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Abstract 
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macroscopic objects would be possible. Such goals would be for example to observe gravitational waves, standard 
quantum limit (SQL) and true nonlocal entanglement of macroscopic objects. In this work, two very sensitive 
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constructed and characterized. The first sensor configuration utilizes a microfabricated, high-reflectivity (HR)-coated 
torsional high-Q silicon oscillator as a moving rear mirror in a Fabry-Pérot interferometer. The position of the oscillator 
was measured using the Hänsch-Couillaud stabilization technique. This sensor setup was used to demonstrate 
experimentally that an additional intensity modulated laser beam can be used to optically actuate the mechanical resonance 
of a macroscopic silicon oscillator through radiation pressure and photothermal effects. 
          For the second optomechanical sensor, a novel high-Q mechanical silicon oscillator, which effectively vibrates in a 
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and the Q value of the uncoated oscillator were f0 = 27.5 kHz and Q = 100 000 (at p = 0.01 mbar and T = 300 K). This is 
the highest reported Q value for a non-tilting out-of-plane mode oscillator. The HR-coated non-tilting oscillator was then 
employed as a moving cavity mirror and the Pound-Drever-Hall method was used to stabilize the laser frequency to the 
high-finesse (F = 2 600) optical cavity and to measure oscillator mirror displacements at a femtometer level. 
          In addition, the effects of the atomic layer deposited (ALD) alumina thin films on the dynamic, thermomechanical 
and optical characteristics of a high-Q mechanical silicon oscillator were studied. It was demonstrated that ALD alumina 
films with thickness at least up to 100 nm can be deposited on microfabricated mechanical resonant structures without any 
degrading of the initially high mechanical quality of the resonance. This is of great importance when depositing functional, 
protective and optical thin films on sensitive micromechanical devices. It was also shown that thin ALD alumina films 
effectively stiffen the resonant structure leading to the increase in the resonance frequency with increasing the film 
thickness and that the temperature sensitivity of the resonance frequency decreases as the film thickness increases. 
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1 INTRODUCTION 
 

1.1 Background 
 
Sensing, monitoring and controlling numerous physical properties of the environment 
are characteristic and essential in the modern information society. Different kinds of 
sensors are widely utilized in science and industry, for example in automobiles, 
machines, consumer electronics and medicine. Miniaturization of sensors increases 
integration and even portability. Technological progress in micro- and nanotechnologies 
over the past decades has enabled mass production of accurate, fast and reliable sensing 
devices. Novel sensing schemes appear every year at increasing speed.  

 
Mechanical oscillators contain elements that typically vibrate in flexural (deflection), 
torsional or longitudinal (extensional, bulk) modes [1-3]. Small mechanical resonant 
structures are typically very sensitive to small changes in the physical parameters of the 
environment and especially to weak mechanical forces acting on them [4-7]. The 
response of a resonant system is proportional to the inverse of the resonance spectral 
width, which motivates the search towards systems that define the resonance very 
accurately. Narrow spectral width is characterized by a high Q value. In terms of 
dissipation, high Q means low energy losses, high resolution, accuracy and, because of 
the inherent weak coupling, long-term stability [8-11]. Therefore, high-Q 
micromechanical oscillators are commonly used as sensing elements in sensor 
applications and scientific instruments. High-Q oscillators can be used for example in 
realizing reference oscillators, filters, mixers, transmission lines and sensors for gas 
detection, acceleration, pressure and temperature. In addition, micro- and 
nanomechanical systems have been proposed to be used for the realization of ultra-
sensitive detection devices [12] such as mass detection at a zeptogram-level [13,14] and 
force detection at an attonewton-level [15]. In most cases, the needed information of the 
measured quantity can be traced from the oscillator response as a change in the Q value, 
oscillation frequency, amplitude or phase. 

 
Typically, a very sensitive and low-noise detection system is needed to accurately 
observe the response of a high-Q mechanical oscillator. In addition, the detection (and 
excitation) methods should not impair the performance or reliability of the device. 
Especially, it is important that the measurement technique does not degrade the initially 
high mechanical quality of the resonance for example by introducing extra damping or 
residual stresses. A convenient detection method is to use optical interferometry, in 
which a mechanical oscillator is integrated into an optical resonator as a moving mirror. 
In such a configuration, mechanical force typically introduces a change in the position 
of the oscillator mirror, which in turn induces a phase shift of the reflected optical field. 
Therefore, a phase-sensitive measurement of the reflected light provides information of 
the mirror displacement or, equivalently, information of the force acting on the 
mechanical oscillator. Such optical interferometric systems that utilize a moving cavity 
mirror are typically called optomechanical sensors (figure 1.1). Optomechanical effects 
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between coherent laser light and a moving cavity mirror can be utilized in a wide 
variety of high-precision sensing experiments such as in interferometric gravitational 
wave detection [16-18], atomic force microscopy (AFM) [19], optical cooling [20-23], 
optical actuation [24,25] and in various quantum optical schemes [26-33]. The use of 
highly reflecting cavity mirrors leads to a high optical finesse and enhancement of the 
optomechanical coupling so that extremely small displacements in the cavity mirror 
position can be detected. It should be noted that a Fabry-Pérot interferometer is sensitive 
to any length variations of the optical cavity whereas a high-Q mechanical oscillator is 
sensitive only to forces at its resonance frequency. Therefore, employing simultaneously 
a narrow mechanical resonance of a high-Q oscillator and a high-finesse optical cavity 
of a Fabry-Pérot interferometer, extremely good resonant force detection sensitivity can 
be achieved [34-36].  
 

Displacement,
∆x

Mechanical 
oscillator,

meff , ω0 , Q 
Optical
power,

P
Finesse,

F

Incoupling 
mirror,
T1, R1

HR
coating,

R2

Laser

Beam 
splitter

Photodetector  
 
Figure 1.1 A simplified layout of an optomechanical sensor. Coherent laser light with 
optical power P enters an optical resonator (Fabry-Pérot interferometer) which consists 
of a stationary incoupling mirror and a moving rear mirror. Reflectivities of the mirrors 
determine the optical finesse F of the cavity. Typically, the moving mirror is modeled as 
a damped mechanical harmonic oscillator characterized by the effective mass meff, 
angular resonance frequency ω0 and mechanical quality Q. The light reflected from the 
optical cavity is monitored with a photodetector. 
 
 
At the quantum level, the measurement process always disturbs the system being 
measured [37]. The detection sensitivity in optical interferometric displacement 
measurements is ultimately limited by the quantum nature of light [16,37-39]. The 
fundamental sensitivity limit at which the position of an oscillator mirror can be 
measured is called standard quantum limit, SQL (see Chapter 3.3). A displacement 
measurement sensitivity of the order of the SQL is required for example in realizing 
gravitational wave detection experiments [16,17] and in schemes for demonstrating 
nonlocal entanglement of macroscopic objects [28,29]. A very good control of various 
noise sources is required when optomechanical systems are used to measure extremely 
small mirror displacements. In fact, reaching the SQL in an interferometric position 
measurement of a mechanical body has not yet been reported. Classical noise sources 
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such as thermal, acoustic, seismic and technical noise can easily mask the smallest 
mirror displacements. At room temperature experiments, the sensitivity of the 
optomechanical sensors is typically limited by thermal noise (Brownian motion) of the 
mirror. In order to reach a true quantum-limited behavior, a mechanical oscillator 
should be operated at very low temperatures, so that a condition kBT < ħω0 becomes 
valid. It is obvious that this is a very challenging requirement. For example if the 
resonance frequency is of the order of one megahertz, the oscillator should be cooled to 
the temperature of 50 µK. Besides cooling the mechanical oscillator to low 
temperatures, thermal noise effects can be reduced for example by using feedback 
control [20,40,41] or parametric amplification for squeezing of thermomechanical noise 
[42,43]. 
 

1.2 Aim and scope of the Thesis 
 
The motivation for the research work summarized in this Thesis has been to investigate 
the potential of using optomechanically coupled high-Q mechanical silicon oscillators in 
high-precision sensing applications and design and fabricate new high-Q oscillators that 
are more suitable to be used in optical interferometric measurements. A closely related 
topic has been to study the effects of dielectric thin films on the performance and energy 
losses of high-Q mechanical oscillators. 
 
Within this Thesis, two very sensitive optomechanical sensors, that are operated at low 
pressure and at room temperature, were constructed and characterized. The first sensor 
configuration utilizes a microfabricated, high-reflectivity (HR) -coated torsional high-Q 
mechanical silicon oscillator as a moving rear mirror in a Fabry-Pérot interferometer. 
The position of the oscillator mirror was measured using the Hänsch-Couillaud (HC) 
stabilization technique which is based on polarization spectroscopy [I]. This sensor 
setup was then used to demonstrate experimentally that an additional intensity 
modulated laser beam can be utilized to optically actuate the mechanical resonance of a 
macroscopic silicon oscillator through radiation pressure and photothermal effects [II]. 
For the second optomechanical sensor, a novel non-tilting out-of-plane mode high-Q 
mechanical silicon oscillator was designed and fabricated [III]. In this sensor 
configuration, the HR-coated non-tilting out-of-plane mode oscillator was employed as 
a moving cavity mirror and the Pound-Drever-Hall (PDH) method was used to stabilize 
the laser frequency to the high-finesse optical cavity and to measure oscillator mirror 
displacements [IV]. It is expected that this design will be used in various optical surface 
and near field studies. 
 
Low energy losses and narrow spectral width of the mechanical oscillators are of great 
importance in high-precision sensing technology. One critical aspect is that, in many 
applications, one should be able to deposit protective, functional and optical thin films 
on sensitive micromechanical resonant structures without impairing the initially high 
mechanical quality of the resonance. Therefore, the effects of the atomic layer deposited 
(ALD) amorphous alumina (Al2O3) thin films on the dynamic, thermomechanical and 
optical characteristics of a high-Q mechanical silicon oscillator were studied [V]. 
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The structure of the overview of this Thesis is as follows. Chapter 2 concentrates on 
discussing the relevant properties of high-Q mechanical silicon oscillators when they 
are used as moving mirrors in interferometric systems. The theory and limitations of the 
optomechanical coupling in the detection of weak forces and in displacement 
measurements are discussed in Chapter 3. This chapter also gives an introduction into 
optical actuation of mechanical oscillators using radiation pressure and photothermal 
effects. Chapter 4 describes the construction and operating principles of the 
experimental setups used in this work. Chapter 5 discusses the challenges related to the 
measurements of extremely small displacements of mechanical bodies and gives a short 
overview to the research activity in this field. Finally, Chapter 6 summarizes the results 
of this Thesis. 
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2 MECHANICAL OSCILLATOR AS A MOVING MIRROR 
 

2.1 Mechanical harmonic oscillator 
 
Mechanical silicon oscillators used in this Thesis can be modeled as a one-dimensional 
damped harmonic oscillator characterized by an effective mass meff, spring constant k 
and mechanical quality Q. Angular resonance frequency is determined by the spring 
constant and effective mass, ω0 = 2π f0 = (k / meff)½. The equation of motion under an 
external driving force at a frequency of ω is then given by 
 

( ) ( ) ( ) ( )tFtkx
t
tx

t
txm ωγ cos

d
d

d
d

02

2

eff =++ ,     (2.1) 

 
where x(t) is the oscillator displacement as a function of time and γ is the damping 
constant. For a viscously-damped harmonic oscillation the damping constant is 
γ = meffω0 / Q. Although the energy dissipation of the high-Q oscillation mode is 
introduced mainly by the intrinsic losses rather than viscous (gas) damping in low 
pressure experiments, the use of viscous damping model is adequate because the 
oscillator response is mainly considered in the vicinity of the mechanical resonance 
frequency [44]. The solution of x(t) can be written as [45] 
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where the first term of the right-hand side is the transient part of the oscillator response 
corresponding to the exponentially damped harmonic oscillation (figure 2.1), x0 is the 
oscillation amplitude and φ is a phase shift. The second term is the steady-state part of 
the solution, i.e. the frequency response of the oscillation (figure 2.2), and χ(ω) is the 
mechanical susceptibility with a Lorentzian functional form, 
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The frequency dependence of the phase δ(ω) can be derived from  
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Figure 2.1 Measured and fitted decay curves of an uncoated torsional silicon oscillator. 
At a cryogenic temperature (T = 4.2 K), the decay time of the high-Q oscillation mode 
was τ = 14.024 s yielding an extremely high mechanical Q value of Q = 2 156 600.  
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Figure 2.2 Measured frequency responses of the oscillation amplitude and phase of an 
uncoated non-tilting out-of-plane mode oscillator at p = 0.1 mbar and at room 
temperature. The solid lines refer to the fitted frequency responses according to 
equations (2.2) and (2.4). 
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2.2 Energy dissipation 
 
High mechanical quality of the resonance, Q value, is a desired property in many high 
precision sensing applications. High Q value means spectrally narrow mechanical 
resonance and hence high-Q oscillators typically provide very good frequency 
resolution and stability. A mechanical oscillator can be considered as a bandpass filter 
which rejects excitation at frequencies outside its bandwidth [46]. Thus, a high Q value 
leads to an excellent decoupling from other undesired vibrational modes and external 
noise sources. In addition, high Q value indicates low energy losses and, therefore, 
high-Q oscillators can be used to realize devices with potentially very low power 
consumption. In order to reach a high Q value, one should try to minimize the energy 
dissipation by selecting a suitable oscillator structure, oscillation mode and material. 
 
The Q value is determined as a ratio between the total energy E0 stored in the oscillation 
and energy dissipation ∆E per oscillation cycle. In frequency domain, this is equivalent 
to the ratio between resonance frequency f0 and spectral width of the resonance ∆f. In 
time domain, Q value can be determined from the resonance frequency and decay time τ 
corresponding to the oscillation amplitude being decreased to (1/e)th part of its initial 
value. Thus, Q value can be written as 
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The total energy dissipation per oscillation cycle is a sum of various internal and 
external loss mechanisms and the total Q value can be derived from 
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where Qi is determined by the internal losses, Qs is related to energy losses through the 
oscillator support structure (clamping losses) and Qv is due to the viscous and acoustic 
losses to the surrounding medium (gas damping).  
 
Internal losses are related to physical deformations of the oscillator structure. A bulk 
silicon crystal may dissipate mechanical energy for example due to internal friction, 
phonon-phonon interactions and by phonon scattering from impurities and dislocations 
[47]. Another internal loss mechanism is the thermoelastic dissipation in which local 
changes in the volume due to the oscillator deformation lead to irreversibly transformed 
thermal energy [8,48]. It has been demonstrated that the Q value is strongly dependent 
on the surface effects of the oscillator and energy losses seem to increase proportional to 
increasing the surface-to-volume ratio [9,49].  
 
Gas damping of the surrounding medium is the main source of external energy losses of 
high-Q mechanical oscillation. Close to atmospheric pressures the surrounding gas acts 
as if it were a viscous fluid and some of the oscillation energy is lost through friction 

 17



and acoustic coupling. The energy dissipation due to the surrounding gas becomes 
naturally less significant at low pressure and is negligible below p = 10-3 mbar 
(figure 2.3) [9]. At resonance, a mechanical oscillator vibrates in a standing wave 
pattern. Some of the vibrational energy is inevitably lost through the support structures. 
In order to minimize such clamping losses, the motion of the support structures should 
be minimized [50]. Therefore, one should place the supports at nodal points of the 
oscillation mode.  
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Figure 2.3 Measured Q value and resonance frequency of an uncoated non-tilting out-
of-plane mode oscillator as a function of pressure at room temperature. 
 

2.3 Thermal noise 
 
Thermal noise can be the dominating noise component in many experiments that use a 
mechanical oscillator and that require high precision and sensitivity [44,51]. The 
fluctuation-dissipation theorem states that the dissipation in silicon oscillator couples 
the thermal energy of the environment (thermal bath) to the mechanical motion 
(fluctuation) of the oscillator. In other words, thermal energy produces a random 
excitation force to the oscillator, which causes fluctuations in the oscillator position 
known as Brownian motion (figure 2.4).  
 
When a classical one-dimensional harmonic oscillator is in thermal equilibrium with its 
environment at temperature T, it possesses an average energy of kBT / 2. According to 
the equipartition theorem [44], this thermal energy is related to the thermally excited 
noise in the oscillator position (Brownian motion) as 
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where ∆xth is thermally induced rms oscillation amplitude. The spectral density of the 
thermal fluctuation in the oscillator position Sth(ω) in units of m2 / Hz is given by 
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where SF(ω) is the Langevin force responsible for the thermomechancial excitation.  
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Figure 2.4 Frequency response of a HR-coated non-tilting out-of-plane mode oscillator 
in thermal equilibrium at T = 300 K. In this case, thermally induced Brownian motion at 
resonance was ∆xth = 55 fm. The noise floor next to the resonance peak determines the 
displacement measurement sensitivity of the PDH-stabilized optomechanical sensor, 
∆xmin,PDH = 5 fm (see Chapter 4.2). 
 

2.4 Fabrication 
 
The oscillator material has a significant influence on the internal energy loss 
mechanisms of the oscillator. In this Thesis, single-crystal silicon was chosen because it 
has low intrinsic losses and excellent elastic properties [52]. Since 1950s, silicon has 
been the most common material in semiconductor industry and its mechanical, electrical 
and optical properties are well known. High-quality single-crystal silicon wafers are 
easily available. High purity of the material and highly regular lattice structure lead to 
reliable and stable mechanical structures. Established microfabrication processes are 
sufficient for the fabrication of high-Q oscillators [53]. Single-crystal silicon is 
anisotropic material meaning that various material properties depend on the particular 
crystallographic direction. This property also allows the use of anisotropic etchants for 
shaping three-dimensional structures [10,53]. 
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In this work, the oscillators were fabricated in the clean room facilities of Micronova at 
Helsinki University of Technology. Double-sided polished (DSP) 380-µm thick (100) 
oriented single-crystal silicon wafers (p-type, 5-10 Ω cm) were used. A thermally grown 
silicon dioxide (SiO2) layer was utilized as an etch mask. The oscillators were patterned 
by double-sided UV-lithography and the structures were released by using double-sided 
anisotropic wet etching in a 25 % tetra-methyl ammonium hydroxide (TMAH) solution 
at 85 °C. Such a fabrication process has the benefit of allowing well-defined symmetric 
features and high surface quality which are required for reaching a balanced oscillation 
mode and low damping of mechanical energy. 
 
A three-dimensional finite-element model (FEM) of the oscillators was utilized to 
identify the vibrational mode patterns and resonance frequencies of the high-Q mode 
oscillations. Although the exact numerical Q value cannot be predicted by the FEM 
simulation, it is still a useful method to estimate the damping of mechanical energy in 
different vibrational modes because it reveals the strain concentration and stress 
maxima points generated in the oscillator structure. Therefore, FEM simulations can be 
used to give guidance in optimizing oscillator design for obtaining low damping and 
high Q values [11,54]. 
 

2.5 Torsional oscillator  
 
Torsional oscillators with a high Q value have proven to be very feasible and powerful 
instruments in a wide variety of measurement applications [4,11,34,45,52,55-60]. 
A balanced torsional mode oscillation typically introduces very little internal damping 
leading to a high Q value. There is no considerable local volume changes present in a 
weak torsional motion meaning that thermoelastic losses are negligible [2,9]. In 
addition, the coupling to the clamping losses and external vibrations is rather low 
because the center of mass of the oscillator stays stationary during the torsional 
oscillation [4,9].  
 
The torsional silicon oscillator design used in Publications [I] and [II] is illustrated in 
figure 2.5. In this design the actual oscillator is a balanced torsionally vibrating 
rectangular silicon vane (1.4 × 2.3 × 0.38 mm3) which is mounted with narrow bridges 
to several surrounding frames. The purpose of combining several frames around the 
oscillator is to minimize the clamping losses by decoupling the oscillating vane from the 
support structure [2]. In principle, the additional frames are torsionally vibrating 
oscillators as well but due to the much larger mass their resonance frequencies differ 
considerably from that of the inner vane resonance and are thus sufficiently decoupled 
from the high-Q mode oscillation. The resonance frequency and Q value of the uncoated 
torsional silicon oscillators are about f0 = 67.7 Hz and Q = 750 000 at low pressure 
(p = 10-3 mbar) and at room temperature. At a cryogenic temperature of T = 4.2 K, the 
highest measured Q value for a similar torsionally vibrating structure was 
Q = 2 156 000 (figure 2.1). 
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Figure 2.5 Torsional mechanical silicon oscillator. The parameters determining this 
design are a = 2.3 mm, b = 1.4 mm, h = 200 µm, d = 380 µm and L = 1.2 mm. 
 
 
In torsional oscillation, the oscillator is rotated around its torsional axis (figure 2.5). The 
equation of angular motion for a torsional mechanical oscillation is 
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where Θ is the mass moment of inertia of the torsional oscillation, θ(t) is the rotation 
angle, γt is the torsional damping constant, κ describes the torsional restoring constant 
of the two silicon bridges and τ(t) is external torque. The oscillator size parameters and 
the density of silicon ρSi determine the mass moment of inertia  
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where parameters a, b and d are as described in figure 2.5. In addition, the mass moment 
of inertia can be used to determine the effective mass of the torsional oscillator 
meff = Θ / l2 at the distance l off the torsional axis. 
 

2.6 Non-tilting out-of-plane mode oscillator 
 
Torsional motion possesses the inherent tilting of the oscillator vane which may cause 
some problems in certain applications. In some experiments, it is desirable that the 
motion of a mechanical oscillator takes place precisely in a direction that is normal to 
the oscillator surface. If a torsional oscillator is employed as a mirror in an 
interferometric system, torsional motion inevitably introduces deflection of the reflected 
light. This may impair or forbid the optical cavity mode stabilization, especially when 
large oscillation amplitudes or long optical cavities are used. In principle, the excitation 
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of a torsional oscillation requires a torsional force, i.e. torque, on the oscillator. This 
may set limitations to the type of force that can be detected with a torsional oscillator. 
For example, if the studied force can be considered as a plane wave with a large cross-
section compared to the oscillator surface area, the torsional oscillation mode may not 
become effectively excited. When studying short-range interactions of surfaces, such as 
Casimir force of two conducting plates [61-65] with a micromechanical oscillator, the 
oscillating element should be kept parallel to the other surface. In addition, such 
experiments typically require very small separation between the surfaces which limits 
the use of torsional motion. In order to overcome certain drawbacks related to 
oscillators vibrating in a torsional mode, a mechanical oscillator which effectively 
vibrates in a non-tilting out-of-plane mode but still has a substantially high Q value was 
designed and fabricated [III].  
 
The non-tilting out-of-plane mode oscillator is illustrated in figure 2.6(a). The oscillator 
body (1.5 × 14 × 0.38 mm3) is basically a free-free beam vibrating in a second flexural 
mode. Figure 2.6(b) shows the result of the FEM simulation of the non-tilting out-of-
plane oscillation mode. The oscillator body is mounted from its central nodal point to 
the frame with two torsional suspension bars. Ideally, the suspension bars experience 
only torsional motion in the high-Q mode oscillation. The effective lengths of the 
suspension bars correspond to the quarter wavelength of the resonance frequency of the 
high-Q mode oscillation. Thus, the suspension bars act as impedance matched acoustic 
transmission lines and the oscillation experiences minimum energy dissipation through 
the supports [1]. The advantage of inserting additional masses on the thin torsional 
suspension bars is that one can use shorter suspension bars and gain a mechanically 
robust structure. The two rectangular vanes (0.8 × 0.8 × 0.38 mm3) are mounted with 
narrow bridges to the oscillator body. The mounting of the vanes is accurately 
positioned to the antinodes of the body. Thus, the vanes vibrate in anti-phase relative to 
each other and exactly parallel to their rest position during the whole vibration cycle. At 
low pressure (p = 10-3 mbar) and at room temperature, the resonance frequency and Q 
value of the uncoated non-tilting out-of-plane mode oscillators are about f0 = 27 kHz 
and Q = 100 000, respectively. This is the highest reported Q value for a non-tilting out-
of-plane mode oscillator. 
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Figure 2.6 (a) Photograph of the non-tilting out-of-plane mode high-Q mechanical 
silicon oscillator. (b) Vibrational mode pattern of the high-Q mode oscillation given by 
the FEM simulation. 
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If the surrounding openings of the vanes are excluded, the oscillator body can be 
considered as a uniform free-free beam which vibrates in the second flexural mode. The 
characteristic function xn(y) gives the mode pattern, i.e. the oscillation amplitudes along 
the y-axis, of the nth oscillation mode [66] 
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where An is a constant, L is the length of the free-free beam and βnL is a parameter 
related to the nth flexural mode of the free-free beam obtained by numerically solving 
the equation 
 

1coshcos =LL ββ .        (2.12) 
 
For the second flexural mode β2L = 7.8532. Because the length L of the oscillator body 
is much larger than the width w and thickness h (i.e. L >> w and L >> h), the resonance 
frequency of the nth flexural mode can be determined according to the Euler-Bernouli 
beam theorem [66] by 
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where ESi and ρSi are the Young´s modulus and density of silicon, respectively.  
 

2.7 High-reflectivity coating 
 
Both torsional and non-tilting out-of-plane mode oscillators were used as a planar rear 
mirror in Fabry-Pérot interferometers. In order to achieve a high optical finesse, a high-
reflectivity (HR) coating was deposited on the silicon oscillators by sputtering 
numerous sequential dielectric quarter-wave layers of titanium dioxide (TiO2) and 
silicon dioxide (SiO2). The HR coating of the torsional oscillator was optimized for the 
HeNe laser wavelength of λ = 633 nm [67]. The reflectivity of the HR coating was 
R = 0.98 and the total thickness of the HR coating was 1.14 µm. The deposition of the 
relatively thick HR coating resulted in a significant increase in mechanical losses and 
consequently the Q value was reduced from Q = 750 000 for an uncoated torsional 
oscillator to Q = 42 000 after HR coating. Both values were measured at low pressure 
(p = 10-2 mbar) and at room temperature. The resonance frequency of the torsional 
oscillator was decreased an amount of 70 Hz (i.e. 0.1 %) due to the increased mass and 
change in the effective stiffness of the coated oscillator. 
 
In the case of non-tilting out-of-plane mode oscillators, the HR coating was optimized 
for the Nd:YAG laser (λ = 1064 nm) and the achieved reflectivity was substantially 
higher, R = 0.9977 [68]. The total thickness of the HR coating was over 4 µm. In 
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addition, the back-side of the oscillator was coated with an anti-reflectivity (AR) 
coating to prevent unwanted reflections at the silicon-air interface behind the optical 
cavity. As a result of the coating, the Q value was decreased from Q = 100 000 to 
Q = 26 000 measured again at low pressure (p = 10-2 mbar) and at room temperature. 
The resonance frequency was decreased by 40 Hz (i.e. 0.15 %) due to the relatively 
thick HR and AR coatings. 
 

2.8 ALD alumina coating 
 
Thin film-coated MEMS components are increasingly utilized in a vast variety of 
mechanical, electrical and optical device applications [69-72]. Many MEMS gas and 
mass sensors are based on functional thin film coatings that are deposited on the device. 
On the other hand, protective thin film coatings can be utilized to minimize or prevent 
certain problems such as mechanical wear, oxidation and short-circuiting [73]. In 
optical applications, thin film coatings and multilayer stacks may serve as either AR or 
HR coatings, filters and polarizers. In many cases, it is of great importance that such 
thin film coatings do not have a significant effect on the initially high mechanical 
quality of the MEMS devices. Therefore, the influence of the atomic layer deposited 
(ALD) alumina (Al2O3) thin films on the dynamic, thermomechanical and optical 
characteristics of the silicon oscillators were studied [V]. 
 
ALD growth is based on sequential self-limiting surface reactions [74,75]. Thus, the 
deposited film thickness can be controlled at the atomic level. Growing of the film is 
extremely linear and directly proportional to the number of individual deposition cycles 
[76,77]. ALD is an especially convenient technique to deposit uniform and conformal 
thin films on MEMS devices because they typically involve complex topography with 
small gaps, high aspect ratio trenches and shaded areas. Also the surface quality of ALD 
films is extremely good. Alumina has many favorable properties as thin film coating 
material. Alumina is hard and stiff with a high Young´s modulus [78]. It has good 
thermal and chemical stability, firm adhesion to many surfaces [73,79], high dielectric 
constant and excellent insulating properties [73,80]. In addition, it is optically 
transparent in a wide range of wavelengths [81] and it can be used as a low refractive 
index material [76] in dielectric coatings.  
 
In this work, the alumina thin films were deposited on silicon oscillators using trimethyl 
aluminum (Al(CH3)3, TMA) and water as precursors. The deposition temperature and 
pressure in the ALD reactor were TALD = 220 °C and pALD = 2.3 mbar, respectively. 
Deposited film thicknesses varied from 5 nm to 662 nm. It was found that ALD alumina 
films effectively stiffen the resonant structure leading to the increase in the resonance 
frequency with increasing the film thickness (figure 2.7). If the non-tilting out-of-plane 
mode silicon oscillator is modeled as a uniform beam with rectangular cross-sections 
and it is coated on all sides with a thin uniform alumina film of thickness t, the 
resonance frequency can be approximated by using equation [82] 
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where L, w and h are the length, width and thickness of the uncoated oscillator body, 
respectively. ESi and ρSi are Young´s modulus and density of the silicon and EA and ρA 
are Young´s modulus and density of the ALD alumina, respectively. The increase in the 
resonance frequency is very linear when the film thickness is small compared to the 
thickness of the silicon oscillator. Young´s modulus of the ALD alumina was 
determined to be EA = 177 GPa by fitting equation (2.14) on the experimental data of fc 
with variable film thickness. 
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Figure 2.7 Deviation in the mechanical resonance frequency of the oscillators as a 
function of alumina film thickness. Three silicon oscillators (Lk1, Lk2 and Lk3) with 
various alumina film thicknesses were used. The solid line shows a fitting according to 
equation (2.14), yielding Young´s modulus of ALD alumina of EA = 177 GPa. 
 
 
The Q value of the non-tilting out-of-plane mode oscillation was determined as a 
function of the alumina film thickness (figure 2.8). It was shown that alumina films with 
thicknesses up to 100 nm had no significant influence on the Q value of the mechanical 
resonance. This was rather unexpected because earlier measurements have shown that 
mechanical quality of balanced and low loss high-Q structures is very sensitive to 
additional deposited films on the device [2,83]. The results presented in Publication [V] 
imply that ALD alumina itself has low internal friction and it is a potential choice of 
material for high-Q devices. If compared to other chemical vapor deposition (CVD) 
techniques, the ALD allows for the film growth at relatively low temperatures (35-
500 °C) [70,76]. In addition, the oscillators are uniformly coated on all sides and the 
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difference in thermal expansion coefficients of silicon and ALD alumina is small 
(αSi = 3 ppm K-1 [84], αA = 5 ppm K-1 [85]). Therefore, thermomechanical-based stress 
is expected to be low at the film-substrate boundary. The additional alumina films 
change the resonance frequency of the oscillator body and, in this case, it seems that the 
impedance mismatch of the torsional support structure starts to impair the Q value when 
the alumina film thickness exceeds about 100 nm [V]. 
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Figure 2.8 Q value measured as a function of the alumina film thickness at low pressure 
(p = 10-2 mbar) and at room temperature. Three silicon oscillators (Lk1, Lk2 and Lk3) 
with various alumina film thicknesses were used. 
 
 
Silicon has a negative temperature coefficient for the Young´s modulus. Therefore, the 
resonance frequency of silicon oscillators decreases at higher temperatures. However, in 
our measurements, the use of ALD alumina coating on a silicon oscillator results in a 
decrease in the temperature sensitivity of the resonance frequency with increasing film 
thickness. For the silicon oscillator with a 662-nm thick ALD alumina coating, the 
temperature-induced drift in the resonance frequency was 31% less than that of an 
uncoated silicon oscillator (figure 2.9). Therefore, ALD alumina coated silicon 
components can be utilized for example in realizing temperature insensitive sensors, 
reference oscillators and filters. 
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Figure 2.9 Deviation in the resonance frequency as a function of the ambient 
temperature for an uncoated silicon oscillator and for alumina-coated oscillators with 
film thicknesses of 100 nm, 253 nm and 662 nm. The added lines show linear fittings to 
the measurements. 
 
 
ALD alumina can be used as a low refractive index material in optical coatings and 
multilayer stacks. The refractive index of ALD alumina thin films depends slightly on 
the growth process parameters and in our case nA = 1.64 at the HeNe laser wavelength 
of λ = 633 nm. If a substrate is coated with a thin film, the incident light undergoes 
multiple reflections at both interfaces. The relative phase shift between these reflections 
depends on the thickness t and refractive index n2 of the thin film. The total reflectivity 
at normal incidence is given by 
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where R12 is the reflectivity at the boundary of the initial medium and the thin film and 
R23 is the reflectivity at the boundary of the thin film and the substrate. Figure 2.10 
shows the reflectivity of the alumina-coated silicon oscillator as a function of the 
alumina film thickness. The measured values of reflectivity correspond very well to the 
theoretical calculations based on equation (2.15). A thin film serves as a single-layer 
AR coating if its refractive index is lower than that of the substrate. It was shown that 
ALD alumina thin films on silicon substrates can be used as a single-layer AR coating, 
offering a significant reduction in the reflectivity from RSi = 0.35 for a clean silicon 
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surface to RAR = 0.035 for a silicon surface with a quarter wavelength alumina coating 
at λ = 633 nm. 
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Figure 2.10 Reflectivity of the alumina-coated silicon oscillator at λ = 633 nm as a 
function of the film thickness. The refractive index of the ALD alumina film was 
n = 1.64. Measured data corresponds very well to the theoretical reflectivity calculated 
from equation (2.15). 
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3 OPTOMECHANICAL SENSING 
 

3.1 Optomechanical coupling 
 
Optomechanical effects can be utilized in a wide variety of high-precision sensing 
experiments such as in interferometric gravitational wave detection [86], atomic force 
microscopy (AFM) [87], optical cooling [20-23,88], optical actuation [58] and in 
various quantum optical schemes [26-32]. The radiation pressure acting on a moving 
mirror introduces an optomechanical coupling between the optical modes of the incident 
light and the mechanical vibrational modes of the mirror [30,31,43]. Optomechanical 
coupling experiments are typically realized by using a Fabry-Pérot interferometer with a 
stationary incoupling mirror and a moving end mirror. Extremely sensitive 
interferometric measurements related to inherently very weak optomechanical effects 
require also the active stabilization of the laser frequency to the optical cavity. Such a 
measurement configuration is referred to as an optomechanical sensor. A high finesse of 
the optical cavity can be used to enhance the optomechanical coupling so that extremely 
small displacements of the cavity mirror can be detected [34-36]. In many experiments, 
the moving end mirror is a HR-coated mechanical oscillator with a high Q value. It has 
been proposed that employing a high-Q mechanical oscillator as a moving mirror in a 
high-finesse optical cavity could even allow the demonstration of true nonlocal quantum 
effects with macroscopic systems [26] and implementation of quantum-limited 
displacement measurements of a mechanical body [34,37]. 
 
When coherent monochromatic light is incident on a Fabry-Pérot interferometer, the 
light will experience a maximum transmission through the optical cavity only if the 
cavity length L corresponds to the integer multiple of half wavelength of light. Thus, the 
difference between two sequential transmission peaks, the free spectral range (FSR), 
corresponds to the half wavelength variation in the cavity length. In frequency domain, 
free spectral range is given by ∆fFSR = c / 2L. Consequently, an interferometric 
displacement measurement can be calibrated by using the FSR as a length reference. 
The finesse F is determined as a ratio of the free spectral range to the spectral width of 
the transmission peak, F = ∆fFSR / ∆fh. Equally, the finesse can also be derived from the 
power reflectivity R of the cavity mirrors, F = πR½ / (1-R). Generally speaking, the 
sensitivity of the optomechanical sensor to detect small displacements in the position of 
the mirror increases with the finesse. 
 

3.2 Radiation pressure 
 
As the laser beam is incident on the oscillator surface, the oscillator is exposed to the 
mechanical momentum transferred by the reflected and absorbed photons [89]. The 
photons that reflect from the oscillator surface transfer a mechanical momentum prad, 
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where ħ is Planck´s constant, k is the wave number, λ is the wavelength and θ is the 
angle of the incident beam with respect to the normal direction. Absorbed photons 
transfer mechanical momentum that is half of the momentum transferred by the 
reflected photons. The mean number of photons n incident on the oscillator surface per 
unit time can be derived from the optical power, P = nhf = nhc / λ, where hf is the 
energy per photon. The radiation pressure force applied to the oscillator due to the 
transferred mechanical momentum is [25] 
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where R is the power reflectivity of the oscillator mirror and 1 − R is the absorbed 
fraction of the incident light. An intensity-modulated laser beam can be utilized to 
optically actuate the resonance of a mechanical oscillator. The displacement of the 
oscillator ∆xrad(ω) due to a modulated monochromatic radiation pressure force Frad(ω) is 
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The impact of each incident photon hitting the oscillator surface can be seen as a 
propulsive force trying to push the oscillator away from the light source. Therefore, in 
order to actuate harmonic motion, a dc optical power component Pdc must be involved. 
The dc optical power causes a small static deflection in the oscillator position, which 
can be considered as a new equilibrium position around which the oscillator is vibrating 
when the intensity-modulated laser beam is applied. The displacement due to the 
constant radiation pressure Frad,dc is 
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cos1 2
0eff

dcdcrad,
dcrad, cm

PR
k

F
x +==∆ .     (3.4) 

 
In addition, the shot noise of laser light introduces an uncertainty in the oscillator 
position through an additional radiation pressure noise. Shot noise is based on the 
quantum nature of light and it arises from the fluctuations in the number of photons n. 
Because of the Poisson distribution, the standard deviation of the number of photons is 
equal to the square root of the mean number of photons in a laser beam, σ n = n½. The 
square root of the spectral power density SSN of the shot noise is 
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Thus, the radiation pressure due to the shot noise introduces a deviation in the oscillator 
position ∆xSN(ω)  
 

( ) ( )( ) θ
λ

ωχω cos1SN c
PhBRx +=∆ ,      (3.6) 

 
where B is the measurement bandwidth. 
 
Besides quantum noise, laser light contains technical intensity noise which in some 
cases may limit the measurement sensitivity [90]. For example the spectral density of 
the technical noise of the HeNe laser used in this work is Stech = 9 × 10-18 W2/Hz at 
frequencies below 10 MHz. The uncertainty in the oscillator position due to the 
additional radiation pressure force induced by technical noise of the laser can be 
estimated with  
 

( ) ( )( ) θωχω cos1 tech
tech c

BS
Rx +=∆ .     (3.7) 

 

3.3 Measurement of small displacements 
 
Monitoring the light reflected from a high-finesse Fabry-Pérot interferometer allows the 
detection of extremely small changes in the cavity length or, equally, displacements in 
the position of one mirror of the cavity. The fundamental limit in the detection 
sensitivity of an interferometric displacement measurement arises from the quantum 
nature of light [16,37,39]. This limit is called the standard quantum limit (SQL). In 
measuring the position of a mechanical oscillator with an effective mass meff at a 
resonance frequency ω0, the minimum detectable displacement ∆xSQL is given by [37] 
 

0eff
SQL 2 ωm

x h
=∆ .        (3.8) 

 
The laser beam that is utilized as an interferometric probe beam to detect oscillator 
displacements contains intrinsic quantum fluctuations in intensity and phase. The 
quantum noise in the intensity of the probe beam introduces an oscillator displacement 
through radiation pressure, which is referred to as quantum back action (QBA) of the 
measurement. At optical resonance, the total optical power Pc circulating inside a low-
loss Fabry-Pérot cavity compared to the incident power Pi is given by [91] 
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where t1 and t2 are the amplitude transmission coefficient, r1 and r2 are the amplitude 
reflection coefficient, R is the power reflection coefficient of the two cavity mirrors 
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(t1 ≈ t2 and r1 ≈ r2) and F is the finesse of the cavity. In other words, the optical power 
inside the cavity is enhanced by the finesse and an estimate for the uncertainty in the 
oscillator position due to the quantum back action can be written as 
 

( ) ( )( )
πλ

ωχω F

c
hBPRx i

QBA 1+≈∆ .      (3.10) 

 
The quantum phase noise of the probe beam, on the other hand, leads to an uncertainty 
in the position measurement [16,39]. The quantum phase noise corresponds to the 
equation 
 

F4
1

i
PN P

Bhcx λ
≈∆ .        (3.11) 

 
Figure 3.1 illustrates the oscillator displacement noise due to the quantum nature of light 
as a function of incident laser power. Here, the actual experimental parameters of the 
PDH-stabilized optomechanical sensor were used (see chapter 4.2). It is worth noting 
that the displacement noise due to the quantum back action is proportional to the square 
root of the laser power P½, whereas the quantum phase noise leads to a measurement 
uncertainty which is inversely proportional to the square root of the laser power, P-½. 
The total uncertainty ∆xtot in the displacement measurement is a quadrature sum 
∆xtot

2 = ∆xQBA
2 + ∆xPN

2. The best measurement accuracy is obtained with the optical 
power that minimizes the sum of the noise terms due to the quantum back action and the 
quantum phase noise. This optimum power level gives a minimum uncertainty in the 
oscillator position measurement which is of the order of the SQL. However, at room 
temperature experiments the quantum noise is typically buried under thermal noise (∆xth 
in figure 3.1). Oscillator displacement due to the thermal excitation can be derived from 
equation 2.8,  
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4 ω
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Figure 3.1 Oscillator displacement noise due to the quantum back action (QBA), 
quantum phase noise (PN) and thermal excitation (th) at room temperature. 
Experimental parameters of the PDH-stabilized optomechanical sensor were used (see 
Chapter 4.2). In this case, the optimum laser power level minimizing the quantum-based 
noise and corresponding to the SQL is of the order of a milliwatt. 
 

3.4 Optical actuation 
 
Optical actuation of mechanical components is typically provided by intensity-
modulated and focused laser light. Thus, the exciting force is directly applied to the 
chosen part of the component without the need of using any additional transducers. The 
optical actuation is non-contact in nature but, on the other hand, requires direct beam 
access. Optical actuation is performed either through radiation pressure or by 
photothermal effects. Radiation pressure has been used for example in optical levitation 
of small particles [92] and in laser cooling and trapping of atoms and molecules [93,94]. 
Radiation pressure, i.e. the transfer of the momentum of light, inherently introduces 
very weak forces that are typically not sufficient to produce observable displacements of 
macroscopic objects. Therefore, optical actuation is typically applied to very small 
devices such as micromechanical cantilevers [24,25,95-101]. It has been proposed that 
an array of optically actuated micromechanical devices could be used in such 
applications as large-bandwidth photodetectors, miniaturized spectrum analyzers, 
polarization analyzers and even in optical computing [102]. Optical actuation can also 
be utilized in performing on-wafer testing, analyzing and dynamic measurements of 
micromechanical components during the fabrication process.  
 
Both radiation pressure and photothermal effect induced actuations of macroscopic 
mechanical oscillators were studied and demonstrated within this Thesis [II]. Optical 
actuation measurements were carried out at low pressure (p ~ 0.1 mbar) because the 
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weak effects related to optical actuation would be buried under gas damping at 
atmospheric pressure. In demonstrating the optical actuation through radiation pressure, 
the intensity-modulated laser beam was focused onto the HR-coated surface of the 
torsional silicon oscillator so that most of the incident light was reflected and the 
number of absorbed photons was small. In order to excite the torsional mode of 
oscillation, the laser beam was focused 1 mm aside from the torsional axis of the 
oscillating vane. Figure 3.2 shows the frequency response of the torsional oscillation to 
the radiation pressure induced by a 1.5 mW intensity-modulated laser beam when the 
modulation frequency was swept over the mechanical resonance. At resonance, the 
oscillation amplitude was ∆xrad = 1.4 pm. In comparison, the resonance was 
mechanically excited by using a piezo actuator and the magnitude of the piezo actuation 
was normalized to give a similar oscillation amplitude as the radiation pressure.  
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Figure 3.2 Optical actuation through radiation pressure results in a similar frequency 
response if compared to a normalized mechanical piezo actuation.  
 
 
The photothermal effect introduces thermoelastic expansion of the solid lattice that arise 
from heating of the oscillator due to the absorbed photons [103-105]. Typically, a 
focused laser beam heats the localized spot and the temperature gradient leads to a 
deformation and bending of the oscillator via thermal expansion. The magnitude of the 
photothermal effect depends strongly on the ambient temperature, material parameters, 
geometric dimensions of the oscillator structure and spot size and position of the 
actuating laser beam [25,95-96].  
 
In order to study optical actuation through the photothermal effect, the intensity 
modulated laser beam was focused on the uncoated back side of the torsional silicon 
oscillator. In this configuration, about two-thirds of the incident optical power was 
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absorbed by the silicon surface (RSi = 0.35 at λ = 633 nm). Again, the laser beam was 
focused 1 mm aside from the torsional axis in order to provide an exciting torque for the 
torsional oscillation. Radiation pressure is still involved but it is now substantially 
weaker than with the HR-coated surface. Figure 3.3 shows the frequency response of 
the torsional oscillator when the modulation frequency of a 1.5 mW laser beam was 
swept over the mechanical resonance. Photothermal effect resulted in an oscillation 
amplitude of ∆xph = 4.3 pm at resonance. This result was compared to the frequency 
response attained by mechanically exciting the torsional oscillation with a piezo 
actuator. The resonance frequency is slightly decreased because the elastic properties of 
silicon changes as the absorbed photons heat the oscillator [7].  
 
Silicon absorbs light in the visible part of the optical spectrum and is transparent in the 
infrared above 1.1 µm [106]. At the HeNe laser wavelength of 633 nm, the frequency 
dependence on the absorbed dc optical power was measured to be -5.5 ppm/mW. In our 
case, the absorbed dc optical power increases the effective operating temperature of the 
torsional silicon oscillator by 0.22 K/mW. Thus, the photothermal heating effect may 
limit the use of HeNe laser beam as a measuring probe especially in those experiments 
that require the mechanical silicon oscillators to be operated at very low, subkelvin 
temperatures. On the other hand, the photothermal effect allows adjusting the resonance 
frequency of a silicon oscillator to a certain value by changing the effective operating 
temperature with the incident laser power.  
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Figure 3.3 The frequency response of the torsional oscillator actuated by a 
photothermal effect or with a piezo. The resonance frequency is lower in photothermal 
actuation because the absorbed optical power heats the oscillator leading to the change 
in the elastic properties of silicon. 
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In optical actuation experiments, the measured oscillation amplitude depends on various 
mechanical, thermal and optical effects that are related to the intensity-modulated laser 
beam, interferometric probe beam and Brownian motion of the silicon oscillator. 
Oscillator displacements that were measured with the HC-stabilized optomechanical 
sensor or discussed on a theoretical basis in Publication [II] are listed in table 3.1 and 
illustrated in figure 3.4. The dashed line in figure 3.4 indicates the sensitivity of the 
displacement measurement of the HC-stabilized sensor at room temperature, 
∆xmin,HC = 1.7 × 10-14 m.  
 
 
Table 3.1 Summary of various contributions in the interferometric position 
measurement of the optical actuation experiment. 
 

∆xph(ω0 )

∆xth(ω0 )

∆xPN

∆xrad,dc(ω=0)

∆xtech(ω0 )

∆xQBA(ω0 )

∆xSN(ω0 )

∆xrad(ω0 )

3.6 × 10 -17

4.3 × 10 -12

3.4 × 10 -17

7.6 × 10 -18

1.9 × 10 -18

5.5 × 10 -20

1.6 × 10 -13

1.4 × 10 -12

Oscillation amplitude [m]

∆xSQL 1.5 × 10 -17
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Figure 3.4 The measured oscillation amplitude in optical actuation experiments is a 
result of various excitation and noise mechanisms. The dashed line indicates the 
displacement measurement sensitivity of the HC-stabilized optomechanical sensor at 
room temperature, ∆xmin,HC = 1.7 × 10-14 m. 
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4 EXPERIMENTAL SETUPS 
 
Optomechanical sensors allow the detection of ultraweak forces and extremely small 
displacements in the position of a mechanical oscillator. The motion of the oscillator 
mirror in a Fabry-Pérot interferometer introduces cavity length variations and, therefore, 
detuning between the laser frequency and the resonance frequency of the optical cavity. 
This detuning is typically detected from the light reflected back from the Fabry-Pérot 
cavity. An active stabilization of the laser frequency improves the stability of the optical 
resonance and makes it possible to perform extremely sensitive interferometric 
measurements. The frequency locking of the laser to the optical cavity resonance 
requires typically the generation of an error signal with a steep slope and a null signal at 
the optical resonance. The error signal serves as a feedback signal and simultaneously it 
is used as a measure of dynamic length variations of the optical cavity. Within this 
Thesis, two different optomechanical sensors were constructed and characterized. The 
first one is based on the Hänsch-Couillaud (HC) stabilization technique [107] and the 
other one utilizes the Pound-Drever-Hall (PDH) technique [108].  
 

4.1 Hänsch-Couillaud stabilization 
 
The HR-coated high-Q torsional silicon oscillator was employed as a planar rear mirror 
in a Fabry-Pérot interferometer which was actively stabilized by using the Hänsch-
Couillaud technique [I][II]. In this configuration, a HeNe laser provides linearly 
polarized 5 mW output power (TEM00) at the wavelength of λ = 633 nm. The frequency 
stability of the HeNe laser was earlier measured by comparing it to an additional high-
precision iodine stabilized HeNe laser. The electronic feedback circuit of the HC 
stabilization was observed to be fast enough to compensate the relative cavity length 
change due to the frequency drift of 100 kHz/s. Laser beam rms intensity noise was less 
than 0.2 % (<10 MHz) and the polarization ratio was better than 500:1. The power 
reflectivities of the incoupling mirror and the HR-coated oscillator were R1 = 0.99 and 
R2 = 0.98, respectively. The optical finesse was F = 100 and it was mainly limited by 
the losses introduced by the linear polarizer in the cavity. The length of the cavity was 
25 mm giving the free spectral range of ∆fFSR = 6 GHz. The width of the optical 
resonance was ∆fh = 60 MHz. The radius of curvature of the concave incoupling mirror 
was 100 mm and the beam waist at the plane oscillator mirror was 93 µm. 
 
Figure 4.1 shows a schematic representation of the Hänsch-Couillaud locking method. 
This method utilizes polarization spectroscopy in which the changes in the polarization 
of the reflected light are monitored [107]. Deviation in the phase of the incident laser 
beam relative to the light field stored inside the optical cavity alters the polarization of 
the reflected light. The reflected light faces a frequency-dependent elliptical 
polarization. A polarization analyzer detects dispersion shaped resonances which gives 
the error signal for the electronic servo loop. The slope of the error signal at optical 
resonance was determined to be 1.5 nm/V by using the known free spectral range as a 
length reference. The disadvantage of the Hänsch-Couillaud method is that it requires 
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an intracavity polarizer which in our configuration was a Brewster plate. Although a 
Brewster plate possesses low reflection losses, it inevitably limits the obtainable finesse 
to a rather modest level. 
 
The transmission axis of the intracavity linear polarizer forms an angle θ with the 
polarization axis of the linearly polarized incident HeNe laser beam (figure 4.1). Thus, 
the incoming light can be divided into two orthogonal linearly polarized components. 
One component is parallel and the other one is perpendicular to the transmission axis of 
the linear polarizer. The parallel component faces a cavity with minimum losses and 
experiences a frequency-dependent phase shift δ in the reflection. The perpendicular 
component just reflects from the incoupling mirror and serves as a reference signal. 
Exactly at resonance (δ = 2mπ), the reflected intensity has its minimum and the 
reflected beam is linearly polarized. If the resonance condition is not fulfilled, the 
reflected parallel component experiences a phase shift relative to the perpendicular 
component and the reflected beam becomes elliptically polarized. The ellipticity of the 
polarization is detected with a polarization analyzer which consists of a quarter 
waveplate and a polarizing beamsplitter.  
 

HeNe laser

Differential
amplifier

Detector II
Beam
splitter

Detector IPolarizing
beam splitter

λ/4

-
+

Ib

Ia

Ring PZT and
incoupling mirror

Servo
controller

Error signal

θ

Oscillator mirror

Linear polarizer

45°

Fabry-Pérot
interferometer

 
 
Figure 4.1 The Hänsch-Couillaud locking method was utilized to actively stabilize the 
Fabry-Pérot interferometer. This technique is based on polarization spectroscopy and 
the dispersion shaped resonances provide the error signal for the electronic feedback.  
 
 
The outputs of the polarization analyzer, light intensities Ia and Ib, are detected with 
silicon photodiodes and connected to a differential amplifier. The output of the 
differential amplifier provides an error signal with a steep slope at resonance. This error 
signal is used for the electronic cavity length control and for the analysis of the 
interferometer response. The mathematical form of the error signal is given by [107] 
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where Ii is the intensity of the incident laser beam, T1 is the power transmissivity of the 
incoupling mirror and Rtot is the amplitude ratio between successive roundtrips 
containing the reflections and any other losses inside the cavity. An ordinary PID 
controller was used as an electronic feedback servo. It should be noted that the Fabry-
Pérot interferometer is sensitive to any length variations of the optical cavity whereas 
the high-Q oscillator is sensitive only to forces at its mechanical resonance frequency. 
Therefore, the bandwidth of the electronic feedback must not include the resonance 
frequency of the mechanical oscillator. Otherwise the cavity stabilization system would 
try to compensate the cavity length variations due to the high-Q mode oscillation.  
 
It was experimentally demonstrated that a HC-stabilized optomechanical sensor 
utilizing a HR-coated torsional mode high-Q silicon oscillator as a moving cavity mirror 
can be used in high-precision sensing applications [I][II]. The sensitivity of the HC-
stabilized optomechanical sensor to detect small displacement in the silicon oscillator 
position is ∆xmin,HC = 1.7 × 10-14 m, which corresponds to the resonant excitation force 
of the order of 0.1 pN acting on the mechanical oscillator. This high measurement 
sensitivity is better than the level of thermally excited Brownian motion of the high-Q 
torsional mode oscillation (∆xth = 1.6 × 10-13 m) at room temperature.  
 

4.2 Pound-Drever-Hall stabilization 
 
In the second optomechanical sensor configuration, the moving cavity mirror was a HR-
coated high-Q mechanical silicon oscillator vibrating in a non-tilting out-of-plane mode. 
The benefit of this novel oscillator, if compared to traditional torsional, flexural and 
many bulk acoustic mode oscillators, is that the action of weak forces is observed to 
cause only pure linear translation of the moving mirror without any tilting or 
deformation of the mirror surface. The length of the optical cavity was 13 mm giving a 
free spectral range of ∆fFSR = 11.5 GHz. The experimentally determined width of the 
optical resonance was ∆fh = 4.4 MHz and the optical finesse was F = 2 600. The 
spherical concave incoupling mirror had a radius of curvature of 0.5 m and reflectivity 
of R1 = 0.9999. The reflectivity of the HR-coated oscillator mirror was determined to be 
R2 = 0.9977. The beam waist at the oscillator mirror was 164 µm. A cw single 
frequency (TEM00) linearly polarized diode-pumped Nd:YAG laser (λ = 1064 nm) was 
used as a light source. Nd:YAG laser was chosen instead of HeNe laser because silicon 
is transparent in the infrared region and, therefore, the unwanted heating of the 
oscillator mirror due to the photothermal effect can be avoided. The laser was intensity 
stabilized and the resulting rms intensity noise was less than 0.1 % (<10 MHz). The 
laser linewidth was less than 5 kHz (over 1 ms) and the frequency drift was less than 
50 MHz/hour at a constant temperature. The optical power entering the high-finesse 
cavity was 2 mW. In order to decouple the high-Q mode oscillation from gas damping 
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and acoustic noise, the optical cavity was housed inside a vacuum chamber and the 
measurements were performed at low pressure (p ~ 0.1 mbar).  
 
The Nd:YAG laser frequency was actively stabilized to the resonance of the optical 
cavity by using the Pound-Drever-Hall (PDH) technique (figure 4.2) [108-110]. The 
benefit of this technique, if compared to the Hänsch-Couillaud stabilization method, is 
that it does not require any additional intracavity components that inevitably introduce 
optical losses. Thus, typically much higher values of optical finesse can be achieved. In 
PDH technique, the incident light is phase-modulated by an electro-optic modulator 
(EOM) to produce sidebands at an offset frequency of fm = ωm / 2π = 9.225 MHz. 
A polarizing beam splitter and a quarter-wave plate are used as an optical circulator and 
the light reflected from the high-finesse cavity is detected with a photodiode. The 
photodiode output is demodulated and low-pass filtered. This results in an error signal 
which is proportional to the detuning of the laser frequency from the cavity frequency. 
Thus the error signal contains information about the length variations of the optical 
cavity. The vibration of the oscillator mirror at the high-Q mode resonance frequency is 
traced by monitoring the error signal with the phase sensitive (lock-in) detection. The 
low-frequency part of the error signal serves as a feedback signal to stabilize the laser 
frequency to the average cavity frequency. The sensitivity of the mirror displacement 
measurement using the PDH-stabilized optomechanical sensor is ∆xmin,PDH = 5 × 10-15 m 
with a 1 Hz bandwidth. If compared to that of the HC-stabilized optomechanical sensor, 
the measurement sensitivity was increased by one order of magnitude mainly due to the 
increase in the optical cavity finesse. 
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Figure 4.2 The optomechanical sensor configuration and Pound-Drever-Hall 
stabilization scheme. The high-finesse cavity is housed inside a vacuum chamber in 
order to decouple the mechanical high-Q mode from external mechanical noise sources. 
The symbol EOM stands for the electro-optic modulator, PBS for the polarizing beam 
splitter, PD for the photodiode and LPF for the low-pass filter. 
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When the electric field of a monochromatic laser beam, Ei = E0eiωt, is incident on a 
lossless optical cavity, it faces a frequency-dependent reflection according to 
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where r(ω) is the complex amplitude reflection coefficient of the cavity, R1 and R2 are 
the power reflectivities of the incoupling mirror and oscillator mirror, respectively, and 
the free spectral range is determined by the cavity length, ∆fFSR = c / 2L. The intensity of 
the reflected light is given by |Er(ω)|2 which corresponds to the inverse of the Airy 
function. If the incident light is phase-modulated at frequency ωm and with a modulation 
depth β, the electric field of the light becomes 
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If the modulation depth is small (β < 1), the modulated light field entering the optical 
cavity contains only a strong carrier component at frequency ω and weak first-order 
sidebands at frequencies ω ± ωm. Almost all of the optical power lies in the carrier 
signal and in the first-order sidebands. Therefore, the higher-order sidebands can be 
neglected to a very good approximation. Using the series expansion by Bessel functions 
Jn(β), equation (4.3) can be written as  
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The modulated light consists of three frequency components each of which has a 
reflection coefficient at the appropriate frequency. Thus, the total reflected beam is  
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The output of the photodiode is proportional to the intensity of the reflected 
light, Ir = |Er|2, which can be written as  
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where Ic = J0

2(β)I0 is the light intensity in the carrier and Is = J1
2(β)I0 is the intensity in 

each first-order sideband. The upper curve in figure 4.3 illustrates a resulting reflected 
intensity Ir(ω) when the modulation depth is β = 0.5, modulation frequency is 
fm = ωm / 2π = ∆fFSR / 20 and the cavity finesse is F = 300. The lower curve in figure 4.3 
represents the corresponding error signal, SErr(ω). The error signal is obtained by mixing 
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the photodiode output corresponding to equation (4.6) with the modulation signal at ωm 
and finally low-pass filtering the demodulated signal. The resulting error signal can be 
estimated according to [111]  
 

( ) ( ) ( ) ( )[ ]mmscErr Im2 ωωωωωω −−+= ∗∗ rrrrIIS .    (4.7) 
 
When the detuning of the laser frequency from the cavity resonance δf is much smaller 
than the linewidth of the cavity (i.e. δf << ∆fh), the error signal is linear and directly 
proportional to the detuning. Near resonance, the error signal becomes 
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c
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The slope of the error signal at resonance is an important measure of the detection 
sensitivity of the fluctuations in the laser frequency or, equivalently, in the cavity 
length. Equation (4.8) reveals that high-precision measurements favor the use of high-
finesse cavities. A more detailed analysis of the PDH technique can be found for 
example in Ref. [111]. 
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Figure 4.3 The upper curve illustrates the intensity of the phase-modulated light 
reflected by an optical cavity when the modulation depth is 0.5, modulation frequency is 
5 % of the free spectral range and cavity finesse is 300. The lower curve represents the 
corresponding error signal. The intensity curve and the error signal shown here were 
calculated using equations (4.6) and (4.7), respectively. 
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4.3 Michelson interferometry 
 
The construction and implementation of an optomechanical sensor is rather laborious 
requiring the installation and adjusting of a large set of mechanical, electrical and 
optical components and devices. In addition, a mechanical silicon oscillator, which is 
used as a moving cavity mirror, typically needs to be HR-coated on the front surface to 
provide sufficient reflection. Therefore, in many cases, it is more practical to use other 
methods to test and characterize the microfabricated mechanical oscillators. In this 
work, also Michelson interferometry was used to perform additional dynamic analysis 
and mode pattern measurements of the silicon oscillators.  
 
In the Michelson interferometer configuration used in this work (figure 4.4) an uncoated 
mechanical silicon oscillator was acting as a moving mirror in one of the interferometer 
arms. The output intensity of the Michelson interferometer Itot depends on the position 
of the moving mirror relative to the stationary reference mirror as the phase difference 
between the two reflected light fields is changed. In this case, the stationary reference 
mirror is also a piece of polished silicon so that the two reflected interfering light fields 
have similar intensities, I1 = I2, giving the maximum modulation depth at the output. 
The output intensity is  
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where R is the power reflectivity of the polished silicon surface and I0 is the intensity of 
the incident light. The beamsplitter is considered lossless. The silicon oscillator was 
mechanically excited by using a piezo actuator which was attached to the oscillator 
mount. In order to guarantee that the interferometer response takes place in the linear 
region (figure 4.4), the equilibrium position of the oscillator should correspond to the 
average output intensity Iave, and the oscillation amplitude ∆x should be small compared 
to the wavelength of light (∆x << λ). Therefore, an additional piezo-driven translation 
stage was utilized to control the oscillator equilibrium position in the x-direction and the 
magnitude of the oscillator excitation was kept at a moderate level. The oscillator 
displacements were measured by monitoring the photodiode output with the phase 
sensitive detection. If compared to HC- and PDH-stabilized optomechanical sensors, the 
displacement measurement sensitivity of the Michelson interferometer is substantially 
lower but it still easily allows the detection of picometer-level displacements in the 
position of the mechanical silicon oscillator. 
 
The oscillator was also attached to a two-dimensional translation stage. Surface 
scanning by altering the position of the laser probe beam in the yz-plane makes it 
possible to measure the position-dependent oscillator displacements and thus generating 
a vibrational mode pattern of the oscillation. Figure 4.5 shows a typical result of a mode 
pattern measurement of a non-tilting out-of-plane mode oscillator. Each small square in 
figure 4.5 corresponds to one measurement point and, in this case, 100 µm steps in the 
y- and z-directions were used. 
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Figure 4.4 Michelson interferometer was used to perform accurate displacement and 
vibrational mode pattern measurements of microfabricated mechanical silicon 
oscillators. 
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Figure 4.5 The actual mode pattern of a non-tilting out-of-plane mode oscillator was 
measured by scanning an interferometric probe beam over the oscillator area in the y- 
and z-directions and reading the position-dependent oscillation amplitudes. The inset 
shows an enlarged picture of one of the oscillator vanes. The measured mode pattern is 
in a very good agreement with the FEM simulation result shown in figure 2.6(b). 
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5 DISCUSSION 
 
During the last three decades, there has been a lot of research activity in the field of 
measurement of weak forces coupled to a harmonic oscillator and resulting small 
mechanical displacements [5,37,112]. The reason for the interest in this emerging field 
arises from both fundamental and technological aspects. First of all, the recent progress 
in technology has allowed the development and construction of extremely sensitive 
displacement sensors whose sensitivity is reaching the regime where performing 
measurements at the quantum level and experimentally demonstrating true quantum 
effects should be feasible. Such effects are for example the quantum ground state of a 
mechanical oscillator [36,113], the standard quantum limit (SQL) of a displacement 
measurement [16] and the quantum back action (QBA) of a laser probe beam [37]. Also 
the development of gravitational wave detectors (LIGO [86], VIRGO [114], GEO 600 
[115], TAMA 300 [116] etc.) has been a significant motivator for the research efforts in 
this field. Secondly, micro- and nanotechnologies are more often utilized in new 
applications for high-precision sensing and scientific instrumentation. The dimensions 
of the structures, trenches, gaps and other features of such devices are typically 
extremely small meaning that numerous physical phenomena may have an influence 
that is quite different from the macroworld case [117]. At the micro- and nanoscale, for 
example the short-range interaction of the surfaces, gas damping, electrostatic forces, 
radiation pressure of the incident light, friction and sticking become more crucial 
whereas the importance of gravitational mass disappears. For example, capacitive 
measurement scheme may become problematic even in tens of nanometer scale since 
the spatial distribution of charges, charge diffusion and even the Casimir force may 
reduce the usability of capacitive coupling without introducing novel passivation layers 
etc. Therefore the studying, developing and analyzing of new kinds of micro- and 
nanosystems require very sensitive and accurate measurement procedures that provide 
information and understanding of the physics of the microworld. 
 
Despite all efforts, reaching the SQL in an interferometric position measurement of a 
mechanical body has not yet been reported. One potential candidate for a quantum-
limited displacement sensing is the measurement technique in which the displacement 
of a nanometer-scale mechanical oscillator is monitored at cryogenic temperatures using 
a single-electron transistor (SET) [12,118,119]. The benefit of utilizing very small and 
stiff resonant structures is the fact that the required regime where kBT < ħω0 is naturally 
easier to reach with high frequency systems. In addition, equation (3.8) shows that the 
SQL is inversely proportional to the square root of the oscillator mass, which favors the 
use of small-sized oscillators. On the other hand, even more sensitive displacement 
sensors can be realized by utilizing optical interferometry [34-36]. However, the use of 
optical interferometric techniques is typically limited to larger resonant structures. 
Therefore, one should find an optimal compromise between the oscillator size (i.e. small 
mass and high frequency) and low noise detection technique giving the best 
displacement measurement sensitivity. Table 5.1 shows an overview of various 
experiments for ultrasensitive displacement detection of mechanical oscillators. The 
comparison between different experiments is not always straightforward because the 
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experimental parameters and detection techniques vary a lot from each other. However, 
the last column in table 5.1 shows the ratio of the displacement measurement sensitivity 
and theoretical SQL which gives an estimate for how close the quantum-limited 
behavior is in a given experiment.  
 
 
Table 5.1 Summary of the experimental parameters of various high-precision 
displacement measurements. Smin is the spectral density of the detection sensitivity 
(displacement equivalent noise). The last column gives an estimate for the minimum 
displacement resolution relative to the SQL. TKK (a) and TKK (b) refer to the HC- and 
PDH-stabilized optomechanical sensors presented in this Thesis, respectively. 
 

Univ. Moscow [120] Capacitive 5 ×10-2 40 kHz 6 × 10-19 n.a. 3.3 × 103

IBM, Cal (a) [42] Fibre optic int. 2.2×10-11 33.6 kHz 1 × 10-14 n.a. 1.0 × 103

IBM, Cal (b) [121] Fiber optic int. 3×10-13 5 kHz 1 × 10-11 86 000 3.2 × 101

TKK (a) [I] Interferometric      5.9×10-7 67.7 kHz 1 × 10-14 42 100 1.2 × 103

TKK (b) [IV] Interferometric      4.6×10-5 27.5 kHz 4 × 10-15 19 000 1.9 × 103

Univ. Konstanz [34] Interferometric      1.0 ×10-5 26 kHz 2 × 10-16 300 000 1.0 × 101

LKB, Paris (a) [35] Interferometric      2.3×10-4 1.9 MHz 2 × 10-19 44 000 1.0 × 101

LKB, Paris (b) [36] Interferometric      1.9×10-7 814 kHz 4 × 10-19 5 000 1.4 × 100

Caltech (a) [122] Magnetomotive  1×10-11 1 MHz 3 × 10-15 20 000 2.3 × 101

Caltech (b) [123] Piezoelectric 5.2×10-17 11 MHz 3 × 10-13 2 600 1.6 × 102

Univ. California [12] SET 2.8×10-15 117 MHz 2 × 10-15 1 700 1.0 × 102

Reference Method meff [kg] f0 Smin [m/Hz½] Q ∆xmin / ∆xSQL

 
 
 
According to equation (3.8), the SQL corresponds to ∆xSQL = 3 × 10-18 m for our non-
tilting out-of-plane mode oscillator. This value is more than one thousand times smaller 
than the present displacement measurement sensitivity of our PDH-stabilized 
optomechanical sensor. As discussed above, the quantum-limited regime comes closer if 
the mass of the oscillator is decreased. By using for example silicon-on-insulator (SOI) 
technology, our non-tilting out-of-plane mode oscillator design could be miniaturized at 
least with a scaling factor of 1:50. Consequently, the effective mass of the high-Q 
oscillation mode could be reduced down to a few hundreds of nanograms. The 
resonance frequency of the high-Q oscillator is inversely proportional to the body length 
if the aspect ratio is kept constant. Thus, the resonance frequency of the order of one 
megahertz could be achieved. The displacements of this small oscillator could be 
measured with a high sensitivity for example by using homodyne Michelson 
interferometry [124] or optical fiber-based interferometry [121,125]. 
 
The deposition of a multi-stack dielectric coating is required in order to achieve a high-
reflectivity mirror on a high-Q silicon oscillator leading to a high finesse of the optical 
cavity. The surface roughness of a polished silicon wafer can be at best of the order of a 
few angstroms. This good surface quality allows the deposition of highly reflecting and 
low loss mirror coatings and, therefore, cavity finesses of several tens of thousands can 
be achieved [34,36]. Unfortunately, additional coatings typically impair the mechanical 
quality of the resonance [2,83,126]. One possibility to retain the high mechanical 
quality is to deposit a dielectric mirror whose area is only slightly larger than the spot 
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size of the interferometric laser probe beam leaving most of the oscillator area and 
especially the sensitive supporting areas uncoated. However, such mirror patterning 
requires using of a specific mask during the mirror deposition and such procedure can 
be very challenging to implement for small micromechanical components. On the other 
hand, the studies presented in Publication [V] have shown that atomic layer deposition 
(ALD) technique can be used to deposit high-quality optical thin films that potentially 
introduce only very low mechanical losses on microfabricated resonant structures. In 
conclusion, the three key improvements to increase the displacement measurement 
sensitivity of our optomechanical sensors close to the quantum-limited region are the 
miniaturization of the mechanical oscillator, performing the measurements at subkelvin 
temperature and development of the HR-coating that does not degrade the initially high 
mechanical quality of the oscillator. 
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6 SUMMARY 
 
In this Thesis, the potential of using optomechanically coupled high-Q mechanical 
silicon oscillators in high-precision sensing experiments has been studied. Two very 
sensitive optomechanical sensors, that are operated at low pressure and at room 
temperature, have been designed, constructed and characterized. The first sensor setup 
utilizes a microfabricated, high-reflectivity coated torsional high-Q mechanical silicon 
oscillator as a moving rear mirror in a Fabry-Pérot interferometer. In this configuration, 
the position of the oscillator mirror is measured by using the Hänsch-Couillaud 
stabilization technique. In the second sensor setup, a novel non-tilting out-of-plane 
mode high-Q mechanical silicon oscillator is employed as a moving cavity mirror. This 
time, the measurement of the mirror position is realized by using the Pound-Drever-Hall 
technique which actively stabilizes the laser frequency to the optical cavity. The 
measurement sensitivity was increased by one order of magnitude from the first sensor 
configuration mainly due to the increase in the optical cavity finesse. The PDH-
stabilized sensor setup allows the detection of femtometer-level displacements in the 
position of the mechanical silicon oscillator. In addition, prospects of using 
optomechanically coupled macroscopic oscillators for observing even smaller 
displacements or reaching the standard quantum limit in an interferometric position 
measurement have been discussed. 
 
The first sensor setup was used to experimentally demonstrate that the mechanical 
resonance of a macroscopic high-Q oscillator can be optically actuated by using an 
intensity-modulated laser beam with a very moderate optical power of 1.5 mW. Optical 
actuation takes place through radiation pressure and photothermal effects, both of which 
were demonstrated. Optical actuation allows remote excitation and direct utilization of 
optical power without the need of using any additional transducers such as electrodes 
for capacitive coupling or piezo actuators for mechanical actuation. The experiments 
presented in this Thesis demonstrate that optical actuation combined with sensitive 
optical interferometric measurements can be utilized for example to perform versatile 
dynamic vibration analysis and testing of micromechanical components. The absorbed 
HeNe laser light at the wavelength of λ = 633 nm was observed to heat the silicon 
oscillator leading to a change in the elastic properties of silicon and decrease in the 
resonance frequency. The frequency dependence on the absorbed optical power was 
measured to be -5.5 ppm/mW. This photothermal heating effect may limit the use of 
HeNe (and other visible region) laser beam as a measuring probe especially in 
experiments that require the mechanical oscillators to be operated at very low, even 
subkelvin temperatures. On the other hand, the mechanical resonance frequency can be 
controlled or locked to a certain value very accurately by adjusting the effective 
operating temperature with the dc level of the incident laser power.  
 
For the PDH-stabilized sensor setup, a novel high-Q mechanical oscillator, which 
effectively vibrates in a non-tilting out-of-plane mode, was designed, fabricated and 
characterized. The benefit of this design, if compared to traditional flexural, torsional 
and many bulk acoustic mode oscillators, is that the cavity length variations occur due 
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to the pure linear translation of the cavity mirror without any tilting or deformation of 
the mirror. The resonance frequency and the Q value of the uncoated oscillators were 
f0 = 27.5 kHz and Q = 100 000 at low pressure (p = 10-2 mbar) and at room temperature. 
This is the highest reported Q value for a non-tilting out-of-plane mode oscillator. In 
addition to be used as a moving cavity mirror, this kind of oscillators can be utilized in 
experiments that require accurate parallel approaching of the well-defined surface even 
in the near-field regime. The non-tilting behavior is advantageous for example when 
studying short-range interactions of surfaces, such as Casimir force of two parallel 
conducting plates. The linear dynamic range of the non-tilting out-of-plane mode 
oscillation was shown to be very broad corresponding to the oscillation amplitudes at 
least from ~10-14 m to ~10-6 m. 
 
It was demonstrated that atomic layer deposited (ALD) amorphous alumina (Al2O3) 
films with thicknesses at least up to 100 nm can be deposited on microfabricated 
mechanical resonant structures without any degrading of the initially high mechanical 
quality of the resonance. This is of great importance when depositing functional, 
protective and optical thin films on sensitive MEMS devices. This result is very 
encouraging and should lead to novel ALD applications in MEMS and photonics. 
Typically, the characteristics of standard lithography and etching processes (such as 
mask misalignment and over-etching) may cause tiny variations in the dimensions of the 
microfabricated devices leading to a small deviation from the intended resonance 
frequency. It was shown that alumina films effectively stiffen the resonant structure 
leading to the increase in the resonance frequency with increasing the film thickness. 
Thus, thin alumina films can be used for fine-tuning and trimming of the resonance 
frequency without decreasing the Q value.  
 
In addition, the resonance frequency of the silicon oscillator was shown to be less 
sensitive to changes in ambient temperature when the oscillator was coated with 
alumina and the temperature sensitivity decreases as the film thickness increases. 
Therefore, alumina coated silicon oscillators are promising candidates for realizing 
temperature insensitive reference oscillators, sensors and filters. Moreover, it was 
shown that alumina thin films on silicon substrates can be used as a single-layer anti-
reflection coating offering a significant reduction in the reflectivity from RSi = 0.35 for a 
clean silicon surface to RAR = 0.035 for a silicon surface with a quarter wavelength 
alumina coating at λ = 633 nm. 

 
The results presented in this Thesis validate the great potential of optomechanically 
coupled high-Q mechanical silicon oscillators in high-precision measurements. In 
addition, the new knowledge of the effects of atomic layer deposited alumina thin films 
on the dynamic, thermomechanical and optical characteristics of microfabricated 
resonant silicon structures can be utilized in developing new sensor applications. 
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