle-time, which can be set manually between
0.1 s and 81 s. The reason for choosing a longer cycle time is to reduce the
wear of a mechanical switch or relay. As the solid-state relay has no moving
parts, the cycle-time has been set to a medium low value of 5 s.

A measurement of the temperature response of the chamber is displayed
in figure 3.5. The heating ribbon was set to full power at time t = 0 s, where
the chamber was at room temperature, and turned off after exactly 240 s.
This was done three times: at atmospheric pressure with a RTD placed up
against the chamber wall; at atmospheric pressure with the RTD in the centre
of the chamber; and finally in vacuum with the RTD in the centre.

The results show a significant difference in temperature response, which
is best seen by observing the position of the maximum peak temperature
relative to the time when power is turned off. At the wall, the temperature
peaks after a 2 min delay. In the centre at atmospheric pressure, a delay
of about 7.5 min is observed, while the lack of heat conduction in vacuum
results in a delay of almost 10 min.

It was found that a steady-state wall temperature of 140 ◦C requires a
constant heating power of 23 %, which results in a stable temperature of
approximately 97 ◦C in the centre of the chamber.

The very long delays present difficulties in controlling the temperature in
the centre of the chamber precisely. And because of the large temperature
difference between the chamber wall and the centre, it serves no practical
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Fig. 3.5: Measurement of the temperature in the chamber as a func-
tion of time, when the heat is turned on at t=0 s and off at t=240 s.
The temperature curve has been measured at atmospheric pressure:
with a RTD close to the chamber wall, and with a RTD in the centre
of the chamber; and at vacuum level with the RTD in the centre.

purpose to use the wall temperature as input for the controller.
Figure 3.6 illustrates the temperature response of the chamber centre in

vacuum when heating and cooling between 30 ◦C and 70 ◦C. Changing the
temperature can be done by adjusting the setpoint of the controller or by
making the controller do a temperature ramp. The setpoint method results
in a large temperature difference between the setpoint and the actual tem-
perature. When heating, the proportional and integral gains therefore cause
the controller to overshoot to 78 ◦C. When cooling on the other hand, the
differential gain overcompensates for the initially steep cooling rate, resulting
in an overall cooling rate that is unnecessarily slow.

The temperature control is slightly improved by using the ramp method.
Because the temperature is adjusted at all points of both the heating and
the cooling curves, the temperature controller is closer to an equilibrium
condition, and the gain parameters are not out of hand.

In these temperature control tests the controller has been limited to 23 %
output, (the power required to maintain a stable wall-temperature of 140 ◦C),
in order to avoid the overheating of the chamber wall that would otherwise
have occurred.
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Fig. 3.6: Temperature change in the centre of the chamber at vacuum
level for two different temperature control methods: Instant change in
setpoint (target) temperature, and controlled temperature ramps (with
slopes set to 40 K/h).

3.4 Special equipment

In order to do characterization of cantilevers in the chamber, a set of special-
ized equipment has been designed and implemented for the chamber setup.
The design of a sample holder, that provides electrical connections to the
cantilever chips, and acts as a stable platform for the sample relative to the
laser focus, is described in section 3.4.1. Section 3.4.2 provides the details of
an optical system that enables video inspection of the sample in the cham-
ber. Characterization of the sensitivity of chemical cantilever sensors by
inlet of chemical vapor has been implemented as a vapor injection manifold,
described in section 3.4.3.

3.4.1 Sample holder & electrical connections

A sample holder has been designed to facilitate both optical and electrical
characterization. The sample holder consists of an aluminum base, designed
to have a height that ensures that the cantilever sample will be positioned in
the centre of the chamber, 65 mm above the chamber floor. This coincides
with the intersection of the center axes of the two 45◦-angled optical flanges,
and is therefore the intended optimum position for the laser focus. Figure 3.7
shows a sketch of the aluminum base, mounted at the bottom of the chamber.
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Together with the printed circuit board (PCB) and pin grid array (PGA)
socket, sketched in figure 3.8, the sample holder enables easy positioning and
stable electrical connections for a cantilever chip mounted on a corresponding
PGA-chip.

Fig. 3.7: Technical draft of the aluminum base for the sample holder.
The grey area indicates the position of the LEMO plug.

The PCB part of the sample holder, shown in figure 3.8, is wired to
the 48-pin hermaphroditic LEMO plug using 36 of the conductors in a 56-
conductor Habia Cable (type: ZN 2419 SSTZ 28x2) capable of sustaining
temperatures up to 150 ◦C. The PCB is fitted with a 121-pin PGA socket
from Advanced Interconnections; the terminals are gold plated and the in-
sulator is made of molded polyphenylene sulfide with a melting point above
300 ◦C. The 121-pin PGA footprint matches that of a chip mount constructed
for a scanning electron microscope (SEM) in the Danchip cleanroom facility,
so that chip-mounted samples may be characterized in both the SEM and
the vacuum chamber. Of the 121 available terminals in the PGA, the 28 that
are connected to the PCB have been selected a: from the outer rim of the
footprint, to simplify the PCB circuit-layout, and b: in a way that ensures
adequate spacing between the bonding pads on the ceramic PGA chip mount
as much as possible, as seen in figure 3.9. The number of connected bond-
ing pads, 28, was chosen because the Nanomass chip circuits each require 7
connections for actuation and readout. With 28 connections, 4 chips may be
bonded onto one chip mount and characterized at a time.
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Fig. 3.8: Layout of the printed circuit board (PCB) and pin grid array
(PGA) socket of the sample holder.
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Fig. 3.9: Technical draft of ceramic PGA chip mount: Spectrum
Semiconductor Materials Inc. P/N CPG12006. The bonding pads and
corresponding terminal leads that have been wired to the PCB socket
(fig. 3.8) are highlighted.

In addition to the PGA socket, the PCB contains two white high power
LED’s for illumination of the sample. This is useful for optical characteri-
zation when positioning the laser spot. Without illumination, only the laser
spot is visible on the video monitor.

Three RTD’s can be fitted onto the PCB. One is mounted in a permanent
position in the centre of the PGA socket, directly underneath the chip mount.
This will provide the best possible indication of the sample temperature.
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Another RTD has been connected using a 20 cm long cable, enabling it to
be placed anywhere in the chamber. The active RTD is selected by a switch
on the mounting box of the CAL 9400. Changing the active RTD when the
CAL 9400 is controlling the temperature, introduces a problem, however,
in that the controller will attempt to compensate for the instant change in
temperature because of the strong derivative gain factor that is induced.

On the outside of the chamber, the 36 used conductors from the LEMO
plug are wired to a connection board where external equipment may be
connected.

The conductors in the main cable are not shielded individually; neither do
the LEMO plugs and feed-through provide individual shielding, which means
that noise may occur because of cross-talk between individual conductors.
The CAL 9400 temperature controller has been identified as a strong noise
source, and for the sensitive electrical measurements of the Nanomass chips,
the controller has been turned off.

In order to be able to actuate passive cantilevers (i.e. cantilevers that are
not fabricated with an on-chip actuation mechanism, a chip holder with capa-
bilities of piezoelectric actuation has been constructed (shown in figure 3.10).
It fits into the PGA socket and acts as an adapter between the PGA and
a flat–flexible–cable (FFC) connector which can be used for 0.4 mm thick
PCB’s as the one shown in figure 4.3 on page 46. These PCB’s can then
be used as a base onto which a chip containing free hanging cantilevers for
out-of-plane oscillation may be fixed by e.g. epoxy glue. The six electrical
connections may be utilized for e.g. piezo-resistant readout. When the PCB
is fastened to the FFC connector, it will be in close contact with a Noliac A/S
piezo-electric ceramic linear transducer element (PZT), which may be driven
by the output of a lock-in amplifier or gain-phase analyzer, as described in
detail in section 4.2.5.

3.4.2 Video inspection

Visual inspection of a sample in the chamber is a necessity in optical de-
tection for focusing and positioning the laser spot onto the cantilever to be
characterized.

For this purpose a Panasonic (model GP-KR222) color CCD camera is
being used. A mounting post has been constructed to hold the camera cen-
tered above the chamber, pointing down through the inspection window of
the top flange. The mounting post allows for the camera to be moved in the
horizontal plane and adjusted up and down for focusing.

The camera has an objective with an object plane that is fixed in a
distance of 80 mm. This introduces a problem in that the sample is positioned
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Fig. 3.10: PZT-adapter, mounted with a ceramic piezoelectric trans-
ducer for actuation of passive cantilever chips.

about 15 cm below the top flange. To solve this, a lens mount has been
constructed as shown in figure 3.11. The mount is fitted with a f = 50 mm
biconvex lens located 80 mm above the sample, thus creating an image of the
sample 133 mm above the lens. This image is floating 45 mm above the glass
surface of the top flange, enabling the camera to focus on it. A schematic of
the imaging lens is shown in figure 3.18 a).

The object size that is captured by the camera ranges from 6 mm×4.8 mm
down to 1 mm×0.8 mm depending on zoom level. This gets displayed on a
600×480 pixel monitor, giving a resolution of 10 to 1.7 µm per pixel. The
magnification by 133 mm/80 mm = 1.66 of the lens further enhances this
resolution to 6 to 1 µm per pixel.

The single biconvex lens is the simplest choice for projecting an image of
the sample onto the camera object plane. It has proven functional despite the
problem of optical aberrations in a single spherical lens. Theoretically, the
lens only makes a perfect projection of rays that travel on the optical axis.
Any off-axis rays or object points are subject to aberrations, which implies
that in praxis the image gets blurred. To minimize this image distortion,
the lens mount has been constructed to enable horizontal displacement of
the lens, so that it may be centered directly above any point of the sample
prior to closing the chamber. This has proven necessary in order to get a
useful video image, as all off-axis points are heavily distorted – primarily
by chromatic aberrations. The experiments on cantilever chips, described
in chapter 4, showed that 10 µm wide cantilevers are barely visible on the
minimum zoom level.
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Fig. 3.11: Picture of the sample holder aluminum base and the lens
mount for displacing the object plane of the video camera objective to
the position of the sample.

3.4.3 Vapor Injection

For characterization of functionalized cantilever sensors, the cantilever must
be exposed to the chemicals to be adsorbed and detected. This requires
an injection system connected to the chamber, so that chemicals can be
introduced into the chamber while it is pumped down to vacuum level.

A simple method for chemical injection is to inject the chemical as a liquid
into the chamber, where it will evaporate in the low pressure. A blank DN-
25 flange was constructed by Erik Wenzel of Wenzel Vakuum Teknik ApS,
with a 3 mm hole and a replaceable viton membrane, as shown in figure 3.12.
A chemical can be injected through the membrane by use of a syringe and
needle, and if the syringe is left in the perforated membrane, no significant
leak was observed. In fact, two such injections could be done in the same
membrane.

This very simple approach has a few fundamental limitations though:
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Fig. 3.12: Picture of the KF DN-25 flange with a 3 mm Ø bore for
chemical injection by syringe and needle, sealed with a replaceable
viton membrane and finger screw cap.

1. The penetrated membrane does not hold pressure once the syringe is
removed. After a maximum of two injections, the membrane therefore
needs replacement which involves opening the hole in the flange and
exposing the chamber to atmospheric pressure.

2. After injection, the chemical will be in liquid phase in the bottom of
the chamber, and the chamber will be filled with the chemical at its
vapor pressure at the current temperature. This will only be altered
by pumping out the chamber, until the injected amount of liquid has
evaporated entirely and is being pumped out.

3. Precise control of the pressure by injection of only the amount of liq-
uid needed to obtain a specific pressure below the vapor pressure is
practically impossible with a standard syringe and needle. An example
concerning acetone (C3H6O) demonstrates this: The vapor pressure of
acetone is 24.6 kPa at 20 ◦C [43]. Assuming that acetone follows the
ideal gas law, PV = nRT , where R = 8.3145 J/(mol K) is the gas
constant, and V = 3640 cm3 is the inner volume of the chamber, the
amount of acetone needed to obtain P = 24.6 kPa at T = 20 ◦C is
n = 0.0367 mol. With a molar mass, M = 58.08 g/mol, and a density
ρ = 790 kg/m3 [44], the injected volume of liquid is Vliq = 2.7 ml.

This volume can easily be injected with a standard syringe, and smaller
volumes too – e.g. 0.1 ml, enabling proof–of–principle experiments to
verify a cantilever sensor’s ability to detect acetone. However, the
detection limit of concentration of a state–of–the–art detector will not
be characterized by this method of injection.
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For experiments with a greater demand on vapor concentration control
and multiple injections – perhaps even of different chemicals, the limitations
of the membrane-flange necessitate a more advanced method for chemical
introduction. The vapor injection manifold shown in figure 3.13 was therefore
constructed.

A

B

C

D

Fig. 3.13: Manifold for injection of chemical vapor in small concen-
trations. A: Latex membrane, B: Outer valve, C: Chemical manifold,
D: Vacuum proof teflon valve.

In this device, liquid chemicals may be injected through the membrane
(A) and outer valve (B) into the manifold (C), where it will evaporate until
the vapor pressure is reached. The high vacuum proof teflon valve (D) may
then be opened to let in the amount of vapor needed. A small opening
of the valve will expectedly allow for very precise control of the chamber
pressure up to the chemical vapor pressure. A greater vapor pressure may be
obtained by heating up the chamber and manifold. In this case, all parts of
the chamber must be at an equal or higher temperature than the manifold to
avoid condensation of the chemical on the walls or flanges. The orientation
of the teflon valve ensures tight sealing of the chamber. The sealing of the
manifold to the outside atmosphere is not specified, but a significant pressure
difference between the manifold and the room atmosphere may cause a leak.
Hazardous chemicals should therefore be avoided or only used with the entire
chamber and manifold placed in a fume hood. The vacuum grease in the outer
valve will melt at temperatures over 60 ◦C, so heating of the manifold must
be local. The teflon valve will sustain temperatures up to 150 ◦C.
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3.5 Optical detection system

3.5.1 Introduction

A laser-optical system was designed and implemented for characterizing the
frequency response of resonant cantilevers. The principle is to focus the
laser beam onto the cantilever which will reflect the laser at an angle that
depends on the deflection (bending) of the cantilever. A position sensitive
photo-detector (PSD) is then used to measure the deflection of the laser beam
and thus the deflection of the cantilever. When the cantilever is vibrating,
the PSD will generate an AC current with an amplitude proportional to the
cantilever’s physical deflection amplitude. The principle is similar to that
used in atomic force microscopy, developed by Meyer et al.[24].

By driving the actuator mechanism of the cantilever with the frequency
output of a gain-phase analyzer (GPA), and connecting the PSD output to
the GPA input, a frequency sweep can be performed, where the cantilever
is put in motion at a range of frequencies and the amplitude and phase-
response of the cantilever vibration can be measured. If a resonant mode
of the cantilever is excited within this frequency range, it will show up on
the detected signal as a positive amplitude peak accompanied by a 2π phase
shift.

The optical setup consists of two parts: The focusing part which guides
the laser and focuses in onto the cantilever, and the detection part which
collects the reflected light from the cantilever, detects it and amplifies the
detector signal. The following two sections will discuss these parts individu-
ally.

3.5.2 Laser focusing

The laser focusing setup is sketched in figure 3.14. The laser beam is redi-
rected on the optical table by the mirrors M1 and M2, expanded and colli-
mated by the lenses L1 and L2 and filtered for noise through the pinhole PH
and the iris I1. The collimated beam is raised vertically and pointed down
into the chamber by the mirrors M3 and M4 and focused onto the sample
by the lens L3. Details of the individual components are described in the
following:

HeNe Laser The laser is a Spectra-Physics Stabilite model 120 S helium–
neon laser, with an output effect of 7.8 mW at the wavelength λ =
632.8 nm. The waist width, w0, has been measured by pointing the
laser to a wall at the distance d = (41.15± 0.05) m, and measuring the
spot radius on the wall, w(d) = (33.5± 1) mm. This gives a divergence
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Fig. 3.14: Schematic diagram of the optical laser focusing setup.

angle θ0 = (8.14 ± 0.25) · 10−4, which corresponds to a waist width of
w0 = 0.247± 0.08 mm. (see appendix B for details of the Gaussian
beam). Based on this measurement, it is plausible to assume that the
laser has been designed to have a waist width of w0 = 0.25 mm. The
waist is assumed to be located at the front mirror of the laser cavity1

Mirrors M1-M2 The 25.4 mm diameter aluminum mirrors M1 and M2 are
mounted in kinematic mounts with two adjuster screws used for fine
adjustment of the direction and height of the laser beam.

Beam expander: L1, PH, L2, I1 Because of diffraction, a wider Gauss-
ian beam can be focused to a smaller spot size than a narrower beam.
Inside the chamber, a small spot is preferred, meaning that the laser
beam should be as wide as possible before the focusing lens (L3).

This is achieved by the aspheric lens, L1 and the collimating lens,
L2. This lens pair acts as a beam expander. L1 has a focal length of
f1 = 7.5 mm and focuses the beam to a waist radius of 1.6 µm. The po-
sition of L1 is finely adjusted so that this waist coincides with the 10 µm
diameter pinhole (PH), which filters off most of the non-Gaussian spa-

1It may also be located in the centre of the laser, but since verification of the waist
position requires a disassembly of the laser, it has not been done. Instead, the calculations
of the beam propagation have been done for both waist positions, and the variation between
the results are insignificant.
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tial noise. The distance from the pinhole to the lens, L2, corresponds
to its focal length, f2 = 50 mm. The expanding beam is thereby colli-
mated by L2 and will maintain its width (radius) of 6.26 µm with less
than 1 % deviation over 27.5 m. The details of the Gaussian beam
parameters are listed in table 3.1. The spatial filtering is not perfect
and after collimation, the central Gaussian mode is surrounded by a
number of fringes. These are removed by the adjustable iris, I1.

Besides from the iris, the limiting aperture between the collimating
lens, L2, and the focusing lens, L3, is mirror M3, which is positioned in
an angle of 45◦ to the beam. It will therefore cut off parts of the beam
wider than 25.4 mm/

√
2 ≈ 18 mm. With a beam waist of 6.26 µm,

more than 98 % of the power will pass unhindered through the mirror,
and the Gaussian profile will not be significantly altered. This has been
the criteria for selecting the focal lengths of L1 and L2.

Mirrors M3-M4 The purpose of M3 and M4 is to raise the beam vertically
and reflect it down in a 45◦ angle onto the sample in the chamber. M3
and M4 are identical to M1 and M2 and are also mounted in kinematic
mounts. They are furthermore mounted on a vibration damped pillar
where they can be moved vertically. The adjuster screws for M4 are
used to position and adjust the beam spot on the sample inside the
chamber.

Focusing Lens L3 This plano-convex lens has a focal length f3 = 200 mm
and focuses the collimated Gaussian beam onto the sample. The lens
is mounted on a micrometer precision translation stage with 30 mm
movement parallel to the beam direction. With this translation stage
and the two adjuster screws of M4, the focus point of the beam can be
adjusted in all three dimensions with micrometer accuracy.

Lens w0/mm zw/mm w′
0/mm z′w/mm

L1 0.25 -1130 0.0016 7.55
L2 0.0016 -50.0 6.26 0
L3 6.26 -490 0.00644 200

Table 3.1: Theoretical data for the Gaussian beam as it is trans-
formed through the lenses L1–L3. w0 and zw are the waist radius and
position before the lens, located at z = 0. w′

0 and z′w are the values
after transformation through the lens.
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Practical limitations

The theoretical calculations on beam characteristics and spot size assume
that the laser beam is perfectly Gaussian. Most of the output from the laser
is in fact confined in the fundamental Gaussian mode, but some light also
exists in higher order modes.

The purpose of the pinhole is to filter off this spatial noise, but doing
so satisfactorily requires a very good match between the beam waist after
the lens (L1) and the pinhole diameter. It also requires the pinhole to be
almost perfectly circular. The primary requirement of the beam expander
and spatial filter was to expand the beam from 0.25 mm to about 6 mm. To
achieve this expansion, a strong focusing lens is needed, and with the strong
focus follows a small beam waist. According to the theoretical calculations
on the beam waist at the pinhole (see table 3.1), a pinhole diameter of 5 µm
would be ideal, as about 99 % of the power in the fundamental Gaussian
mode would be able to pass through it. A 5 µm pinhole was initially in-
stalled, but the resulting beam contained very strong noise components and
was attenuated significantly. Replacing it with the 10 µm pinhole was a con-
siderable improvement, but the beam is still not perfect, with the result that
the focused beam spot in the chamber is slightly larger than expected from
theory.

An estimation of the actual laser spot size was done by inserting a mirror
in the position of the beam focus and directing the reflected, diverging beam
onto the ceiling. The distance to the projected beam spot was measured
as d = (204± 3) cm, and the radius of the spot was w(d) = (6.0± 0.5) cm.
This corresponds to a divergence half-angle θ0 = 0.029± 0.003, which again
corresponds to a beam waist radius w0 = 6.8± 0.7 µm, under the assumption
that the beam has a perfectly Gaussian profile. This measurement shows that
the beam waist radius is close to the diffraction limited theoretical calculation
of w0 = 6.44 µm, as listed in table 3.1. It should be noted though, that the
non-Gaussian beam components do not follow the transformation rules that
govern the Gaussian beam, and the actual spot size may therefore be larger
than predicted by this measurement.

Power attenuation

The laser power has been measured at different points through the system.
This is important in order to optimize the position of the pinhole and is
useful for estimating the power that can be reflected onto the photodetector
and thus the sensitivity of the detector system. The measured powers are
listed in table 3.2.
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Position Optical power/mW Attenuation/dB
Laser output 7.8 0.0
After M2 6.2 1.0
After PH 4.0 2.9
Focus in chamber 1.9 6.1

Table 3.2: Measured optical power and total attenuation of the laser
beam, at different points through the focusing part of the optical setup.

3.5.3 Detection and amplification

Fig. 3.15: Schematic diagram of the detection part of the optical
setup.

The detection part of the optical setup is sketched in figure 3.15. The laser
beam, after being focused onto the sample, is reflected up and out through
the second angled flange in the chamber wall. Here it is collected by the lens
L4, which focuses the light onto the PSD. The photo-current generated by
the detector is then converted to a voltage, amplified and measured by e.g.
a gain–phase analyzer.

Focusing the deflected beam

Under the assumption that the laser spot hitting the sample has a Gaussian
profile, and that the sample has a perfectly plane, reflective surface, which is
at least as large as the dimension of the laser spot, then the reflected beam
can be treated analytically, and thereby giving an idea of the functionality
and an estimation of the sensitivity of the detection.

Figure 3.16 illustrates the theoretical focusing of the beam from the sam-
ple through the collecting lens (L4) to the detector. The detector is seen to
be displaced relative to the exact focus of L4. The reason for this is found by
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Fig. 3.16: This graph visualizes a calculation of the beam width
and deflection along the optical path: through the focusing lens (red),
sample, collecting lens (red) and detector (blue). The center of the
beam is displayed as a dotted curve, while the full curves indicate the
1/e2 radii. Both axes are in units of millimetres; and for simplicity of
calculation, the optical path has been straightened out at the point of
reflection off the sample.

considering the function of a lens: All the rays of light that originate from a
single point (object) in space before the lens will – by refraction through the
lens – be deflected towards a single point after the lens (image). As the laser
spot will practically be stationarily positioned on the cantilever, the focus of
the laser spot will also be stationary. If the detector were placed exactly in
this focus, there would be no change in signal when the beam is deflected
by the cantilever. By adjusting the lens position, the focus can be displaced
away from the detector plane to optimize the signal.

Position sensitive photo-detector (PSD)

The detector in the setup is a one-dimensional analogue PSD from SiTek,
model 1L20_CP3, with an active area of 3×20 mm, and a responsivity of
0.63 mA/mW. It has two current outputs, and the generated photo-current
from absorbed light is distributed between the outputs with almost linear
dependence on the position of the light. Because of the large active area,
the theoretically optimal position of the detector is at the position where
the deflection of the centre of the beam is maximal (within the limit of the
20 mm height of the detector). The lens, L4, therefore serves no purpose
in the ideal case. In praxis, the light reflected from a cantilever is much
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more diffuse than a Gaussian beam, and the lens is necessary for collecting
the diffuse reflections that would otherwise not reach the detector. A PSD
position of a few centimetres after the lens has been observed to give optimal
results, but the exact position is not critical.

A theoretical calculation of the signal-currents from the PSD when ex-
posed to a Gaussian laser spot can be done by integrating the Gaussian in-
tensity profile, I(x, y), folded with the position-dependent current-responses,
over the active area of the PSD. The position dependent current responses
can be approximated as

R1(y) = 0.63 mA/mW × (
y

h
+

1

2
) (3.1a)

R2(y) = 0.63 mA/mW × (
1

2
− y

h
) (3.1b)

where h = 20 mm is the height of the active PSD area as seen in figure 3.17.
The signal-currents will then be:

ij =

∫∫
A

I(x, y)Rj(y)dxdy (3.2)

where j = 1, 2 indicates the output, and A is the active area.
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Fig. 3.17: Active area of PSD. h=20 mm, w=3 mm.

The beam position and intensity profile on the PSD can be calculated as a
function of cantilever deflection-angle (as shown in figure 3.16). Inserting this
into equation (3.2) will then provide information about the current-signal-
amplitude as a function of cantilever deflection-amplitude for a vibrating
cantilever:
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Setting the theoretical PSD position to immediately after the lens and
assuming that 1 mW of laser power is reflected onto the PSD, the signal
amplitude calculates to

i1 − i2 = 9.15 µA/mrad (3.3)

The noise current of the PSD is specified to 0.5 pA/
√

Hz for each output
channel, which gives a RMS noise for the current-difference of 0.71 pA/

√
Hz.

The theoretical detection limit (signal–to–noise ratio of 1) is therefore

∆θmin = 78 prad mW/
√

Hz (3.4)

This number should be multiplied by the detection bandwidth and divided
by the actual reflected laser power, which is typically much less than 1 mW,
depending on the material and size of the cantilever sample that is being
measured on. With a typical bandwidth of 100 Hz and a reflected laser
power of 0.1 mW, the minimum detectable deflection amplitude is (by this
theoretical calculation) ∆θmin = 5.5 nrad.

Quadrant photo-diode

In AFM systems a quadrant photo-diode is used for detection of the reflected
laser beam, and this approach was also considered for the vacuum chamber.
A quadrant or dual photo-diode is ideal when the reflected light has an inten-
sity profile that is approximately Gaussian. In this case the diode position
should be adjusted so the junction between the different diode-parts is lo-
cated at the steepest intensity slope of the Gaussian profile. This ensures
maximum sensitivity towards deflections of the beam.

Some of the major differences between such a detection method and the
one implemented here will be discussed in the following. The advantages of
the PSD can be summarized as:

An analogue response, which enables measurements on non-Gaus-
sian reflected light. The active area is not sensitive to the intensity
profile of the absorbed light. Since most samples in the chamber are
smaller than the focused laser spot, the reflected light will be a dif-
fracted pattern of light rather than a nice Gaussian beam.

A large active area, which makes the PSD insensitive to the exact
position of the reflected light. In the characterization of the gold coated
cantilevers (described in chapter 4), the temperature changes created
a stress-induced bending of the cantilevers due to their bimorph struc-
ture. This resulted in a large offset (several millimetres) of the reflected
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beam, which was not a problem for the PSD, but would have been for
a quadrant diode.

For a system where the reflected beam is Gaussian, the quadrant photo-diode
detector on the other hand holds some advantages:

Quasi-digital response, in the sense that the laser spot is cut over a
sharp edge, giving a much higher sensitivity towards small deflections
of the beam.

Faster response time due to the much smaller active area of the
quadrant diode. The rise time of the PSD is 500 ns which sets the upper
limit of about 2 MHz to the detectable frequencies. In comparison, a
5×5 mm2 commercially available quadrant diode will have response
times down to 5 ns enabling detection of signals up to 200 MHz.

Lateral sensitivity. The quadrant diode is structured as a 2×2 diode
array, which enables it to detect lateral deflection of the laser spot.
This can be used for characterization of twisting modes of cantilevers,
whereas the PSD is mainly sensitive to flexural bending modes.

Electrical amplification

Two signal conditioning circuits were constructed in order to analyze the
signal from the PSD: a pre-amplifier circuit for converting the output currents
from the PSD to voltages, and a difference-amplifier in which the two voltages
are subtracted and further amplified.

The pre-amplifier circuit is shown in appendix section E.1. The pre-
amplifier is based on the a low–distortion, low–noise operational amplifier,
type Burr-Brown OPA2604. The amplification in the circuit is 100 V/mA,
and the noise is specified to be 10 nV/

√
Hz. According to equation (3.3),

this gives a signal amplitude of

U1 − U2 = 915 mV/mrad (3.5)

per mW of reflected laser power and a RMS voltage noise of 51 nV/
√

Hz per
channel, which is dominated by the contribution from the PSD current noise.

The difference-amplifier is shown in appendix section E.2. This is based
on a high-speed, low-noise operational amplifer, type Analog Devices AD829.
The output of the difference-amplifier is Uout = 100(U1 − U2). The input
voltage noise of the AD829 is 1.7 nV/

√
Hz, which is negligible compared to

the output noise of the pre-amplifier. With the 100× difference-amplification,
the noise figures on the two input channels result in an RMS output noise
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of 7.2 µV/
√

Hz. The signal amplitude from an oscillating cantilever is 100
times that of the pre-amplifier, equation (3.5), and since the bottleneck noise
source is the PSD, the theoretical detection limit after pre- and difference-
amplification is still given by equation (3.4).

3.6 Improvements

From the experimental work done in the chamber, a number of possible
improvements have been revealed. Some of these could be implemented with
the current setup as it is (section 3.6.1), while others would be suitable for a
“second generation vacuum chamber and detection system” (section 3.6.2).

3.6.1 Improvements of current setup

Electrical noise shielding

The noise originating from the temperature controller may be minimized by
connecting a 10 nF capacitor between the “+” and “−” terminals of the RTD
connection on the controller, and another capacitor between the “−” terminal
and the chamber wall to dampen the high frequency noise.

Ideally, the cables carrying high precision signals should be individually
shielded and connected to coaxial connectors in a different LEMO plug. Such
connectors take up considerable space in a plug, implying that just two coax-
ial connectors would come at the expense of at least half of the current num-
bers of commonly shielded conductors in the plug.

Mechanical stability

For the optical detection, the greatest noise source is the physical vibrations
of the chamber. Most of these originate from the diaphragm pump and travel
through the hose connecting the chamber and the pump.

These mechanical vibrations may be minimized by two initiatives. Firstly,
the chamber can be fitted with mounting brackets at the outer bottom edge,
so that it may be fastened rigidly to the optical table. Secondly, the vibra-
tions of the pump hose may be dampened by leading it through a box of
sand or by fastening it to the optical table. The first approach alone would
probably be effective and sufficient, but also require more effort than the
second – and probably less effective – approach.
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Temperature and pressure control

As mentioned in section 3.3.4, the temperature control reacts relatively slowly
– especially in vacuum – and for this reason, the temperature is not controlled
very accurately, since the controller is not capable of fast compensation for
temperature fluctuations.

A sample holder with an integrated Peltier-element in direct contact with
the sample would enable a fast and accurate temperature control, although
integration with a piezo-electric element for actuation might be a challenge.
If the Peltier-element is not in direct contact with the sample, there might be
a temperature variation between sensor and sample, and the improved speed
and accuracy may thence come at the cost of a reduced precision.

The pressure sensor provides very accurate readings of the actual pres-
sure, but the valve system does not allow very accurate control. The ideal
method for controlling the pressure would be to keep the pump connected
to the chamber and control the gas flow into the chamber using a mass flow
controller at the gas inlet. This would maintain a stable equilibrium pressure.

Video inspection system

To improve on the relatively large distortion of the video inspection system
described in section 3.4.2, a slightly more advanced imaging system composed
of two lenses could be implemented. In the following, some calculations on
two such systems are presented. Both systems are composed of two com-
mercially available, identical lenses. In the first system two plano-convex
lenses are placed with the convex surfaces facing each other as shown in fig-
ure 3.18 b). This approach decreases the total spherical aberration to about
one third of the value for the single bi-convex system. The chromatic aber-
rations are not improved by this approach, since that requires the use of dif-
ferent glass types with different dispersion coefficients [45]. As the chromatic
aberrations are dominant, a more efficient solution is to use two achromatic
doublets as shown in figure 3.18 c). These are lenses consisting of two types
of glass that are cemented together. The curvature of the three spherical
surfaces in the doublet are designed to minimize both spherical aberration
and chromatic aberration.

To get an intuitive idea of the improvements in image quality and res-
olution that can be obtained by the three different imaging systems men-
tioned, the spot diagrams for on-axis and 3 mm off-axis object points have
been calculated using optical characterization software WinLens from LINOS
Photonics. The diagrams are shown in figure 3.19.

The best optical imaging system for minimized on- as well as off-axis
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a)

b)

c)

Fig. 3.18: Schematics of three different imaging systems for video-
monitoring of the sample: a) Single bi-convex lens, b) Double plano-
convex and c) Double achromatic doublet.

Fig. 3.19: Spot diagrams for on-axis object points (top) and 3 mm
off-axis object points (bottom) of the bi-convex lens (left), the dou-
ble plano-convex system (middle) and the double achromatic doublet
(right).

aberrations would probably be a cooke triplet, which is the simplest imaging
system with sufficient design parameters to minimize all first and third order
aberrations [46]. The drawback is, that it would take up considerably more
space inside the chamber than the two-lens alternatives, and it would also
require custom made lenses rather than standard commercially available ones.

It is important to note that the spot diagrams represent the image just
above the top flange, as it would appear on a photographic film or CCD-array
located there. In reality, the lens in the chamber and the camera objective
constitute a single optical system, and the spot-sizes of the intermediate
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image cannot be used to calculate the actual resolution of the entire imaging
system. They only serve the purpose of indicating the relative quality of the
different proposed lens systems.

3.6.2 Second generation setup

Elaborate details on the possible improvements of a second generation setup
do not exist, as such a setup may not become a reality. An outline of the
considered improvements is given here.

• Different distribution of space in the chamber. Handing of samples in
the current setup is slightly awkward, as the top opening is narrow
compared to the depth of the chamber. Currently, removal of the inner
electrical plug is close to impossible without dismantling the sample
holder – also due to the narrow lateral dimensions of the chamber body.

• Automatic rotation and translation stage for sample in chamber. In
the current setup, the sample is mounted horizontally and cannot be
moved easily. A heat-induced bending of a cantilever sample may result
in a deflection angle of the laser beam that cannot be detected. The
dimensions of the chamber are too small to implement motorized stages.

• Improved electrical shielding, by implementing separate electrical con-
nections for “noisy” and “sensitive” cables. Lose cables inside the cham-
ber should also be avoided, to reduce outgassing from the cables and to
avoid contamination of the cables when chemicals are introduced into
the chamber.

• Improved optical detection system – preferably a laser focusing lens
(microscope objective) inside the chamber to obtain a smaller beam
spot, similar to the implementation in atomic force microscopes. In
the design of this, the sample should be positioned close to an inspec-
tion window, to allow visual inspection by a regular optical microscope.
This would also allow for a laser doppler vibrometer to be integrated
into the microscope optics, such as the Polytec MSV-400 [47], capa-
ble of mapping the out–of–plane motion with picometer displacement
resolution.



Chapter 4

Resonant properties of monolithic
and gold-coated SiO2 cantilevers

4.1 Background
The common way of functionalizing cantilever sensors is by applying an ad-
sorptive coating to the cantilever top surface. A gold coating is frequently
utilized for both static and resonant detection functionalization. The use of
gold is due to the large selection of materials that can be adsorbed via thiol
chemistry, as described in chapter 1.

In the case where the sensor is based on static deflection, this presents
the problem of a strong temperature dependence due to the bimorph ef-
fect [48, 49]. This effect, however, may be compensated for by simultaneous
temperature monitoring or a non-functionalized reference cantilever.

In the case of resonant mode cantilever sensors, the bimorph stress and
bending causes a shift in the resonance frequency [26, 50, 51]. This may be a
problem in some applications, but may again be compensated for by reference
cantilevers or temperature monitoring. However, a gold film presents an
entirely different problem for resonant cantilevers, namely that of damping
due to internal friction in the gold [52], resulting in significantly lower Q-
factors of the cantilever modes.

The sensitivity of the resonant cantilever when used as a mass sensor
depends on the spectral resolution, which is directly related to the Q-factor
of the resonant mode, defined in [52] as

Q = 2π
Stored vibrational energy

Energy lost per cycle of vibration
=

f0

∆f
(4.1)

where f0 is the resonance frequency of the mode and ∆f is the FWHM of
the resonance peak in the frequency domain.
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The total energy loss per cycle may be expressed as a sum of different
loss sources with corresponding Q-factors: internal material loss (Qi), loss
to the chip substrate through the cantilever support (Qs), and viscous (and
acoustic) loss [53] to the surrounding medium (Qa). The total Q-factor is
then given by

1

Q
=

1

Qi

+
1

Qs

+
1

Qa

(4.2)

where the viscous damping term is usually dominant at atmospheric pressure.
In the characterizations of silicon dioxide cantilevers, it was found that

higher order resonant modes exhibit considerably higher Q-factors than the
fundamental modes, implying that the higher order modes potentially will
yield higher sensitivities in resonant cantilever sensor applications.

As most cantilever sensor applications require operation at atmospheric
pressure, great effort has been put into describing the effect of pressure on the
resonant properties of cantilevers – both experimentally [41, 27, 54, 55] and
theoretically [56, 57, 58, 59]. The different approaches have yielded good
results for different aspects of the research area, but as the constellation
of temperature-, pressure- and gold coating effects is highly complex, many
aspects are still to be discovered – especially that of internal cantilever losses,
which the theoretical models do not account for with sufficient detail to be
directly applicable.

The material properties such as elasticity and internal viscosity of silicon
dioxide as well as gold vary with temperature. As these are central properties
for the resonance frequency and Q-factor of the cantilevers, the effect of
temperature should not be neglected.

These issues have therefore been addressed here, and experimental re-
sults are presented from the characterization of a series of monolithic silicon
dioxide cantilevers with high intrinsic Q-factors (in the order of 103–104),
onto which gold coatings of varying thicknesses are applied. The resonant
properties of the cantilevers are measured at different pressures and different
temperatures.

4.2 Experiment

4.2.1 Initial considerations

The experiment described here was of an initial nature, where even the qual-
itative outcome was not known a priori. The purpose was to discover areas
of interest for further investigations, where focus could be directed to spe-
cific issues. It was therefore necessary to include as many parameters into
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the experiment as possible in order to draw the correct conclusions on the
causality of the experimental observations. Some of the considerations prior
to designing the experiment are discussed here.

There are several factors that determine and influence the Q-factor of
an oscillating cantilever. At atmospheric pressure, the major limiting factor
is the viscous damping due to the surrounding medium (usually air) [56].
The viscous damping itself depends on the geometry of the cantilever i.e. its
general shape, and for rectangular cantilevers its width and length, and to a
certain degree its height. It is plausible to assume that viscous damping is
also dependent on the specific flexural mode of the oscillating cantilever, as
the air flow pattern will be different from e.g. the fundamental mode, where
the air must flow around the cantilever edges, and some higher order mode
with several nodal points, where the air may just relocate across a nodal
point.

In vacuum, the damping mechanisms determining the Q-factor are the
internal losses and support losses. The internal friction in gold is much
higher than in silicon dioxide [60], which has been used as substrate material
for the cantilevers. Furthermore, the mass density of gold is almost an order
of magnitude greater than that of silicon dioxide. It is therefore reasonable
to presume that the gold coating thickness will have a great influence on the
Q-factor in vacuum.

Bimorph effects, such as bending due to the difference in the thermal
expansion coefficients of the substrate material and the metal film, was also
presumed to affect both the Q-factor and the resonance frequencies.

4.2.2 Design of experiments

Ideally, all the above mentioned effects should be investigated through careful
design of experiments. This would, however, require a set of measurements
with a parameter space too extensive to be carried out within a reasonable
period of time. The parameters that would have to be varied include can-
tilever height, width and length, metal film coating thickness, temperature,
pressure and vibrational mode number.

To reduce the number of experiments, an experiment design program
such as MODDE could be used, if it wasn’t because some parameters are
not easily varied. These include cantilever shape and dimensions, as specific
component design and fabrication for these experiments was not an option;
metal film thickness (can only be increased by depositing additional layers)
and temperature due to the long temperature response time of the vacuum
chamber.
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Another major hindrance to using MODDE is that the Q-factor mea-
surements have a relatively low accuracy and reproducibility, as discussed in
section 4.3. To obtain qualitatively correct conclusions through MODDE, a
redundancy of measurements would therefore be required, implying that the
benefits of MODDE are rather outweighed by the drawbacks.

For that reason, the experimental procedure was designed by hand, and
it was decided to neglect the cantilever width and height as variable parame-
ters, by using a chip containing six cantilevers of varying lengths but identical
widths and thickness. The chip could be coated with different thicknesses
of gold layers through subsequent depositions, and for each layer thickness,
all measurable modes of the cantilevers could be characterized at two tem-
peratures, 30 ◦C and 45 ◦C, in vacuum (approximately 50 Pa) as well as
atmospheric pressure (100 kPa). The parameter space covered by these mea-
surements is summarized in table 4.1.

Upon completion of this series of measurements it was evident that two
temperatures and two pressures did not give a sufficiently detailed picture of
the thermal and pressure-dependent effects, and one of the cantilevers was
therefore characterized for a range of pressures and a range of temperatures.
This was also done for a new, uncoated cantilever on a chip from the same
wafer. This cantilever held the same properties as the gold coated ones, but
with a slightly different length.

4.2.3 Cantilever devices

The chip containing six monolithic silicon dioxide cantilevers with different
lengths1 is shown in figure 4.1. The silicon dioxide is 0.85 µm thick and was
grown thermally on a Si (100) wafer. Using UV-lithography and reactive ion
etch, the oxide was patterned to form the cantilevers [61].

The cantilevers are all 10 µm wide with lengths of 89, 113, 137, 161, 185
and 209 µm. The lateral dimensions are measured with an accuracy of about
1 µm using an optical microscope. The effective length of the cantilevers
may differ slightly from the measured value because of cantilever–substrate
boundary effects in the clamped end (see Rinaldi et al.[62] for a detailed
study on boundary effects). The precision error from the clamping effect on
the effective length is expected to be less than 2 µm, evaluated by inspection
of the SEM image shown in figure 4.2.

In order to observe the effect of different coating thicknesses, the SiO2

cantilevers were characterized without any metal coating, and with three

1The cantilever chips used in these experiments are designed and fabricated at MIC by
Kristian Mølhave.
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Fig. 4.1: Optical microscope image of the silicon dioxide cantilever
chip before metal deposition.

Fig. 4.2: SEM image showing the clamping end of one of the uncoated
cantilevers.

different thicknesses of gold, deposited on the top surface. In the first depo-
sition a 10 nm titanium layer was formed to ensure good adhesion between
the SiO2 and the gold, and a subsequent layer of 100 nm Au was deposited.
In the second deposition another 100 nm Au, and in the third deposition
an additional 200 nm Au was formed. The cantilever characterizations were
therefore done for 0 nm, 100 nm, 200 nm and 400 nm Au coating layers.
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The depositions were done in an Alcatel E-beam evaporator with a cham-
ber pressure of 0.1 mPa and a deposition rate of 10 Å/s for Ti and 5 Å/s for
Au. Deposition of the Ti-layer and first Au-layer was done successively to
avoid oxidation of the titanium.

Parameter Values used for measurements
Cantilever length 89, 113, 137, 161, 185, 209 µm
Au thickness 0, 100, 200, 400 nm, Adhesion: 10 nm Ti
Temperature 30 ◦C, 45 ◦C
Pressure 50 Pa, 100 kPa
Mode 1 - 7, limited by: fi / 2 MHz

Table 4.1: Overview of the parameter space covered by measurements
of resonance frequency and Q-factor.

For the detailed temperature- and pressure-related measurements, the
185 µm long gold coated cantilever, and an uncoated cantilever, 195 µm long,
on a different chip from the same wafer were characterized.

The material data used for modelling the cantilever properties analytically
and by finite–element simulation is listed in table 4.2.

Layer height/nm ρ/(g/cm3) E/GPa
SiO2 850 2.15 70
Ti 10 4.5 116
Au 100, 200, 400 19.3 78

Table 4.2: Summary of layer structure and material data for the
cantilevers used. Values are obtained from [63, 64].

4.2.4 Chip mounting

The chip containing the six cantilevers is shown in figure 4.3. Its dimen-
sion is approximately 1.6 mm × 4 mm and it is glued onto a printed circuit
board (PCB) for mounting and actuation in the PZT-adapter (see figure 3.10,
page 23). The chip and PCB is fastened to the piezo-ceramic actuator using
double sided tape to ensure a better transfer of the actuator movement to
the chip. For high frequencies, the tape will assumably absorb an increasing
amount of vibration energy due to its elastic properties, resulting in a smaller
actuation of the chip. However, experiments without the tape showed sig-
nificantly lower signals (more than 30 dB lower signal–to–noise–ratio) and



46 Resonant properties of monolithic and gold-coated SiO2 cantilevers

no more than 3 detectable modes for the long cantilever, meaning that the
actuation is improved considerably when using the tape.

Fig. 4.3: Closeup image of the gold coated cantilever chip (left). The
chip mounted on the PCB (right); note that the conducting circuits of
the PCB serve no functional purpose for this particular chip.

4.2.5 Actuation and detection

Fig. 4.4: Schematic diagram of the actuation and detection setup.

The output signal of a gain-phase analyzer (GPA) (Hewlett Packard,
model 4194A) is used for driving the piezo-ceramic actuator (PZT), and
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is also directed to the GPA reference channel input, as illustrated in fig-
ure 4.4. The amplified difference-signal from the position-sensitive photode-
tector (PSD) is connected to the GPA test channel input. The laser is focused
with minimum spot size (beam waist) on the cantilever and the spot is posi-
tioned so as to get maximum deflection amplitude of the reflected laser beam
onto the PSD. The GPA is then used to perform a frequency sweep, measur-
ing the amplitude and phase of the input signal relative to the output signal
at a number of linearly spaced discrete frequencies over a specified frequency
range. The measured values of amplitude and phase are transferred via a
GPIB interface to a LabVIEW program on the computer and stored in a file
for further analysis (see appendix F).

When doing a frequency sweep around the resonance frequency of an
isolated flexural mode of a cantilever, the measured amplitude vs. frequency
may be fitted with a Lorentz curve2,

A(f) = A0 +
α

(f − f0)
2 + β

(4.3)

In this fit, the resonance frequency of the cantilever mode is taken as the
Lorentz peak’s center with a full–width–half–maximum (FWHM) which is
given by 2

√
β and a Q-factor (defined as the resonance frequency divided by

the FWHM) of

Q =
f0

2
√

β
(4.4)

The Lorentz function (equation (4.3)) is a built-in fitting function in the
data analysis program Igor Pro, and has been used for fitting the measured
data, although the expression for the frequency response of a simple har-
monic oscillator (SHO) [66] describes the behaviour of the cantilever reso-
nance peaks more accurately:

A(f) = A0 +
4αf 2

0

(f 2 − f 2
0 )2 + 4f 2β

(4.5)

Using the ordinary Lorentz-function instead of this – more correct – expres-
sion will only result in serious errors for very low Q-factors (Q < 10). For
Q > 10, the resonance frequency (determined as the position of the Lorentz

2The fit is done using the data analysis software Igor Pro by WaveMetrics. Igor uses
the Levenberg-Marquardt algorithm to search for the coefficient values that minimize chi-

square, defined as
∑

i

(
y−yi

σi

)2

, where y is a fitted value for a given point, yi is the measured
data value for the point and σi is an estimate of the standard deviation for yi. This is a
form of non-linear, least-squares fitting [65].
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peak) will deviate from the SHO expression with less than 0.3 %, and this
deviation scales with 1/Q2. Figure 4.5 shows a comparison between the two
expressions for different values of Q. As all the measured Q-factors are in
the order of 101–104, the values obtained by fitting the experimental data to
equation (4.3) are considered to be sufficiently accurate for a re-evaluation
to be unnecessary.

0 500 1000 1500 2000

Q = 2

600 800 1000 1200 1400

Q = 10

900 950 1000 1050 1100

Q = 50

Fig. 4.5: Illustration of the deviation between the ordinary Lorentz
function (equation (4.3) – dashed curves), and the expression for the
frequency response of a simple harmonic oscillator (equation (4.5) –
solid curves), for Q-factors 2, 10 and 50.

4.2.6 Measurement procedure

In order to ensure maximum reproducibility and reliability in the frequency
scans and Q-factor measurements, a general measurement procedure regard-
ing equipment settings and adjustment steps has been established as follows:
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• All pieces of optical equipment in the setup have been tightly secured
prior to all the measurements and have been left untouched, with the
adjustment screws of the upper mirror and the primary focusing lens
as the only exceptions (see figure 3.14, page 28).

• All equipment, including the He-Ne laser, the temperature controller
and the GPA, is turned on well in advance of the measurements, to
avoid drift and instability during warm-up.

• The settings of the GPA have been optimized and are kept the same
for all similar measurements. These settings include

– Input and output impedance and attenuation.

– Number of sampling points. This number influences the frequency
sweep speed and thus the cantilever oscillation amplitude because
of its finite response time to a change in actuation frequency.

– Frequency span (sweep range). Should be as small as possible
without cutting off a significant part of the tails of the reso-
nance peak. The span was chosen as 20 kHz for measurements
at 100 kPa and 5 kHz for measurements in vacuum.

– Integration time. This can be set to short, medium and long, and
has been set to medium, as a tradeoff between speed and SNR, for
nearly3 all measurements.

• After inserting the chip into the vacuum chamber and sealing it, the
laser beam is focused onto the chip surface close to the cantilevers,
and the minimum spot size is obtained by adjusting the position of the
focusing lens along the optical path while inspecting the beam spot on
the video monitor.

• The optimal laser spot position, yielding the highest Q-factor and/or
the best SNR, varies slightly between the different modes of a can-
tilever, and any attempt to optimize the Q-factor for each mode would
result in a very low measurement reproducibility. Since reproducibility
is a more important issue here than high Q-factor readings, all de-
tectable modes of a cantilever are measured successively with the same
laser spot position. This position is found for cantilevers in vacuum
by maximizing the detected oscillation amplitude at the peak of the

3A few exceptions were done; when the SNR was so low that a long integration time
had to be used; and in a few cases, when signal fluctuations occurred so frequently that a
short integration time (and thus a fast sweep) was necessary to get a clean curve.
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first mode. For cantilevers at 100 kPa the peak of the first mode is
often very poorly defined, and therefore, the laser spot position is set
to maximize the peak of the second flexural mode.

One setting of the GPA that could not be kept constant for all measure-
ments was the oscillation amplitude, i.e. the amplitude of the AC voltage
driving the PZT actuator. Too low an amplitude resulted in a poor SNR
and too high an amplitude resulted in distortion and frequency-displacement
of the measured Lorentz-peaks. As described in the following, a common
amplitude for all modes could not be found. The oscillation amplitude was
therefore optimized for each mode as the highest amplitude without any mea-
surable distortion of the Lorentz-peak. One set of amplitudes was defined
for the cantilever modes in vacuum measurements, and another set for at-
mospheric pressure. These sets of amplitudes were then used to the extend
possible for the same modes in subsequent measurements e.g. after the metal
depositions.

Mode 1

Mode 2

Mode 5

Tip slope

- y

Fig. 4.6: Modal shapes of flexural modes 1, 2 and 5. The amplitude
of each mode is scaled to attain identical deflection angles at the tip.
This requires a much larger tip-deflection for mode 1 than for the
higher order modes.

For the 1st order modes, a high amplitude was required to get a good
SNR, while for the middle modes of each cantilever, a lower amplitude was
necessary to avoid signal distortion. For the highest order modes, a high
amplitude was again required in order to get a decent SNR – most likely
because of a smaller response of the PZT at high frequencies. In vacuum,
the oscillation amplitude was in general much lower than the one required
for atmospheric pressure. Typical values of the amplitudes are −10 dBV for
fundamental and high order modes in vacuum, −45 dBV for middle modes
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in vacuum, 0 dBV for fundamental and high order modes at atmospheric
pressure and −10 dBV for middle modes at atmospheric pressure.

The low oscillation amplitude for higher order modes and high amplitude
for low order modes may be caused by the fact that the optical detection
system measures deflection angle rather than deflection distance. To obtain
a measurable deflection angle on the cantilever surface, the tip-deflection
must be much larger for the fundamental mode than for higher order modes,
because of the distance between a point of maximum deflection and the
closest nodal point. This is illustrated in figure 4.6.

4.3 Results

4.3.1 Resonant modes
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Fig. 4.7: Measured and calculated resonance frequencies of the flex-
ural modes of the cantilever with ` = 209 µm, uncoated (left) and
coated with 400 nm gold (right). The subscripts M, A and FE refer to
measured, analytical and finite-element values respectively. The insets
magnify the deviation between the different methods.

The resonance frequencies of monolithic as well as multi-layer (coated)
cantilevers can be calculated by equation (2.15). A comparison between the
measured resonance frequencies in vacuum and the values obtained from this
theoretical expression has been done to evaluate the quality of the theoretical
deduction as well as the dimensions and material properties of the fabricated
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cantilevers. As a cross-validation of the device properties and the theoreti-
cal model, some of the resonance frequencies have also been computed in a
finite-element simulation of the cantilevers’ eigenmodes, using the modelling
software CoventorWare.

The results for the 209 µm long cantilever without gold coating and with
400 nm gold is shown in table 4.3 and figure 4.7.

The deviation between the calculated results and the measured can be
explained by the inaccuracy in determination of the layer thicknesses and
material properties. It appears that the analytical model in general results
in lower values than the finite element simulation. This could be due to the
small deflection approximation, which causes the analytical model to neglect
the fact that the effective length of the cantilever is reduced because of the
flexural bending.

There is very good agreement between the experimental results, the finite-
element model and the analytical model, which confirms the validity of the
theory as well as the quality of the fabricated cantilevers – in terms of the
material properties and the geometry being close to the expected or measured
values.

Cantilever n fnM/ kHz fnA/ kHz fnA−fnM

fnM
fnFE/ kHz fnFE−fnM

fnM

`=209 µm 1 18.079 17.936 -0.79 % 17.963 -0.64 %
No coating 2 112.712 112.406 -0.27 % 112.621 -0.08 %

3 316.922 314.739 -0.69 % 315.596 -0.42 %
4 619.447 616.764 -0.43 % 619.216 -0.04 %
5 1026.781 1019.555 -0.70 % 1025.310 -0.14 %
6 1529.501 1523.038 -0.42 % 1534.801 0.35 %
7 2142.038 2127.219 -0.69 % 2148.919 0.32 %

`=209 µm 1 14.502 14.508 0.04 % 14.652 1.03 %
Au-coating: 2 89.941 90.921 1.09 % 91.831 2.10 %

400 nm 3 253.449 254.582 0.45 % 257.262 1.50 %
4 494.620 498.878 0.86 % 504.600 2.02 %
5 821.842 824.681 0.35 % 835.254 1.63 %
6 1223.309 1231.931 0.70 % 1249.838 2.17 %

Table 4.3: Resonance frequencies of the measurable flexural modes
(n) of the 209 µm long cantilever; obtained by measurements (fnM),
analytical expression (fnA) and finite-element model (fnFE). Also
shown is the deviation of the calculated results from the measured.

For the other cantilevers there is an equally good correspondence between
simulated, theoretical and experimentally obtained resonance frequency val-
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ues. The deviation between theoretical resonance frequencies and actual
resonance frequencies measured in vacuum is 2.4 %. This is the RMS value
when averaging over all modes of the six cantilevers on the chip.

4.3.2 Q-factor dependence on resonance frequency

In the characterization of each cantilever, a clear tendency towards higher
Q-factors for the higher order modes was observed. The Q-factors of the
shorter cantilevers were also higher than those of the longer cantilevers. This
is illustrated in figure 4.8, which shows the Q-factors in vacuum of all the
measured modes of the uncoated cantilevers as a function of resonance fre-
quency. The observed Q-factor variation can be described by a frequency
dependence, where a higher resonance frequency of a mode implies a higher
Q-factor of that mode.
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Fig. 4.8: Q-factors in vacuum at 30◦C of all measured flexural
modes for each of the six uncoated cantilevers, graphed as a func-
tion of the resonance frequencies of the modes. The dotted line
(Q ≈ 0.123(f/Hz)0.855) is a power-law fit to the points below 1 MHz.

The Q-factors for resonance frequencies below 1 MHz appear to be lin-
early dependent on frequency, but are best fitted by a power-law as Q ≈
0.123(f/Hz)0.855 (dotted line). The apparent falloff for frequencies above
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1 MHz could be caused by the frequency response of the measurement equip-
ment, as the cut-off frequency of the photo-detector is close to 2 MHz. The
most interesting thing to note though, is that the Q-factors do not explicitly
exhibit a dependence on cantilever length or mode, but only on the resonance
frequency.

The almost linear dependence between the Q-factors and the resonance
frequencies is supported by the theory presented by Blom et al. in [56]. Blom
derives an expression for the Q-factor caused by dissipative damping, as well
as the expression for the Q-factor caused by air damping in the molecular
Knudsen region, and both show a distinct proportionality to the frequency
of vibration for cantilevers with identical cross-sections. The measured devi-
ation from this linearity, as described in the power-law fit, may be caused by
different loss mechanisms that are not linearly frequency dependent, such as
support-loss.

The expression for dissipative damping in [56] is very general and does not
specify how to actually calculate exact values of Q. Several other theoretical
models for Q-factors and cantilever damping have therefore been taken into
consideration to evaluate the measured values.

The expression given by Blom for the Q-factor of a rectangular cantilever,
due to damping caused by collisions with gas molecules is more specific:

Q =
κ2

n

kmP

w2

`2

√
ρE

12
=

2π

kmP
wρfn (4.6)

where κn is the modal parameter defined in equation (2.12), P is the gas
pressure w and ` are the cantilever width and length, ρ and E are the mass
density and Young’s modulus, fn is the resonance frequency and km is defined
as

km =

√
32M

9πRT
(4.7)

where M , R and T are the molar mass of the gas, the gas constant and the
temperature, respectively.

For air molecules, km = 3.6 × 10−3s/m. Inserting the data for the can-
tilevers in equation (4.6) results in Q = 0.768fn/Hz, which is more than 40
times higher than the observed Q-factors. The expression in equation (4.6)
is valid in the molecular flow regime4, which for 10 µm wide cantilevers cor-
responds to pressures below 25 Pa. As this is very close to the pressure of

4The molecular flow regime is defined as Knudsen numbers Kn & 10. The definition
of Kn is given in equation (4.11) in section 4.3.5.
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50 Pa that was used for characterization, the expression is assumed to be
applicable here.

Another specific damping mechanism that has been considered is ther-
moelastic damping, i.e. irreversible heat conduction between areas of com-
pression and areas of expansion in the vibrating cantilever. Higher frequen-
cies imply less heat transportation and therefore a lower loss, which would
result in a higher Q-factor. This, however, only applies for frequencies above
a characteristic frequency, given by the expression [67]:

ftherm =
χ

π

(
2.225

h

)2

(4.8)

where h is the cantilever height and χ is the thermal diffusivity, which
is χ = 0.0075 cm2/s for fused silica [68]. Inserting h = 0.85 µm yields
ftherm = 1.64 MHz. This is the centre frequency of maximal thermoelas-
tic damping. At higher frequencies the vibration becomes adiabatic and the
damping will decrease as described, and at lower frequencies the damping
will decrease because the cantilever can be considered in thermal equilibrium
at all times (isothermal vibration). Calculating the maximal thermoelastic
damping for SiO2 using the formula presented in [67] reveals that it only
limits the Q-factor to 127000, meaning that it can not be the cause for any
of the observed Q-factors, although the calculated ftherm fits well with the
fall-off seen at frequencies above 1 MHz.

Photiadis and Judge [69] have derived expressions for the damping of
rectangular cantilevers due to the substrate attachment loss. This damping
results in Q-factors in the order of 106 or more and are therefore clearly
not relevant for describing the primary loss mechanisms of the cantilevers
characterized here.

No specific dominating damping mechanism has therefore been identified
for describing the observed frequency dependence of the Q-factors.

4.3.3 Q-factor dependence on gold coating in vacuum

By characterizing the cantilevers in a vacuum environment, the loss due to
viscous damping can be eliminated, and the relative effect of a gold coating
on the intrinsic properties of the cantilever can be explored. Figure 4.9 shows
the measured Q-factors of the first 6 flexural modes of the cantilever with
length ` = 209 µm as a function of gold coating thickness.

The internal friction in gold is much higher than in SiO2, and the gold
coating therefore gives rise to a higher internal loss and thus a reduced Q-
factor. The most significant reduction in Q-factor appears already for the
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100 nm coating, and further increase of the coating thickness leads only to
a small additional reduction. This suggests that the Q-factor of resonant
cantilever sensors are impaired significantly even by very thin film metal
coatings.

The same tendency in Q-factor reduction that is illustrated in figure 4.9
is observed for all of the characterized cantilevers (as quantified in table 4.4).
As seen in the figure, the higher order modes are much more severely affected
by the gold coating than the low order modes. The Q-factor of mode 1 drops
to approximately half the value on average by the 100 nm coating, while the
Q-factor of mode 3 and above decreases by at least an order of magnitude.
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Fig. 4.9: Q-factors in vacuum and at 30 ◦C of the first 6 flexural
modes of the cantilever with length ` = 209 µm as a function of gold
coating thickness.

4.3.4 Q-factor dependence on gold coating at atmos-
pheric pressure

The Q-factors at atmospheric pressure (100 kPa nitrogen) are significantly
lower than in vacuum. In contrast to the observations in vacuum, the Q-
factors at atmospheric pressure increase slightly with increasing gold coating
thickness, as seen in figure 4.10. As the energy loss per cycle of vibration is
assumed to be increased by the coating, as seen in figure 4.9, it follows from
equation (4.1) that the increasing Q-factor can be explained as an increase
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Mode Q/Q0 (100 nm Au) Q/Q0 (200 nm Au) Q/Q0 (400 nm Au)
1 0.593 ± 0.189 0.521 ± 0.135 0.454 ± 0.140
2 0.193 ± 0.077 0.145 ± 0.048 0.126 ± 0.049
3 0.107 ± 0.039 0.080 ± 0.023 0.072 ± 0.022
4 0.084 ± 0.014 0.065 ± 0.009 0.059 ± 0.010
5 0.072 ± 0.011 0.062 ± 0.009 0.055 ± 0.007
6 0.080 ± 0.004 0.051 ± 0.009 0.059 ± 0.012
7 0.058 ± 0.021 0.051 ± 0.014

Table 4.4: Average values and standard deviation of the relative Q-
factors of the coated cantilevers with respect to the Q-factors of the
uncoated cantilevers, measured in vacuum.

in total vibrational energy. This makes good sense considering the increased
mass density of the gold coated cantilever. The mass of the 830 nm thick
SiO2 cantilever is almost doubled by the addition of 100 nm Au, implying
that the vibrational energy for a constant oscillation amplitude is almost
doubled as well.
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Fig. 4.10: Q-factors in 100 kPa N2 and at 30 ◦C of the first 6 flexural
modes of the cantilever with length ` = 209 µm as a function of gold
coating thickness.
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4.3.5 Resonance frequency dependence on pressure

The resonance frequency of a cantilever vibrating in a gaseous environment
is dependent on the pressure of the gas. When the pressure is increased,
the resonance frequency will decrease. This effect is caused by the increased
amount of gas that moves with the cantilever when it is vibrated, result-
ing in an increase in the effective mass of the cantilever. A rigorous and
satisfactory model of the fluidic damping of resonant cantilevers has yet to
be developed [59], and experimental observations are therefore necessary in
order to describe the pressure dependent frequency response of specific struc-
tures.

10
2

10
3

10
4

10
5

0.99

0.992

0.994

0.996

0.998

1

Pressure / Pa

R
el

at
iv

e 
R

es
on

an
ce

 fr
eq

ue
nc

y 
/ H

z

M1: f
0
(p

0
)=18.3273 kHz

M2: f
2
(p

0
)=114.777 kHz

M3: f
3
(p

0
)=322.168 kHz

M4: f
4
(p

0
)=631.788 kHz

M5: f
5
(p

0
)=1045.09 kHz

Inviscid model
SHO model (M1,M2,M5)

10
2

10
3

10
4

10
5

0.992

0.994

0.996

0.998

1

R
el

at
iv

e 
R

es
on

an
ce

 fr
eq

ue
nc

y 
/ H

z

M2: f
2
(p

0
)=127.267 kHz

M3: f
3
(p

0
)=357.327 kHz

M4: f
4
(p

0
)=700.793 kHz

M5: f
5
(p

0
)=1159.23 kHz

Inviscid model
SHO model (M2,M5)

M
1

M2

M5

M
2

M
5

Fig. 4.11: Normalized resonance frequencies of the first five flexural
modes (M1-M5) of the uncoated (top) and coated (bottom) cantilevers
as a function of pressure. Mode 1 of the uncoated cantilever has been
left out due to unreliable data points. The large deviation of mode
1 of the coated cantilever may be caused by the same problem. Also
shown is the analytical values of the inviscid model, equation (4.9),
and values of the SHO model for selected modes.

The resonance frequencies of the first five flexural modes of the uncoated
and 400 nm gold coated cantilevers were measured for 12 quasi-logarithmi-



4.3. Results 59

cally spaced pressures between 50 Pa and 200 kPa. The gas used was dry
N2 at a temperature of 303 K. The results are shown in figure 4.11, and
are in accordance with those obtained by Mertens et al.[27]. For both the
coated and the uncoated cantilever, the resonance frequencies of all modes
are almost constant (less than 0.1 % variation) for pressures below ≈ 5 kPa,
whereafter they start to decrease.

An analytical expression for the change in resonance frequency of flexural
modes of rectangular cantilever plates submerged into water has been derived
by Lindholm et al.[70], and elaborated by Liang et al.[71]. It can easily be
rewritten to a form that describes cantilever vibration in a gas:

fn,gas = fn,vac

(
1 +

πMP w
4R Tρ h

)−1/2

(4.9)

where M is the molar mass of the gas, P is the pressure, R = 8.314 J/(mol K)
is the gas constant and T is the absolute temperature. For a multi-layer
cantilever ρ h should be replaced by

∑
i ρihi.

This model does not take the viscosity of the fluidic medium into account,
and is therefore only valid for high Reynolds numbers. The Reynolds number
of a cantilever, oscillating with frequency f in a fluid with viscosity and
density η and ρfluid is given by [59]

Re =
πρfluidfw2

2η
(4.10)

where w is the cantilever width. For nitrogen, the viscosity is η = 16.58 µPa s
and the density is ρfluid = 1.16 kg/m3 at room temperature and atmospheric
pressure. Nitrogen can be considered an inviscid fluid for the cantilever
oscillation when Re � 1. This requirement is fulfilled for w = 10 µm when
the pressure–frequency product is P · f �1010 Pa Hz; this corresponding to
high order modes with fn ≈ 1 MHz at atmospheric pressure.

The validity of the inviscid model also requires the gas flow to be in
the continuum regime. The Knudsen number which characterizes different
regimes of flow can be defined as [27]

Kn =
1

Dσw
(4.11)

where D is the molecular density of the gas and σ is the collision cross section,
which is 1.72 nm2 for nitrogen. For Kn . 0.01, the gas may be considered
a continuum, while Kn & 10 defines the free molecular regime. For 10 µm
wide cantilevers in nitrogen, these numbers correspond to pressures above
25 kPa and 25 Pa respectively.
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At pressures above 25 kPa, equation (4.9) therefore applies, and the
change in resonance frequency for the cantilevers is obtained by inserting
M = 28.0134 g/mol for nitrogen together with the data for the cantilevers.
The resulting curve is shown together with the experimental values in fig-
ure 4.11.

The small but notable tendency for the higher order modes to be less
affected by pressure than the lower order modes is not accounted for by the
inviscid model, which generally predicts resonance frequencies that are too
high. Nevertheless, the agreement with the experimental data is quite good,
considering the simplicity of this model.

A more rigorous model, describing the frequency response of cantilevers
in terms of both resonance frequencies and Q-factors, is presented by Sader et
al. in [59]. This model takes the viscosity of the medium into account and the
experimental verification presented in [55] shows very good agreement with
measurements. The expression of this model for the change in cantilever
resonance frequency is:

fn,gas = fn,vac

(
1 +

πMP w
4R Tρ h

Γr(Re)

)−1/2

(4.12)

This is similar to that of equation (4.9), but includes the effect of viscosity
through the real part, Γr, of the correction function Γ(Re), which – for a
rectangular cantilever – solely depends on the Reynolds number, Re. For
inviscid media (Re → ∞), Γr(Re) → 1, and the two models become iden-
tical. A full expression of Γr(Re) is presented in [59]. The model is valid
when dissipative forces are small, in which case the cantilever can be con-
sidered a simple harmonic oscillator (SHO). The model is therefore referred
to as the SHO model. Further prerequisites for the validity of the model are
presented in [59]; these are reasonably well satisfied by the cantilevers char-
acterized here, with the exception of the presence of high internal friction
in the gold-coatings. This primarily affects the Q-factors, and not so much
the resonance frequencies, as can be seen in figure 4.11, where the analytical
values correspond equally well for the coated as for the uncoated cantilever.

There is a tendency for the SHO model to overestimate the effect of the
viscosity on the effective mass of the uncoated cantilever, i.e. the predicted
resonance frequencies are too low; whereas the effect of viscosity is under-
estimated for the coated cantilevers. While the SHO model is shown to be
in excellent agreement with experimental data obtained by Sader et al.[72],
other comparisons [39] estimate the model to be less superior5.

5Gibson et al.[39] find that the SHO model has a ±15 % uncertainty in determining
the spring constant of gold coated AFM cantilevers.
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The measurements are in relatively good agreement with both the invis-
cid and the SHO models, although neither of these models can be used to
give exact predictions of the pressure dependency of the cantilever resonance
frequencies.

4.3.6 Q-factor dependence on pressure

The detailed pressure dependence of the Q-factors of the uncoated and the
400 nm gold coated cantilever is illustrated in figure 4.12 (a).
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Fig. 4.12: (a) The Q-factor of mode 2–5 of the uncoated cantilever
and the cantilever with 400 nm Au coating, illustrating the general
pressure dependence.
(b) The Q-factor of three modes of different cantilevers, having almost
identical resonance frequencies.
The drawn lines should not be interpreted as an interpolation between
the measured values but rather as a visual aid in distinguishing the
different data points.

The Q–P -plot shows a general pressure dependence that resembles a
straight line (i.e. Q ≈ βP α). Though this description is not entirely accu-
rate, it is useful for a qualitative treatment of the modes that have only been
characterized at vacuum and atmospheric pressure, as seen in figure 4.12 (b).

The almost parallel curves in figure 4.12 (a) suggest that the relative Q-
factor decrease is identical for all modes and only varies with the coating
thickness. To verify this, three different order modes on different cantilevers
with almost identical resonance frequencies have been identified:

mode 5 for ` = 209 µm with f5 = 1027 kHz
mode 4 for ` = 161 µm with f4 = 1038 kHz
mode 3 for ` = 113 µm with f3 = 1065 kHz
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The Q-factors of these three modes have been plotted in figure 4.12 (b) for
vacuum and atmospheric pressure and for different coating thicknesses.

As noted in section 4.3.2, the Q-factor of a mode is mainly determined
by its resonance frequency. This is further confirmed by figure 4.12 (b),
which shows that the mode number and cantilever length has no implicit
effect on the measured Q-factors. The graph verifies that the Q-factors of
the cantilevers at any specific pressure are determined primarily by the reso-
nance frequency, and that the relative pressure dependence of the Q-factors
is defined primarily by the gold coating thickness.
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Fig. 4.13: (a) Measured and calculated Q-factors of mode 1–5 of the
uncoated cantilever. Some points of Mode 1 have been left out due to
unreliable measurement points.
(b) Measured and calculated Q-factors of mode 1–5 of the 400 nm Au
coated cantilever.

The SHO model described in the previous section also provides an ex-
pression for the cantilever Q-factors due to viscous damping [59]:

Q =
4R Tρ h
πMP w + Γr(Re)

Γi(Re)
(4.13)

where Γr and Γi are the real and imaginary parts of the correction function
Γ(Re).

The modelled values of the Q-factors for the two cantilevers are compared
to the experimentally obtained values in figure 4.13. As concluded for the
resonance frequencies, the SHO model overestimates the viscous damping
for the uncoated cantilevers, where it predicts Q-factors that are an order
of magnitude too low in vacuum, although they seem to coincide with the
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measured values of the higher order modes at higher pressures. For the gold
coated cantilevers, the SHO model apparently underestimates the viscous
damping in predicting too high Q-factors – especially for the higher order
modes. Another explanation for the lower measured Q-factors is that the
internal friction of the gold layer is the dominating loss factor, and that
it is this loss that sets an upper limit to the Q-factors of the gold coated
cantilevers.

4.3.7 Resonance frequency dependence on temperature

The material properties of the cantilevers, such as density and elasticity, are
temperature dependent. For the density of mass (ρ), the dependence is very
small and is the result of thermal expansion with constant mass. Young’s
modulus of elasticity (E) also shows a temperature dependence. Both these
effects influence the resonance frequency, which has been measured for the
uncoated and the 400 nm gold coated cantilever at six different temperatures
in the range from 30 ◦C to 80 ◦C.
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Fig. 4.14: Normalized resonance frequencies of the first five flexural
modes (M1-M5) of the uncoated cantilever as a function of tempera-
ture.

The results for the uncoated cantilever are displayed in figure 4.14. There
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is clearly a linear dependence between the change in temperature, ∆T , and
the change in relative resonance frequency. Fitting all the data points with
a straight line yields the relation

∆fn

fn(T0)
∆T−1 = (9.79± 0.06)× 10−5K−1 (4.14)

The effect due to thermal expansion alone can be determined by inspect-
ing equation (2.16). Both h and ` are subject to thermal expansion, (i.e. pro-
portional to 1 + α∆T ), and ρ changes as ρ ∝ (1 + α∆T )−3. The resonance
frequency, fn is therefore proportional to

√
1 + α∆T . A first order approxi-

mation to this can be expressed as

∆fn

fn(T0)
∆T−1 ≈ α

2
= 2.5× 10−7K−1 (4.15)

where the value α = 0.5 × 10−6K−1 has been used for thermal silicon diox-
ide. Clearly the thermal expansion is negligibly small compared to the effect
seen in the measurements, and the dominating effect governing the observed
change in resonance frequency is therefore presumed to be the thermal de-
pendence of the elasticity, E. Young’s modulus can be expressed as a linear
approximation:

E = E0 (1 + β ·∆T ) + O(∆T 2) (4.16)

By combining equation (2.16) and equation (4.16) and inserting the experi-
mental value of equation (4.14), the thermal coefficient of Young’s modulus
is obtained as:

∆fn

fn(T0)
∆T−1 ≈ β

2
⇔ β ≈ 19.58× 10−5K−1 (4.17)

This corresponds well to the values for fused silica, as measured and
depicted by McSkimin in [25]. Here E0 ≈ 73 GPa and β ≈ 18.5×10−5K−1

at T = 30 ◦C. It is worth noticing that Young’s moduli for fused silica and
silicon dioxide have positive temperature coefficients (i.e. the material gets
more rigid with increasing temperature), contrary to e.g. silicon. This effect
may be utilized to form multi-layer cantilevers with zero effective temperature
coefficient of elasticity [26].

The measurements carried out on the gold coated cantilever for vary-
ing temperature are displayed in figure 4.15. The behaviour of the different
modes is non-trivial and highly irregular. The relative change in the res-
onance frequencies of the different modes should theoretically be identical,
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since the absolute frequencies are scaled by the factor (κn`)
2, given by the

expression in equation (2.12). Inspection of the gold coated cantilever in a
scanning electron microscope revealed a grain size of approximately 50 nm,
as seen in figure 4.16. The inhomogeneous structure of the gold could have an
influence on the internal friction, affecting the individual modes differently,
and may be the reason for the observed behaviour. Further studies of this
must be carried out in order to draw any final conclusions.
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Fig. 4.15: Normalized resonance frequencies of the first five flexural
modes (M1-M5) of the 400 nm gold coated cantilever as a function of
temperature.

Fig. 4.16: SEM image of the surface and edge of the 400 nm gold
coated cantilever, revealing a grain size of approximately 50 nm.



66 Resonant properties of monolithic and gold-coated SiO2 cantilevers

4.3.8 Q-factor dependence on temperature

The Q-factors of the coated and uncoated cantilevers can also be expected
to change with temperature because of the changes in hardness or elasticity.

The normalized Q-factors of the uncoated cantilever are shown in fig-
ure 4.17. A small increase in Q may be observed, which could also be ex-
pected because of the increasing modulus of elasticity that raises the reso-
nance frequency. However, the uncertainty in the Q-factor measurements is
greater than any such tendency, implying that the apparent increase in Q
could also be purely coincidental. Any attempt to quantify the temperature
dependence of the Q-factor would be pointless with the large deviations in
the measurements.
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Fig. 4.17: Relative Q-factor, Q(T )/Q(T0) vs. temperature, for modes
1–5 of the uncoated silicon dioxide cantilever in vacuum.

In figure 4.18, the normalized Q-factors of the 400 nm gold coated can-
tilever are shown. Whereas no significant temperature dependence could be
seen for the uncoated cantilever, a clear decrease in Q is seen for the gold
coated. This decrease is almost identical for all 5 modes – the differences
between modes being comparable to the uncertainty in the Q-factor mea-
surements.

The minimum obtainable vacuum pressure in the chamber rises from
48 Pa to 62 Pa with temperature as seen in figure 4.19, and in figure 4.12
it was seen how the Q-factor decreased with increasing pressure. This pres-
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sure dependence of the Q-factor, however, is much too small to explain the
decrease in Q observed, implying that the major effect causing the Q-factor
of the gold coated cantilever to decrease with increasing temperature pre-
sumably is an increased energy dissipation in the cantilever due to increasing
internal friction (i.e. softening) of the gold layer when being heated.
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Fig. 4.18: Relative Q-factor, Q(T )/Q(T0) vs. temperature, for modes
1–5 of the 400 nm Au coated cantilever in vacuum.
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4.4 Discussion

It was seen that the analytical expression of the resonance frequency of multi-
layer cantilevers is in good agreement with experimentally obtained as well
as simulated values, and may be used as a less time-consuming alternative
to finite–element modelling when evaluating cantilever performance.

In the characterization of gold coated cantilevers a clear dependence be-
tween resonance frequency and Q-factor was observed. A high resonance
frequency implies a high Q-factor, and for cantilever-sensor applications, an
obvious conclusion would therefore be, that using a higher order mode for
detection will yield a higher sensitivity. A higher resonance frequency and
Q-factor may also be achieved by fabricating a shorter cantilever, but at
the same time this would reduce the functionalized surface area, and would
therefore not provide the same improvement in sensitivity.

In vacuum, the Q-factor is severely reduced by the deposition of even a
thin metal film; especially for higher order modes. This sets a limit on the
high sensitivity of metal coated nanocantilever sensors, and calls for alterna-
tive functionalization methods, such as partial gold coating of the cantilever
tip, or even functionalization of separate objects attached to uncoated can-
tilevers [73].

At atmospheric pressure, an improvement of the Q-factor was observed
for metal coated cantilevers, suggesting that a high mass density is more
important than a high intrinsic Q-factor for cantilever sensors operating in a
non-vacuum environment. A consequence of this is to maximize the thickness
of such cantilever sensors and use denser materials for fabrication. The two
major drawbacks of using denser materials would of course be a reduced mass
sensitivity and a decreased resonance frequency, so some sort of optimization
must be done. A new approach to cantilever fabrication would be to generate
an optimized material matrix consisting of dense materials mixed with high-
stiffness materials, such as nano-fibres – maybe carbon nano-tubes.

The pressure dependence of the resonance frequencies is described well by
the model given by Lindholm et al.[70] for large resonating plates, although
this model predicts higher resonance frequencies than those measured. Lind-
holm describes some empirical correction factors to better take the geometry
of the rectangular plate into account, but since these factors all have the
effect of increasing the predicted frequencies, they are apparently not ap-
plicable to micro- or nanocantilevers. The model by Sader et al.[59] provides
a correction function which predicts lower resonance frequencies. The pre-
dicted resonance frequencies are dependent on the resonant mode order in a
manner similar to the observed results, which leads to the conclusion that
Sader’s model is a considerable improvement over Lindholm’s.
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The thermal dependence of the resonance frequency of the uncoated sili-
con dioxide cantilevers could not be explained in terms of thermal expansion,
which is negligibly small, and so the temperature dependence of the elastic
properties (i.e. Young’s modulus) is presumed to cause the observed change
in resonance frequency. In the deduction of the temperature coefficient of
E, it was found that E increases with T ; an unusual property that may be
utilized to fabricate multi-layer cantilevers with zero effective temperature
coefficient of elasticity.

4.5 Outlook

The experiments on the resonant properties of gold coated SiO2 cantilevers,
presented here, have given rise to a number of ideas and considerations about
improvements and detailed investigations. Some of these are mentioned here.

• The cantilevers that were characterized here only differ in length and
have the same width and thickness. Furthermore, they are all much
longer than they are wide, and much wider than they are thick. The ob-
served resonance frequency and Q-factor dependencies on pressure and
coating thickness may be specific to this `� w� h geometry, and dif-
ferent conclusions may be drawn for significantly different geometries,
which should therefore be investigated further.

• The derivation of the thermal coefficient of Young’s modulus for ther-
mally grown silicon dioxide should be measured more accurately by
characterization of SiO2 cantilevers with different widths and thick-
nesses. The precision in the measurements presented here is excellent
(within 1 %), but the presence of systematic errors cannot be ruled out.

• The dramatic decrease in Q-factors by the deposition of 100 nm gold
clearly indicates that much thinner depositions will have significant
effects. Even the 10 nm titanium layer that was used for adhesion may
make a considerable difference. A number of experiments could be
carried out to investigate this further:

– Vary the thickness and/or material of the adhesion layer.

– Use different metals for coating, in order to identify relationships
between damping and metal properties.

– Characterize cantilevers with varying thickness of thin-film gold
coatings below 100 nm.
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– Vary the grain size in the metal coating layer by annealing and/or
different deposition methods. The grain size and other material
defects may be a significant parameter for the damping due to
internal friction.

– Fabricate cantilevers with different surface roughness, as this too
may influence the damping in the oxide–metal border region sig-
nificantly.

The result of these experiments would be a step towards a solid platform
of knowledge for fabrication of high-Q cantilevers.

• The observed damping of the coated cantilevers may be unnecessarily
high, because of the multiple deposition steps. The characterization
of the cantilevers between depositions must almost unavoidably have
resulted in small amounts of particles between the oxide and the dif-
ferent gold layers, and thus caused a higher internal friction from these
impurities.

• A method to fabricate cantilevers with high Q-factors and with the
adsorption and functionalization properties of a full gold coating would
be to do a deposition of gold nano-particles on the surface of SiO2

cantilevers6. If the particles are not in contact then very little stress
or internal friction may be expected, while the total surface area of the
particles may be as high as (or even higher than) that of the monolithic
cantilever.

• The current method of measuring the Q-factor by fitting a Lorentz-
curve to the amplitude response of a frequency sweep is not very accu-
rate. A different technique that may yield more accurate measurements
would be to actuate the cantilever by a short pulse and measure the
exponential decay of the resonant oscillation amplitude as suggested by
Höök et al.[74].

6This idea was suggested to me by Kristian Mølhave, MIC.



Chapter 5

DNA Detection

5.1 Introduction

Cantilever sensors can be used for DNA detection by means of thiol–gold
chemistry [75]. Single-stranded DNA may be attached to a gold surface and
used as a functionalization layer that complementary single-stranded DNA
will bind to by hybridization.

DNA-detection using cantilever sensors is conventionally done by static
operation, where the surface stress of hybridized DNA causes the cantilever
to bend. An investigation was done to see if the DNA could be detected
using a resonant cantilever based on the mass change by the hybridized DNA
strands.

This investigation further spun off the idea of patterning the functional-
ized part of the cantilever in order to get hybridization on specific areas of
the cantilever surface e.g. at the tip only. Being able to pattern a cantilever
with different DNA sequences in different areas would possibly also enable
detection of these sequences individually by using different modes [73].

The possibility of patterning a single-stranded–DNA–coated gold surface
by means of burning away the DNA layer in a laser lithographic process was
investigated. The laser used is an argon laser with adjustable output power
and adjustable writing speed. Part of the laser power is absorbed in the gold
surface, and if sufficient heat is generated in the absorption, the exposed area
will be de-functionalized.

5.2 Sensitivity calculation

In order to detect the hybridization of DNA with a resonant cantilever, the
mass change of the cantilever from the attached single stranded DNA must
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induce a sufficiently high change in resonance frequency.
The mass change per surface area can be evaluated from the hybridization

surface density and the mass of the single-stranded DNA molecule.
The hybridization density on poly-crystalline gold is expected to be slight-

ly more than 5 · 1012 cm−2 [76].
The target DNA sequence used was the single-stranded 25’mer sequence:

5’-TGC CAC GCT CAT CGA CAA GCT TGT C-3’. The mass of this
molecule can be calculated by summing up the atomic masses of the atoms
that it consists of. The chemical structure of the four different bases are
shown in figure 5.1. In the DNA-strand, each base is bonded to the structure
shown in figure 5.2. The mass of the individual DNA-bases are listed in
table 5.1, and the mass of the 25’mer sequence is seen to be 12.644 zg, and
the mass change per surface area is thus expected to be

σmass = 12.644 zg × 5 · 1012 cm−2 = 632.2 pg/mm2 (5.1)

DNA-base mass / atu mass / zg
Thymine 303.19 0.50346
Adenine 312.20 0.51842
Cytosine 288.17 0.47852
Guanine 328.20 0.54499

Table 5.1: Masses of the four DNA-bases in single-stranded DNA.

For a cantilever that is functionalized on the entire top surface, the mass-
induced resonance frequency shift due to hybridization can be derived from
equation (2.16) in chapter 2, and is given by

∆f0

f0

= −σmass

2hρ
= −0.0000831295 (5.2)

where h = 960 nm is the height of the cantilever (850 nm SiO2 coated with
10 nm Ti and 100 nm Au); ρ = 3961 kg/m3 is the density of the cantilever,
taken as a weighed average of the three layers. We have assumed in the
derivation of the sensitivity that the elasticity of the cantilever remains un-
altered by the hybridization. As the hybridization induces a high surface
stress which results in a bending of the cantilever, this assumption is not
well satisfied.

The calculated frequency change is fully resolvable by a cantilever with a
Q-factor of approximately 12000, which is not unrealistic when using higher
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Fig. 5.1: Structure of the four DNA-bases. The illustration is bor-
rowed from [75] with permission.

Fig. 5.2: The polymeric scheme of Deoxyribose Nucleic Acid (DNA).
The illustration is borrowed from [75] with permission.

order modes. If necessary, new cantilevers could be fabricated with thinner
gold coatings. This would yield higher sensitivities because of the decrease
in both h and ρ, and it would furthermore result in higher Q-factors, as
discussed in section 4.3.3.
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5.3 Laser lithographic de-functionalization

To explore the possibility of de-functionalizing immobilized DNA by laser
lithography, a gold coated glass slide was coated with single-stranded DNA
and exposed by an argon laser using the 488 nm laser-line.

In the laser-lithographic setup, the focused laser beam has a diameter of
approximately 0.5 µm. The laser power is adjustable from zero to approxi-
mately 50 mW, and the beam spot is scanned over the sample by means of
an X–Y translation stage with adjustable speed.

An exposure test pattern (illustrated in figure 5.3) was designed to inves-
tigate the effective linewidth and degree of de-functionalization of the DNA.
The translation stage was programmed to follow this test pattern to write it
in the DNA. The test pattern includes some structures that are intended to
reveal the optimal writing speed and laser power in terms of a small linewidth
and a high degree of de-functionalization. The angled lines in the lower left
part will show up as a semi-disc in the centre and as distinct lines at a cer-
tain distance from the centre. With a 30◦ angle between them, the radius
where the lines become visibly separated is expected to be twice the effective
linewidth. The dotted lines in the lower right part is designed to reveal the
resolution when writing single points or small spots. The parallel lines with
varying separation (lower right as well as upper left) is a different approach
to measuring linewidth. As the scanner used to detect hybridization has a
resolution of 5 µm, a 0.5 µm line is not expected to show up on the scan, but
a series of closely spaced lines may show up as a darker area. By identifying
the greatest line-spacing where no DNA has hybridized, as well as the degree
of hybridization in the areas with greater line-spacing, the linewidth may be
evaluated. The cone is supposed to reveal if all DNA gets de-functionalized
when an area (rather than just a line) is being exposed. The MIC-logo is
just propaganda.

The test pattern was written on the coated slide in a 3×3 array using
the writing speeds [50 µm, 200 µm, 1000 µm] and the laser powers [2 mW,
10 mW, 50 mW]. After exposure, the slide was hybridized with comple-
mentary DNA labelled with a Cy5’ fluorescence marker and scanned in a
fluorescence scanner.

The results are shown in figure 5.4. Unfortunately, and for reasons
not known, the background fluorescence turned out much lower than ex-
pected. The result of this is a very low contrast between hybridized and
non-hybridized areas. None of the test patterns written with 2 mW or
10 mW were visible at all. This probably means that the temperature un-
der the focused laser spot is not high enough to damage the immobilized
DNA molecules. With 50 mW laser power, the pattern is visible for all
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Fig. 5.3: The test pattern for laser lithographic writing. The MIC logo
will be written as a raster scan with horizontal lines, 0.5 µm spaced.

writing speeds. Because of the poor contrast, the linewidth is can not be
estimated very precisely. Inspection of the structures leads to linewidth
estimates of δ < 3 µm at writing speed v = 1000 µm/s; δ ≈ 6− 8 µm at
v = 200 µm/s and δ ≈ 10− 12 µm at v = 50 µm/s. An estimate of the de-
gree of de-functionalization in the fully exposed areas is not possible with
the low contrast.

(a) (b) (c)

Fig. 5.4: Fluorescence scans of the laser-exposed DNA-coated slide
after hybridization. The laser power was 50 mW. The laser writing
speed was (a) 50 µm/s, (b) 200 µm/s and (c) 1000 µm/s.

5.4 Discussion
The experiment is a proof of principle that immobilized single-stranded DNA
can be de-functionalized effectively and precisely by direct laser exposure.
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This may be useful for partial functionalization of cantilever sensors, or for
dividing a larger functionalized area into an array of cells for applications
where different analytes are sputtered onto an array of identical receptor
molecules. The exact reaction that takes place under the exposure has not
been identified. Neither has the temperature of the exposed area, and further
investigations will be done.

An attempt to expose a glass slide where DNA had been attached by
silanization [75] without the use of a gold coating, yielded no result, meaning
that the absorption of the laser power must take place in the gold. Using
a UV laser for the lithographic patterning is therefore expected to be more
reliable, as the UV light is absorbed by the DNA molecule itself. The DNA
will be mutated by the UV and thus rendered unable to hybridize.

The biochemistry involved in this work was carried out at MIC by Rodol-
phe Marie, who also fabricated the micro-fluidic detection cell shown in fig-
ure 5.5. A cantilever chip is mounted in the cell, which is sealed to enable
a flow of liquid or gas to pass the cantilevers on the chip. For actuation,
the entire cell has been glued to a PCB and set in motion by the piezoelec-
tric actuator on the adapter shown in figure 3.10, page 23, and optical laser
detection has been done through the top glass layer of the cell. No more
than three modes could be detected in vacuum, and the Q-factors were in
the range of 100–200. This indicates that a different approach is necessary.
A cell designed for integration of both the piezoelectric actuator and the
cantilever chip, and with a very thin top glass layer may give a significant
improvement in the detection of the higher order cantilever resonances.

Fig. 5.5: PMMA cell for integrating a cantilever chip with a micro-
fluidic channel. External valves and pumps allows for the cantilever to
be exposed to different liquid solutions or gasses.



Chapter 6

Vacuum chamber applications

The vacuum chamber described in chapter 3 was designed as part of the
Nanomass project [40], in order to characterize the Nanomass cantilever chips
electrically and possibly optically. After completion of the chamber setup, a
number of other experimental projects were realized, where the measurement
capabilities of the setup could be used with great advantage. In this chapter
some of these projects are described, with focus on the utilization of the
chamber setup.

Section 6.1 describes the characterization of the Nanomass cantilever chip.
It is a summary of the work described by Esko Forsén et al. in [77, 78]. In
section 6.2 the work done by Søren Dohn [73] on higher order mode actuation
and point-mass position-dependent cantilever sensitivity is presented. Sec-
tion 6.3 is intended to demonstrate as a proof–of–principle that the vacuum
chamber and optical detection setup is capable of characterizing alternative
resonant structures – other than vertically vibrating cantilevers. The alter-
native structures described are: in-plane vibrating cantilevers, designed and
fabricated by Alexander Grigorov [79] (section 6.3.1); and balanced bridge-
structures, designed and fabricated by Zachary Davis (section 6.3.2).

6.1 Fully CMOS integrated nanoresonator sys-
tem with attogram/Hz mass resolution

Summary of work done by Esko Forsén et al. in [77] and [78].

6.1.1 Introduction

One of the strongly anticipated applications within nanotechnology is ultra-
sensitive mass detectors for use in portable, low cost biosensor systems with
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low energy consumption and low analyte usage. Resonant nanocantilevers,
where mass adsorption induces a measurable change in resonance frequency,
constitute a promising approach for such sensors.

Detection of the resonance frequency is primarily done optically. The
reason for this is the simplicity and flexibility in the implementation and use
of an optical detection system. For fully integrated devices, optical detection
is not easily accomplished, and different methods of frequency detection must
be used. One highly applicable method is capacitive readout, where the
capacitance variation between the cantilever and a parallel electrode gives a
measure of the cantilever deflection.

By applying an AC voltage with a DC bias over the cantilever and the
electrode, the cantilever is electrostatically actuated into vibration, and the
induced displacement current can be amplified and measured. To reduce
the effect of parasitic capacitance related to an external amplification and
measurement system, the electric detection must be done on chip using e.g.
CMOS technology.

Such a system has been implemented and fabricated. The resulting can-
tilever chips have been characterized under different pressure conditions in
the vacuum chamber.

Fig. 6.1: SEM images of the integrated poly-silicon cantilever. (a)
Top view of the cantilever structure. The cantilever is excited into
lateral resonance by applying an AC and DC voltage between the driver
electrode and the cantilever. The comb capacitor is used to polarize
the CMOS circuit. (b) Tilted view of the 20 µm long, 425 nm wide
and 600 nm thick cantilever.

6.1.2 Results

A poly-silicon cantilever with dimensions `×w× h = 20× 0.425× 0.6 µm3,
displayed in figure 6.1, was characterized. The resonance frequency is mea-
sured as 1.487 MHz at a pressure of 40 Pa, as shown in figure 6.2 a. The
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Fig. 6.2: a: Cantilever readout using a gain-phase analyzer, at a
pressure of 40 Pa. The inset shows the phase noise of δφ ≈ 0.5deg. b:
Q-factor dependence on pressure and applied DC bias voltage.

measured Q-factor is in the order of 5000 at this pressure and drops to 30 at
atmospheric pressure, as shown in figure 6.2 b.

The minimal detectable resonance frequency shift in vacuum can be cal-
culated from the measured phase noise, which is δφ ≈ 0.5◦, and the phase
slope, dφ/df = −0.108◦/Hz. The result is δf0,min ≈ 4.6 Hz. From this, the
minimal detectable mass can be deduced, using [80]

δM =
2 · 0.2427m

f0

δf0 (6.1)
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Insertion of the cantilever mass m = 11.9 pg into this equation, yields the
value δmnoise = 18 ag for the noise-limited mass resolution. To the author’s
knowledge, this is the highest reported mass sensitivity of a fully integrated
resonator system.

Measurements of the minimal detectable frequency shift at atmospheric
pressure yields values in the order of δfmin ≈ 1 kHz, which corresponds to a
mass resolution of a few femtograms. This reduction in resolution is caused
by a reduced Q-factor, but also an increase in phase noise.

6.2 Enhanced functionality of cantilever mass
sensors

Summary of work done by Søren Dohn et al. in [73].

6.2.1 Introduction

5 µm

500 nm

Fig. 6.3: SEM image showing part of the microcantilever and a single
gold bead.

In the utilization of cantilevers as sensitive mass detectors, the step from
micro to nano imposes challenges in terms of readout and functionalization,
which become increasingly difficult when the cantilevers are down-scaled.
The commonly used method of functionalizing the cantilever, by applying
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a gold coating on the entire surface, reduces the Q-factor of the resonant
modes, thus lowering the mass resolution.

The implications of functionalizing only certain areas of the cantilever,
and the optimal position of these areas, have been investigated by positioning
a point-mass in the form of a gold bead on the cantilever top surface. The
mass responsivity of the cantilever and its dependence on the position of the
bead has been determined by laser-optical characterization of the resonant
properties at a pressure of 50 Pa.

A gold coated silicon dioxide cantilever with dimensions ` × w × h =
153 × 11 × 1.05 µm3 was used for the experiments, and a gold bead with a
radius of 0.9 µm and a mass of 60 pg was used as a point-mass, as illustrated
in figure 6.3.

6.2.2 Results

The Q-factors of the first four flexural modes were measured. The Q-factor
of the 4th mode was observed to be more than 5 times higher than that of
the 1st mode, implying that an improved mass resolution may be achieved by
higher order mode actuation.

The change in resonance frequency for the first four modes, as a function
of position of the gold bead along the length of the cantilever was measured.
The results are displayed in figure 6.4 together with values obtained by finite–
element simulations, which are in excellent agreement with the experimental
values. The bead-position yielding the highest frequency response is at the tip
of the cantilever for all four modes, but as higher modes are actuated, more
positions with high responsivity occur. The distribution of these positions are
specific to the mode, thus presenting the unique option of detecting more than
one type of chemical component on a cantilever, by positioning differently
functionalized gold beads at the positions specific to different modes, and
scanning these modes simultaneously.

6.3 Alternative structures

The optical detection setup for the vacuum chamber was designed for ver-
tically oscillating cantilever devices, but attempts to characterize different
types of resonant structures have proven to be successful as well. Two types of
alternative structures are presented here to demonstrate the resourcefulness
and flexibility of the system setup: in-plane vibrating cantilevers, demon-
strating that optical detection with the PSD is possible even though the
cantilever deflection occurs in a plane perpendicular to the optical path of



82 Vacuum chamber applications

Fig. 6.4: Simulated and measured values of the relative change in
resonance frequency for modes 1–4, when a gold bead is attached to
the cantilever, as a function of the bead’s distance from the cantilever
base.

the laser; and micro-bridge resonators, demonstrating that actuation with
the PZT-adapter (figure 3.10, page 23) is possible for non-cantilever compo-
nents.

6.3.1 In-plane vibrating cantilevers

In-plane vibrating microcantilevers of the type displayed in figure 6.5 have
been designed and fabricated at MIC by Alexander Grigorov [79]. The di-
mensions are `×w× h = 160× 2.0× 2.5 µm3. The cantilevers are actuated
by applying an AC voltage over the two electrodes at the base. This gener-
ates an AC current through the base, which will expand and compress due
to the periodic heating. Because of the asymmetrical structure of the base,
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Fig. 6.5: In-plane vibrating cantilever with thermal heating actuation.

the expansion will result in a deflection of the cantilever, and the periodic
expansion will set the cantilever in oscillatory motion.

Characterization of the temperature and pressure dependence of the res-
onant properties of these cantilevers was carried out in a students’ project by
Morten Fugl. The frequency response of the cantilevers was measured using
a GPA in conjunction with the laser-optical detection setup. Despite the in-
plane vibration, which does not generate a deflection of the laser beam, quite
good results were obtained. The detected signal cannot be caused by deflec-
tion of the laser spot, but rather by intensity modulation of the beam. The
laser beam is reflected off the substrate surface underneath the cantilever,
and the cantilever motion will block part of the beam. The fraction of the
beam intensity that is blocked depends on the position of the cantilever, rel-
ative to the Gaussian profile of the laser beam. For this particular method
of detection, minimizing the beam spot size is not necessarily an advantage,
as the best modulation is obtained when the physical amplitude of cantilever
vibration is comparable to the dimension of the laser spot.

A measured gain-phase curve is displayed in figure 6.6, showing a res-
onance peak height of more than 20 dB. The results of the experiments
shall not be discussed here; only that Fugl reports accuracies as low as 4 Hz
in determining the resonance frequency, which is f0 ≈ 116 kHz. According
to Fugl’s report, this accuracy corresponds to a mass resolution of approxi-
mately 120 fg.
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Fig. 6.6: Example of optically detected gain–phase response of in-
plane vibrating cantilever.

6.3.2 Micro-bridge resonators

The mechanical actuation by a vertically aligned PZT element, which is an
effective method for actuating free-hanging, vertically vibrating cantilevers,
has also proven to be successful in actuation of bridge structures as those
shown in figure 6.7. The resonators are designed and fabricated at MIC by
Zachary Davis.

Fig. 6.7: SEM image of micro-bridge resonators. The characterization
of the second bridge from the top is presented here.

Resonant motion is observed as illustrated by the gain–phase frequency
sweep in figure 6.8. The measurements are done as part of a students’ project
by Hossein Pakdast and Michael Karimian. The characterized bridge is fabri-
cated in silicon nitride and has the dimensions `×w×h = 100×25×0.4 µm3.
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The theoretical resonance frequency is 373 kHz, which is in very good agree-
ment with the experimental results shown in figure 6.8, obtained in vacuum
using the laser-optical detection setup.

Fig. 6.8: Example of optically detected gain–phase response of bal-
anced micro-bridge resonator.



Chapter 7

Conclusions

One of the main goals of this PhD project was to design and construct an
experimental setup for characterization of micro- and nanocantilevers, espe-
cially the nanocantilever devices fabricated under the EU Nanomass project.
A vacuum chamber was constructed as the main component of this setup.
The main capabilities of the vacuum included temperature and pressure con-
trol, equipment for introduction of different gases and chemical compounds,
electrical interconnections for actuation and signal detection and windows
for laser-optical probing and detection of resonant cantilever vibration.

A laser-optical detection system was implemented as part of the exper-
imental setup, and was demonstrated functional on a number of different
micro-resonator structures. Beside from standard cantilever structures, these
included in-plane vibrating cantilevers, for which a mass detection limit of ap-
proximately 120 fg was reported. The experimental setup has been proven
flexible, versatile and efficient as a tool for characterization of micro- and
nanoresonator devices.

An experimental investigation of the resonant properties of gold coated
silicon dioxide cantilevers was performed. The effects of gold coating thick-
ness, temperature and pressure were studied through a series of measure-
ments.

The main results of this investigation can be summarized as:

• The observed resonance frequencies in vacuum showed good agreement
with the analytical model that was derived for multi-layer cantilevers,
as well as with finite–element simulation results. The analytical model
may therefore be of great value in modelling resonant cantilevers, as a
fast and easily implemented alternative to finite–element simulations.

• The temperature dependence of the resonance frequencies of the un-
coated SiO2 cantilevers led to an empirical deduction of the thermal co-



87

efficient of Young’s modulus for thermally grown SiO2. The coefficient
was seen to be positive, contrary to most other materials, implying that
SiO2 may be used for composite cantilever structures with temperature
independent effective Young’s modulus.

• Q-factors were observed to increase for higher order flexural modes,
implying that actuation of a high order mode for mass detection will
yield a higher mass resolution and improved sensitivity.

• While the Q-factors in low pressures and vacuum were severely reduced
by applying a gold coating, the Q-factors at atmospheric pressure were
increased. This result was explained as the inertial forces of the gold-
coated cantilever being greater than those of the less massive SiO2

cantilever, and therefor being better at overcoming the dissipative force
of the viscous damping.

The results presented here contain information of considerable value for
the design and fabrication of resonant micro- and nanocantilevers; and may
be used in the development and production of high-sensitivity resonant can-
tilevers in future applications.
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Appendix B

Transformation of the Gaussian
beam

This appendix summarizes the formulas used to calculate the theoretical,
ideal characteristics of the Gaussian laser beam in its propagation through
the optical detection system, as described in section 3.5. For full details on
laser beams and their characteristics, see [81, 82].

B.1 Gaussian beam characteristics
The Gaussian beam is a fundamental mode of propagating electro-magnetic
radiation, and an ideal1 laser with a cavity defined by a concave spherical
mirror in one end, and a plane or concave in the other end will theoretically
generate a Gaussian beam of monochromatic, coherent light.

The radiation intensity through a cross section of a Gaussian beam has
(not surprisingly) a Gaussian distribution as shown in figure B.1

I(r) = I0 exp

(
−2r2

w2

)
(B.1)

where r is the distance from the centre (axis) of the beam, I0 is the radiation
intensity at r = 0 and w is the width (radius) of the beam, defined as the
distance where the intensity has fallen to I0e

−2 ≈ 0.135I0. I0 is related to
the optical power, P , of the beam by

I0 =
2P

πw2
(B.2)

1The term ideal in this context implies a perfectly homogeneous gain in the entire laser
cavity, perfect spherical mirrors and infinite output aperture, etc. Regular gas lasers can
be close to ideal.
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0 w r

I0 e−2

I0

Fig. B.1: Intensity distribution of the Gaussian beam as a function
of distance (r) from the beam axis.

The width, w, of the Gaussian beam has a minimum, w0, called the
beam waist, and expands hyperbolically in both axial directions, as shown
in figure B.2. If the position of the waist is z = 0, the width of the beam at
any point along the beam axis is given by

w(z) = w0

√
1 +

(
z

z0

)2

(B.3)

where z0 is called the Rayleigh range and describes the extension (depth) of
the focused beam. For z � z0, the beam expands almost linearly with z with
a divergence half-angle, θ0.

zz0

r

θ0
w0

Fig. B.2: Width, w(z), and characteristic dimensions of the propa-
gating Gaussian beam.

The values of w0, θ0 and z0 are interrelated with the radiation wavelength,



92 Transformation of the Gaussian beam

λ as:

z0 = w0θ0 =
λ

πθ2
0

=
πw2

0

λ
(B.4)

meaning that if any two of them are known, the other two can be calculated.

B.2 Transformation through a thin lens
A Gaussian beam can be characterized by one complex parameter,

q = zw + jz0 = zw + j
πw2

0

λ
(B.5)

where zw is the z-position of the waist. If a thin lens with focal length, f , is
placed in the beam at the position z = 0, the beam will be transformed as

q′ =
q

1− q/f
(B.6)

The position of the beam waist, z′w, after the lens and the waist radius, w′
0,

can then be deducted from q′ as

z′w = −Re(q′) (B.7)

w′
0 =

√
λ · Im(q′)

π
(B.8)

This is illustrated in figure B.3.

zzw z′w0

w0 w′
0

Fig. B.3: Refraction of Gaussian beam through bi-convex thin lens.



Appendix C

Finite-element simulation of gold
coated cantilevers

In order to evaluate the experimentally obtained resonance frequencies of
coated and uncoated cantilevers (chapter 4) and the corresponding theo-
retical values (chapter 2 equation (2.15)), the monolithic and gold coated
silicon dioxide cantilevers were modelled as a finite–element analysis using
the MEMS modelling software CoventorWare.

The cantilever has been modelled as a perfectly rectangular structure,
rigidly clamped in one end. For the coated cantilevers, the three layers
are modelled as one monolithic structure with different material properties.
Alternatively, the coating could be modelled as a separate object, tied to
the cantilever substrate. This, however, proved to be less accurate and more
time-consuming. The layer heights and material data are listed in table C.1.

Material h/nm E/GPa ν ρ/(kg/m3)
Thermal Oxide 850 70 0.17 2150
Titanium 10 116 0.33 4500
Gold 400 78 0.44 19300

Table C.1: Layer data for the 400 nm gold coated cantilever model.
For uncoated cantilevers, the Ti and Au layers have been disabled. h is
the height (thickness) of each layer, E is Young’s modulus of elasticity,
ν is the Poisson ratio and ρ is the mass density.

The finite–element mesh, displayed in figure C.1 is rectangular (Manhat-
tan bricks). The mesh elements do not overlap the different material layers
(no averaging of material properties). The element size is ∆x = 3.33 µm,
∆y = 5 µm and ∆z = 1 µm, corresponding to 3 elements across the width
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of the cantilever, 17–42 elements along the length, depending on the value of
` and 1 element in the height for each layer.

Fig. C.1: Image of the cantilever mesh model used. The Z-axis has
been enlarged by a factor of 20 to better visualize the three layers.
The displayed cantilever is 89 µm long.

The number of elements in the height and width provide results that
deviate less than 0.1 % from the values that a finer resolution of the mesh
converges towards. The size of the element in the length direction is a more
critical parameter. In order to obtain 0.1 % accuracy, the elements must
be in the order of 1 µm, which increases the computation time considerably.
The value of ∆y = 5 µm generates results that are accurate within 2 % for
all modes with resonance frequencies up to 2 MHz.

For all mesh-resolutions, there is a tendency for the calculated resonance
frequencies to be too high when the resolution is lowered. The comparison
between simulation and analytical theory (section 4.3.1) showed that the
analytical values are generally lower than the simulated. This difference may
be partly caused by the mesh resolution in the cantilever length direction,
implying that the analytical model may yield results that are even closer to
simulated values.

Both the analytical and the simulated resonance frequencies deviate from
the experimental values by a few percent, and the chosen mesh resolution is
therefore sufficiently good, considering that neither of the models are sup-
posed to be exact descriptions of the actual cantilever structures.



Appendix D

Technical drafts

In the construction of the vacuum chamber and optical detection setup,
a number of mechanical components were custom designed (including the
chamber body itself). The chamber body was manufactured by Wenzel
Vakuum Teknik ApS and Abeto Teknik A/S, and all other components were
manufactured by engineering assistants Stig Ahrent Petersen and Poul Erik
Hyldbo in the technical workshop of DANCHIP [83].

D.1 Vacuum chamber body

Fig. D.1: 3D visualization of the vacuum chamber body
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Fig. D.2: Top and front view of chamber body.
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Fig. D.3: Right side view of chamber body.
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The body of the vacuum chamber was designed in the 3D visualization
software 3ds Max from Autodesk, in order to better visualize the spacing
between flanges and the overall user-friendliness of the design (see figure D.1).

The technical draft used for constructing the chamber body is shown in
figures D.2 and D.3. It is based on a wire-frame visualization from the 3D
model and is as such not a correct engineering draft. The primary flaw is
that the wire-frame is transparent, so front and back side objects cannot be
distinguished. Combined with the solid visualizations in figure D.1, the draft
was proven fully functional though.

Fig. D.4: Bottom plate of the chamber body.

The top view of the chamber bottom plate is shown in figure D.4, with
the location of four screw holes for mounting equipment such as a chip holder
inside the chamber.
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Fig. D.5: Mounting plate for vacuum chamber.

D.2 Mounting plate
The mounting plate shown in figure D.5 was constructed as an adapter be-
tween the four screw holes in the bottom plate of the chamber and any piece
of equipment that should be rigidly mounted inside the chamber.

The equipment to be mounted is fastened to the plate using screws from
the bottom and up. The plate with the equipment attached may then be
fastened to the chamber bottom with screws from the top and down through
the four outermost holes in the plate.

Figure 3.7 (p. 20) and 3.11 (p. 24) show how the aluminum base for the
sample holder and the lens mount are mounted in the chamber by the plate.
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D.3 Lens holder

Fig. D.6: Internal lens holder for video inspection of sample in cham-
ber.

Figure D.6 shows the technical draft of the holder for the video projec-
tion lens inside the chamber, described in section 3.4.2. Figure 3.11 (p. 24)
shows the assembled parts, where the lens can be displaced horizontally by
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turning the two vertical bars around the point where they are fastened to
the aluminum base.



Appendix E

Electronic diagrams

The electronic diagrams and print layouts of the pre-amplifier for the position
sensitive photo-detector (PSD) (section E.1) and of the difference amplifier
for the PSD (section E.2) are presented in this appendix.

E.1 PSD Preamplifier
Electronic diagram and print layout of the Pre-amplifier for the PSD. The
two photo-current outputs of the PSD (labelled Y1 and Y2 on the diagram)
are amplified by R1 and R2 respectively. R1 and R2 are identical and have
a value of 100 V/mA = 100 kΩ, which also defines the output impedance of
the device. The PSD is biased with +15 V through R3.

The power supply for the pre-amplifier (± 15 V relative to common
ground, 0 V) is connected to W3–W5. The signal outputs are labelled W1
and W2.
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Fig. E.1: PSD Pre-amplifier, diagram and print layout.
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E.2 Difference-amplifier
Electronic diagram and print layout of the Difference-amplifier for the PSD.
The output voltages of the pre-amplifier are connected to W5–W7. The
output voltage is given by the expression

Uout =
R3(R2 + R4)U1 −R4(R1 + R3)U2

R2(R1 + R3)
(E.1)

When R1 = R2 and R3 = R4, this reduces to

Uout = (U1 − U2)
R3

R1
(E.2)

The resistor values are R1=R2=1.05 kΩ and R3=R4=105 kΩ, giving an
amplification of 100 and an impedance of about 106 kΩ, which almost corre-
sponds to the output impedance of the pre-amplifier. The potentiometer P1
is used for precise adjustment of the output bias. The capacitor C3 stabi-
lizes the gain uniformity over the operating bandwidth, but is only used for
amplification factors below 20.

The power supply for the difference-amplifier (± 15 V relative to common
ground, 0 V) is connected to W2–W4.
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Fig. E.2: PSD Difference-amplifier, diagram and print layout.



Appendix F

LabVIEW Interface

A series of LabVIEW programs (called virtual instruments or just VI’s) were
implemented for control and data acquisition of the instruments used in the
vacuum chamber and cantilever characterization setup.

A brief description of the interface and underlying program structure
of the VI’s used, is presented here: The VI for data acquisition from the
HP 4194A gain–phase analyzer (GPA) and a VI controlling the CAL 9400
temperature controller and obtaining pressure from the HPS A900 pressure
sensor.

F.1 Gain–phase analyzer VI

In order to import frequency response curves from the cantilevers charac-
terized by the GPA, a VI was developed to read measurement data from
the GPA over the GPIB bus. The interface on the GPA itself is quite user
friendly and well automated, meaning that programming a VI interface for
automated control of the GPA would require more time than it would even-
tually save.

F.1.1 Graphical interface

The user interface is shown in figure F.1. When pressing the “Update scan”
button, gain- and phase-data is read and displayed in the graph. A fit of the
gain-data to a Lorentz-curve is attempted and the result is displayed as a
curve in the graph and as values of the derived resonance frequency, Q-factor
and FWHM.

The gain-data may be displayed on a linear scale or (as shown in the
figure) on a logarithmic (dB) scale. The phase-data does not have an axis of
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Fig. F.1: Graphical user-interface for the VI controlling the HP 4194A
gain–phase analyzer.

its own but is scaled to fit in the graph.
Finally, the data may be saved in ASCII format to a file by pressing the

“Save data” button. The saved gain-data will be in dB units, as indicated on
the button-label.

F.1.2 Program structure

The VI is programmed as a case structure inside a loop. The case structure
handles four cases, all of which are activated by user input, i.e. by pressing
one of the buttons “Update scan”, “Save data”, “Graph type” or “Stop”. The
“Update scan” case is shown in figure F.2, where the individual program parts
of this particular case are highlighted and described.

The curve-fitting VI is part of the LabVIEW installation and has been
adapted to fit to a Lorentz-curve. It is not as efficient in finding the res-
onance frequency and Q-factor as Igor (see section 4.2.5) although it also
uses the Levenberg-Marquardt algorithm. For low signal–to–noise ratios the
fit-coefficients are unreliable, which is the reason why Igor has been used for
the final data-analysis.
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Fig. F.2: Program structure of the VI for the GPA.



F.2. Temperature and pressure interface VI 109

F.2 Temperature and pressure interface VI

The CAL 9400 temperature controller in the chamber setup has been equip-
ped with a serial bus RS232 interface, enabling it to communicate using the
MODBUS. On the back plate of the hardware interface of the pressure sensor,
a signal cable may be attached for direct output of the voltages generated
by the Piezo and MicroPirani transducers. These voltages have been input
to a data acquisition device which may be controlled by LabVIEW over the
USB bus.

A students’ project was initiated with the purpose of programming a Lab-
VIEW interface capable of controlling the temperature controller as well as
importing the pressure transducer voltages and converting them to a pressure
reading. The project was carried out by Reges Cezar de Andrade Costa, who
designed and programmed the original VI’s from which a slightly modified
version is presented in this section.

F.2.1 Graphical interface

The graphical user interface is displayed in figure F.3. The bottom part is
related to the pressure readout. As mentioned in section 3.3.3, the pressure
transducers deliver the most accurate output if the Piezo transducer is used
for pressures above 4 kPa and the MicroPirani for pressures below 4 kPa.
The VI interface allows the user to specify the pressure, where the shift
between the two transducers should occur. The readings of both transducers
are displayed at all times in the analogue meters to the left, but only the
active transducer value is logged in the data file.

The user may also specify the type of gas in the chamber. This influences
the voltage–pressure conversion of the MicroPirani reading. The nonlinear
conversion function is specific to the type of gas, and conversion parameters
are specified by the manufacturer for nitrogen and air.

The upper graph displays the temperature history, and the controls to the
left allow the user to program the temperature controller to reach a specific
setpoint or to do one or two successive temperature ramps with intermediate
soaking periods. A later version of the VI even allowed the user to have a
message sent directly to his own computer over the local network when a
specific temperature had been reached – a very useful feature for long ramp
periods.
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Fig. F.3: Graphical user-interface for the VI controlling the temper-
ature controller and reading out actual temperature and pressure.

F.2.2 Program structure

Figure F.4 shows the underlying structure of the VI, which has been de-
signed as a state machine, i.e. a loop structure, where each loop execution
determines the state of the next loop. This state is then used as the decision
parameter for a case structure, which will execute a piece of code specific
to the given state. The different states in the case structure correspond to
the phases of the temperature controller and the ramps: Initialization of the
variables and the controller, Parameter reading and controller programming,
Temperature ramping, soak-time and finally parking, where temperature con-
trol may be disabled or temperature may be kept constant, depending on the
“Park status” switch on the graphical interface.

At specified time intervals, the structure in the right side of figure F.4
is executed. Here the VI will read the pressure, save the currently read
temperature and pressure to the data file, and update the two history graphs.
The graphs are updated from a binary data file, which saves system resources
as compared to storing the entire data set in a local variable.
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Fig. F.4: Program structure of the VI for temperature control and
pressure readout.



Appendix G

List of abbreviations

AFM Atomic Force Microscope
DNA Deoxyribose Nucleic Acid
FEM Finite–Element Modelling
FFC Flat Flexible Cable
FWHM Full–Width Half–Maximum
GPA Gain–Phase Analyzer
PCB Printed Circuit Board
PGA Pin Grid Array
PID Proportional – Integral – Derivative
PSD Position-Sensitive (photo-)Detector
PZT Piezo-electric Transducer
RTD Resistance Thermometer Detector
SEM Scanning Electron Microscope
SHO Simple Harmonic Oscillator
SNR Signal–to–Noise Ratio
VI Virtual Instrument (LabVIEW-program)

Table G.1: List of abbreviations.
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