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Abstract 
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Parametric amplification is suggested as a low-noise method to improve the conversion performance of micromechanical 
mixers. An improvement of the conversion performance by more than 30 dB is demonstrated. Novel approaches to 
improve the conversion are suggested through mathematical simulations. 
A fabrication process combining atomic layer deposition, electron beam lithography and cryogenic etching is 
demonstrated. The process can be used for fast prototyping of MEMS-devices at least for research purposes. As a result a 
few micromechanical resonators can be fabricated in a few hours time from the original design without the need of using a 
metallic photomask but applying a direct electron beam writing in lithography. 
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Symbols 
 
A Area of a transducer (A = Le×h) 
c Concentration 
C Capacitance 
Cm Mechanical equivalent capacitance 
Cpad Capacitance of a bonding pad 
C0 Capacitance of a transducer at rest (C0 = A×ε0/d) 
d (Coupling) gap width 
E Energy of a capacitor 
Evib Mechanical vibration energy 
fc Carrier frequency 
fm Modulation frequency 
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F (Periodic) Force 
G Gain 
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m Mass 
k Spring constant 
k0 Unmodulated spring constant 
kb Boltzmann constant (=1.38×10-23 kg·m2/(K·s2)) 
ke(n) Electrical spring constant (of the order n) 
km Mechanical spring constant 
L Length of a device 
Le Length of a transducer 
Lm Mechanical equivalent inductance 
p Pressure 
Pc Power consumption 
Q (Mechanical) Quality factor or charge 
Rm Mechanical equivalent resistance 
t Time 
T Temperature 
u (ac) voltage 
un Noise voltage 
U (DC) Voltage 
UDC DC bias-voltage 
Upi Pull-in voltage 
Vbi Built-in potential 
w Width of a device or width of a transducer 
x Displacement or vibration amplitude 
xc Critical vibration amplitude 
 
α Capacitance ratio 
β Relative amplitude of vibration (β = x/d) 
ε Permittivity 
ε0 Permittivity of vacuum (=1.38×10-12 F/m) 
γ Damping constant 
η Electromechanical coupling constant or transduction factor 
κ Frequency shift due to the non-linearities 
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λ Wavelength 
ψ Bias-voltage sensitivity factor of the frequency 
τ Time-constant 
φ Phase difference 
ω Angular frequency 
 
Lf Phase noise at certain offset from the carrier frequency 
L Noise floor 
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RIE Reactive ion etching 
SAM Self-assembled/assemblying monolayer 
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SOI Silicon-on-insulator 
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1 Introduction 
 
Micromechanical or microfabricated devices have been used in commercialised pressure sensors 
transducers for more than three decades [1]. The recent advances in the fabrication methods of 
microelectromechanical systems (MEMS) have opened the possibility of using microsystems also 
in radio frequency (RF)-electronics. Perhaps the most well-known such applications are different 
kinds of mechanical switches [2-5], some of which have already been brought in to commercial use 
by companies such as TeraVicta and MagFusion [6,7]. Another commercially successful 
microfabricated device is the FBAR-filter [8] that can be found inside the mobile phones nowadays. 
Micromachined inductors and tunable capacitors as well as mechanical switches have been applied 
for phase-shifters, reconfigurable antennas and in beam steering [9-12] and in the resonant mode 
also as references in oscillator applications [13-15,29]. Also devices that are based on the 
mechanical resonance have been proposed for high precision frequency references [P1,37-44] and 
even for applications in signal processing like filtering [16,17]. The first commercial applications of 
MEMS-oscillators based on mechanical silicon resonators have been launched by companies such 
as SiTime and Discera [18,19], but the quality of those devices is not enough for frequency 
reference use and they are aimed for clock generation at different consumer and industrial markets. 
In addition to realizing existing functions with MEMS components and devices, MEMS can also be 
seen as an enabling technology; novel components like resonators combining mechanical frequency 
mixing and filtering [20-23,P3,P7] and mechanical, slow-velocity delay lines [24] have been 
realised. In turn, these devices have led to even new radio architectures [25,32]. 
 
This thesis presents new scientific findings in the field of high-frequency micromechanical devices. 
In this thesis special attention is paid on frequency reference and frequency conversion applications 
and especially on their stability and performance. As most of the work is performed with devices 
utilising mechanical resonances, Chapter 1 introduces the necessary background and mathematical 
models. Chapter 2 concentrates on issues concerning the stability of the MEMS devices – this is 
divided into short term stability (phase noise) and long-term stability (drift). It is shown that by 
using MEMS resonators, even strict GSM specifications can be met. Chapter 3 is dedicated to 
studying potential realisations for effective conversion of GHz-range communication signals down 
to the resonance frequency of the MEMS devices. The chapter presents a micromechanical mixer-
filter (“mixler”). The performance of the mixler is characterised and further improvements are 
presented. Chapter 4 presents a process for fast prototyping of MEMS devices for research 
purposes. Finally, conclusions and future prospects are presented in Chapter 5. 
 

1.1 Micromechanical resonator as both mechanical and electrical 
device 

1.1.1 Linear resonator 

γ

x

m

k

F

γ

x

m

k

F

x

m

k

F

 
Fig. 1 Spring-mass system. 
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A micromechanical resonator can be represented as a spring-mass –system (Fig. 1) with an equation 
of motion 
 
 Fkxxxm =++ &&& γ , (1.1) 
 
where m and k are the effective mass and the spring constant of the resonator, respectively and γ 
and F the damping constant and the external force acting on the system, respectively. With zero 
damping the eigenfrequency of the first fundamental mode can be written as 
 

 
m
k

=0ω  (1.2) 

 
and the quality factor 
 

 .0

γγ
ω kmm

Q =≈  (1.3) 

 
With Eqs. (1.2) and (1.3) Eq. (1.1) can be written as 
 

 Fkxx
Q

m
xm =++ &&& 0ω

. (1.4) 

 
Eqs. (1.1) - (1.4) are valid for small displacements x, i.e. in the linear region. For practical use the 
linear model has very limited use, this is the case especially with micromechanical devices in which 
the displacement amplitude can become significant when compared with other device dimensions as 
can be seen in the next chapter. 
 

1.1.2 Nonlinearities 
 

UDCUDC

UDCUDC
Le

h

d

a)
x

G
rounded resonator

B
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B
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x
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Fig. 2 a) Micromechanical capacitor and b) symmetrically biased resonator. 

 
When a voltage difference U is applied between the two plates in Fig. 2, the energy in the capacitor 
stored between these two plates is 



 9 

 

 2

2
1 CUE = , (1.5) 

 
where the C is the capacitance of the device (C = Le×h×ε0/d). If the biasing voltage is static 
U = UDC, the moving plate experiences a force according to 
 

 
x
CU

x
EF

∂
∂

=
∂
∂

=
2

2

. (1.6) 

 
The quadratic force-voltage relation in Eq. (1.6) is usually the most significant non-linearity that 
exists in capacitively coupled micromechanical devices. 
 
While Eq. (1.6) is valid in the whole displacement amplitude range x, the other type of non-linear 
contributions become meaningful with increasing the displacement amplitude. They can, however, 
be included into Eq. (1.1) by replacing the linear spring constant with a non-linear one as 
 
 K+++→ 3

3
2

21 xkxkxkkx , (1.7) 
 
where the terms of the spring constant consist of both mechanical and electrical spring constants 
(kn = kmn + ken). The higher order terms of the spring constant, kn, can be either positive or negative 
and thus change the resonance curve to reflect hysteresis [26]. Also the first order spring-constant k1 
can be higher or lower than the linear spring constant k leading to either higher or lower resonance 
frequency, respectively. 
 
Besides the force-voltage non-linearity that is depicted in Eq. (1.6) the capacitive coupling 
generates the capacitive non-linearity that is a common source for the non-linearity of the spring 
constant. For capacitive devices with plate transducers (Fig. 2 a) the coupling capacitance depends 
on the displacement amplitude, x, in a nonlinear way according to 
 

 ( )d
x

C
xd

hL
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A
C e

−
=

−
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−
=

1
000 εε

, (1.8) 

 
where Le and h are the length and height of the transducer electrode, respectively and d is the 
coupling gap when the voltage across it is zero (Fig. 2). C0 = Le×h×ε0/d is the capacitance of the 
transducer at rest, i.e. when x = 0. If the displacement x is small when compared with the length of d 
the gradient in Eq. (1.6) can be linearised by writing dC/dx ≈ C0/d, but with increasing displacement 
higher order terms must be taken into account 
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When the capacitive non-linearity is introduced, the force Eq. (1.6) becomes 
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which can also be written as 
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where 
 

 ( )
( )1

2
0

2
1

+

+
= n

DC
en d

UCnk  (1.12) 

 
is the electrical spring constant of nth order. If the biasing is symmetric (Fig. 2 b) even order terms 
cancel each other and only the odd order terms are left. Therefore it is clear that the first order effect 
of the capacitive non-linearity is the reduction of the total spring-constant (k → k - ke) and due to 
that the decrease of the resonance frequency. As an approximation for the frequency change we 
may write the first eigenfrequency in Eq. (1.2) with the first order electrical spring constant 
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where km is the mechanical spring constant. the last approximation of Eq. (1.13) holds for small 
values of ke. 
 
Eventually the capacitive non-linearity will introduce a point of bifurcation where the transmission 
signal shows discontinuity and the oscillator trajectory depends on the initial conditions. This point 
of bifurcation sets the maximum vibration amplitude of the resonator called the critical amplitude, 
xc [27] 
 

 
κQ

xc
33

2
= , (1.14) 

 
where κ gives the amount of frequency shift due to the non-linear terms as 
 
 ( )2

0 1 xκωω +=  (1.15) 
 
and is given by 
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5
8
3 kk −=κ  (1.16) 

 
For oscillator applications, the critical amplitude sets the absolute maximum for the vibration 
amplitude and consequently for the mechanical energy. 
 
On the other hand, the output current for a system in Fig. 2 b) can be expressed as  
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where the term UDC(dC/dx) can be written as electromechanical coupling constant η. From Eq. 
(1.17) it is clear that even linear vibrational mode can result in higher harmonics and in the motional 
current. Therefore, for practical purposes only of the order of 10% of the critical amplitude is 
commonly used. 
 
Besides capacitive non-linearity the critical amplitude can also be limited by the mechanical non-
linear dependence. However, for the devices with high electromechanical coupling the amplitude 
range where the dependence is still linear is a few times the amplitude allowed by the capacitive 
non-linearity. 
 
From Eq. (1.12) it is evident, that the electric field which is generated by the applied bias-voltage 
UDC can be used to tune the spring constant of the resonator. This opens at least two options: i) by 
applying a constant voltage (U = UDC) the resonant frequency of the resonator can be tuned and ii) 
by applying a periodically changing voltage (U = uac), the spring constant can be modulated, this 
can be used to realise a parametric amplification scheme as is shown in Chapter 3.3. Additional 
effects caused by the capacitive non-linearity will be discussed in Chapter 3.2. 
 

1.1.3 Selected resonator designs 
 
The resonators used in this thesis are the result of nearly ten years of research and development 
work. From the initial goal of reaching high-Q and very high resonance frequency (fres ≈ 1 GHz) the 
target was refined into a high-Q and high frequency (fres ≈ 13 MHz) resonator that is capable of 
producing strong output signal with excellent short- and long-term stability. In addition, 
experiments have been performed with multi-resonant structures that feature good frequency 
tunability. Fig. 3 shows some of the designs that have been designed and tested during the research 
period. 
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a)
b)

c)

d)

2000 2002 2003 2005
 

Fig. 3 Various resonators that were designed, fabricated and used in this thesis. The timeline in years goes from 
left to right depicting the current research interests at different points of the research: a) Testing of different 
concepts. (See for example [39,40].) b) Improving the electromechanical coupling and the Q-factor. (See for 
example [111,112]) c) Targeting towards the long-term stability. d) Current state of the art: high Q-factor, high 
energy resonators with narrow coupling gaps. All the depicted resonators have been developed and fabricated in 
collaboration with VTT – Technical Research Centre of Finland. 

 
In this thesis three different resonator types are mainly used (Fig. 4). Two of the resonators feature 
the bulk acoustic vibration mode that results in very high Q-factors Q2D = 130 000 and 
Q1D = 180 000 in vacuum for 2D BAW (Fig. 4 a) and 1D BAW (Fig. 4 b), respectively, high 
mechanical spring constants k and moderate coupling gaps d2D = 0.75 µm and d1D =1 µm. The 
Double-Ended-Tuning-Fork (DETF) (Fig. 4 c) shows a lower Q-factor and mechanical spring 
constant making the device not suitable for frequency reference applications, but a tempting 
alternative for studying the effects of capacitive non-linearity due to the high electromechanical 
coupling due to the narrow coupling gap of dDETF = 170 nm. 
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a)
b)

c)

a)
b)

c)

 
Fig. 4 Resonators used in this thesis and the relevant vibration modes (black and red dotted lines) a) Square-
Extensional Bulk-Acoustic-Wave (SE-BAW or 2D BAW), where the used vibration modes are the Lame-mode 
(red) where the orthogonal edges vibrate in anti-phase and the SE-mode (black) where the orthogonal edges 
vibrate in phase. b) BAW (1D BAW) with a single length-extensional eigenmode. c) Double-ended-tuning-fork 
(DETF) with two used eigenmodes, one where the beams vibrate in-phase (black) and one where they vibrate in 
anti-phase (red). 

 

1.1.4 Electrical equivalent circuit 
 
When the resonator is displaced from the equilibrium position (Fig. 2 b) the motional current 
generated by the displacement Eq. (1.17) can also be written as 
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Eq. (1.18) illustrates the transduction between the mechanical and electrical domains. Due to this 
reason η is sometimes called the transduction factor. As the MEMS devices are usually coupled to 
an electric circuit it is convenient to present the mechanical device with electrical equivalent 
components. This is a commonly used method in studying for example quartz crystals [28]. When a 
MEMS-resonator in Fig. 2 b) is represented by an equivalent circuit of Fig. 5, the electrical 
components can be estimated by comparing the differential equation of motion of the mechanical 
resonator with the respective equation of current in the electrical RLC-resonator  
 

 ( ) ( ) ( ) ( )tudtti
C

tRitiL =++ ∫
1&  (1.19) 
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Fig. 5 Electrical equivalent circuit of a resonator in Fig. 2 b). The shaded parts represent the voltage source that 
is used to excite the vibration and the amplifier that is used to detect the actual resonance signal. 
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For another comparison one can to insert Eq. (1.18) into Eq. (1.1) and divide the result with the 
transduction factor η. Physically this mathematical operation means the conversion from force into 
voltage. The resulting equation for the mechanical resonator is 
 

 ( ) ( ) ( )tuidtktitim
=++ ∫222 ηη

γ
η

& . (1.20) 

 
Now by comparing Eqs. (1.19) and (1.20), the equivalent component values can be observed to be 
 

 2η
γ

=mR or 2ηQ
kmRm = , (1.21 a) 

 2η
mLm = , (1.21 b) 

 
k

Cm

2η
=  (1.21 c) 

 

1.2 Aim of the work 
 
The purpose of the thesis is to contribute to the miniaturisation of microelectronics by studying the 
issues related to the stability and applicability of micromechanical resonators where conventionally 
macroscopic devices (for example quartz-crystals in frequency references and diode-rings in 
frequency mixers) are used. The thesis presents studies on issues that seek answers to the following 
points: 
 
I Can MEMS-resonators be used to realize a high-precision frequency reference? 
II How can one characterize physical factors contributing to the stability of MEMS-devices, 

including built-in –potentials? 
III How effective is a microelectromechanical resonator as a frequency mixer and how one can 

improve its performance? 
IV Is there a fast, simplified way to fabricate at least a few RF-MEMS components? 
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2 Micromechanical resonators as frequency references 
An electrical frequency reference is a necessary component in practically any wireless transceiver. 
The stand-alone reference is needed especially in portable devices for establishing communication 
after power-up. During the last decade, one major goal in the field of MEMS has been to realise a 
reference oscillator that is able to compete with a frequency reference that is realised with a quartz 
crystal and that is able to fulfil the strict specifications needed in modern wireless communication. 
Under the most intense study have been the spectral purity (= short term stability), stability of the 
output frequency (= long term stability) and the power consumption. 
 
MEMS-oscillators can be divided into two categories: i) oscillators that have their frequency base in 
microfabricated mechanical resonators and ii) oscillators that have their frequency base in 
microfabricated inductors and capacitors. For the sake of compactness only the former are discussed 
here, even though some interesting high-frequency oscillators have been realized using the latter 
approach [13-15,29]. Oscillators realised using MEMS inductors and capacitors usually feature 
higher frequency and larger tuning range when compared with the ones realised with mechanical 
resonators, but exhibit higher power consumption and worse phase-noise due to the lower 
achievable Q-factor. The mechanical resonators can be divided by their actuation and detection 
mechanisms into at least magnetostrictive [30], thermal [85], electromagnetic [31], piezoelectric 
and capacitive devices, of which the last two have shown some potential for high-precision 
oscillator applications. The piezoelectric oscillators include for example FBAR (Thin-Film Bulk 
Acoustic Resonator) [32]. 
 

2.1 Short-term stability 
 
The short term stability dictates the spectral purity of the signal. It is usually specified through the 
phase-noise referenced at carrier power at certain offset from the carrier frequency (Fig. 6). For 
example in order to meet the GSM-specifications [48] for the receiver sensitivity and blocking, a 
13 MHz reference oscillator must meet the phase noise specifications 
Lf = -130 dBc/Hz at ∆f =1 kHz offset from the carrier and L = -150 dBc/Hz far away from the 
carrier (so called noise floor) [P1]. The strict phase-noise requirements arise from the fact that for 
practical use the output frequency of an oscillator is multiplied in a phase-locked loop (PLL) to 
match the carrier frequency (e.g. 900 MHz for GSM-900) and naturally the existing low-frequency 
noise becomes multiplied in a same process. 
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Fig. 6 a) Definition of SSB (single-side-band) noise. b) Actual measured phase-noise of an SE-BAW oscillator 
[41]. 
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Typically the single-sideband phase noise-to-carrier ratio for an ideal oscillator can be 
approximated by Leeson’s equation [33,34]  
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from which two important factors can be seen: i) in practice the phase-noise reflects the competition 
between the mechanical energy Evib of the resonator and thermal noise kbT and ii) the width of the 
resonance (1/Q) leads to a band-pass filtering of the noise reducing the noise as the frequency 
difference to the carrier ∆ω increases. From Eq. (2.1) it seems that a usual direct comparison 
between a macroscopic quartz-crystal and microscopic silicon resonator in terms of phase-noise is 
not a fair one due to the orders of magnitude different resonator volumes. However, the 2D BAW 
silicon resonator allows nearly two orders of magnitude higher energy per volume ratio than quartz 
resonators (1.8×105 J/m3 vs. 190 J/m3) [27]. 
 
In a more generic form of Eq. (2.1) the noise voltage includes also the noise contribution from the 
amplifier electronics. 
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where uac is the signal voltage which is usually limited by the non-linearities of the reference 
component (i.e. MEMS resonator) and un is the total noise voltage. However, for capacitively 
coupled devices Eq. (2.2) does not take into account the effect of aliasing of the 1/f noise due to the 
capacitive coupling. In the capacitive transduction gap, the 1/f noise is mixed with the signal 
voltage produced by the resonator giving an additional noise term. A more accurate equation for the 
dual side-band noise has been presented by Kaajakari et. al. [35] as 
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which leads to Eq. (2.2) with a aliasing factor Γ = 0. It can be seen from Eq. (2.3) that the phase 
noise will decrease as 1/ω3. The noise is divided by a factor of two to take into account only the 
actual phase noise, not the amplitude noise. As can be seen from all Equations (2.1) - (2.3), a high 
quality-factor of the resonance lowers the phase-noise. However, this is not the whole truth as the 
high quality factor also reduces the maximum linear vibration amplitude of the resonator Eq. (1.14). 
It is evident from Eq. (2.3) that increasing the vibration amplitude does not help with aliasing of 1/f 
noise when it comes to the noise that is very close to the carrier frequency as it is produced by the 
mixing of the thermal noise and the signal produced by the resonator. However, the noise floor 
becomes lower by increasing the vibration energy of the resonator. In order to improve the near 
carrier noise, it is important to optimize the noise performance of the sustaining amplifier and aim 
for low mechanical equivalent resistance, Rm. 
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2.1.1 Published low phase-noise oscillators 
 
[P1] presents an oscillator that is based on an Square-Extensional Bulk-Acoustic-Wave (SE-BAW) 
resonator (Fig. 4 a) [36]. The resonator is optimized for both the high quality factor and sufficient 
energy-storage in order to realize a low phase noise oscillator. It is the first MEMS-resonator based 
oscillator capable of meeting the GSM-specifications with respect to phase noise. The measured 
figures are Lf = -138 dBc/Hz at ∆f = 1 kHz offset from 13 MHz carrier and noise floor far from the 
carrier frequency is L = -150 dBc/Hz. For comparison, Table I lists some published oscillators that 
are based on MEMS-resonators. 
 

Table I – Low phase-noise oscillators realized with MEMS-resonators 

Used 
resonator 

(pub-
lished) 

Lf at 1 kHz 
[dBc / Hz] 

L 
[dBc / Hz] 

Frequency 
[MHz] 

Q 
[×103] 

Vibration 
mode 

Comments 

SE-BAW 
[P1,37] 
(2004) 

-138 -150 13 130 2D volume 
expansion 

Discrete 
amplifier1 

c-c2 beam 
[38] 

(2001) 

-80 -115 9.75 3.6 Flexural/ 
bending 

Discrete 
amplifier 

c-c2 beam 
[39] 

(2002) 

-105 -120 14 1.5 Flexural/ 
bending 

Discrete 
amplifier1 

1D-
BAW[40] 

(2002) 

-115 -120 12 180 1D length 
extension 

Discrete 
amplifier1 

SE-BAW 
[41] 

(2005) 

-130 -147 13 130 2D volume 
expansion 

Wirebond to 
0.35 µm CMOS, 

Pc = 240 µW 
Wine-

glass [42] 
(2004) 

-1103 -1323 60 145 2D volume 
expansion 

Pc = 780 µW 

Array of 
wine-

glass [43] 
(2005) 

-1233 -1363 60 119 2D volume 
expansion – 

9 parallel 
resonators 

With TSMC 
0.35 µm CMOS 
Pc = 350 µW. 

Quartz-
crystal 

TCO-9141 

-141 <1504 13-26 3004 Shear mode Pc = 6 mW4. 

1 Philips BF545B JFET at input 

2 Clamped-clamped or bridge resonator 
3 -15 dB if scaled to fosc = 10 MHz output frequency 
4 Estimate 
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Fig. 7 Phase-noise of different micromechanical oscillators. The phase-noise has been normalised to 
fosc = 10 MHz output frequency. The solid circles indicate the oscillators that were realised with integrated 
electronics. The dotted line marks the phase-noise of a commercial quartz-oscillator (TCO-9141). Note that the 
resonator images are not to scale. 

 
From Table I and Fig. 7 it is evident that silicon micromechanical oscillators can compete with 
quartz crystal based reference oscillators and can be used to realise excellent reference oscillators 
when it comes to short-term stability. As already mentioned the key properties when realising an 
oscillator with low phase-noise are the sufficient energy storage that can be achieved in resonators 
with large volume and volume-expansion mode, and high Q-factor. In addition, due to the aliasing 
of 1/f noise, it is also important to optimize the amplifier for low frequency noise performance 
[35,44]. It is evident from Table I that a significant advantage of micromechanical oscillators is 
over an order of magnitude lower power consumption with a comparable phase-noise performance 
to macroscopic quartz oscillators. 
 

2.2 Long-term stability 
 
In addition to short-term stability also good enough long-term stability is required in frequency 
reference applications. The long-term stability for various applications is usually specified by 
studying the drift of the centre frequency. When this drift is known, a potential lifetime of the 
reference can be deduced. Table II shows the centre frequency stability requirements for various 
applications. 
 

Table II – Centre frequency accuracy for various wireless applications 

Application Requirement ∆f/f 
Low data-rate (eg. Zigbee) ± 40 ppm [45] 
High data-rate (eg. UWB) ± 25 ppm [46] 

Bluetooth ± 30 ppm [47] 
GSM ± 1 ppm [48] 
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When the long-term stability is discussed, usually the terms aging and drift are used. Aging is 
defined as the systematic change in frequency with time due to internal changes of the oscillator, 
when the external factors (e.g. temperature and humidity) are kept constant [49]. Aging is usually 
caused by changes of the device material due to the cracks, stress or strain and diffusion. This topic 
has been reviewed thoroughly for example by Vig et al. [50]. By [49] drift is defined as systematic 
change in frequency with time. This means that drift includes aging and the effects of changing 
external factors (e.g. temperature and pressure). 
 
In order to realise a frequency reference with sufficient stability the ideal stability of the resonator 
must be known. This requires studying of the aging of the resonator. In order to characterise this 
effect, the external factors contributing to the resonance frequency must be eliminated or their effect 
compensated. Early studies [51] suggested that the stability of the MEMS-resonators would be 
insufficient for many frequency reference applications, but from those days the resonator designs 
have been improved. In the following Chapters, various factors contributing to the stability of 
MEMS-resonators are reviewed. 
 

2.2.1 Effect of temperature on the frequency stability of MEMS 
 
Perhaps the most well known cause for instability for the MEMS-resonators made out of silicon is 
the change of the resonance frequency with respect to temperature. Unlike quartz-crystals that can 
be fabricated so that the temperature has a minimum effect on the frequency of the resonator for a 
certain range of temperature (for example AT-cut [28]) silicon resonators always exhibit a 
temperature drift. This is due to the fact that the dependence of the temperature of all the elastic 
coefficients of the Young’s modulus are of the same sign [52]. Fig. 8 shows a typical behaviour for 
a square-extensional (SE) mode microresonator [53] that shows a temperature dependence of the 
frequency ((∆f/f)/∆T) ≈ -30 ppm/K for both eigenmodes. The large negative frequency-temperature 
coefficient of silicon can be reduced by coating the resonators with dielectric layers like SiO2 [54] 
or Al2O3 [55] that have a positive temperature coefficient of the frequency. However, thin films are 
usually amorphous meaning that this treatment may affect the quality factor and degrade the long-
term stability. The layers are also susceptible to dielectric charging that can further reduce the long-
term stability. Also, the resulting frequency-temperature coefficient may vary from device to device 
reducing the systematic predictability of the temperature dependence. 
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Fig. 8 Change in the resonance frequency of two vibrational modes of an SE-BAW MEMS-resonator with 
respect to the temperature. 
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When considering aging, the effect of temperature as an external instability source should be 
minimised or compensated by placing the devices into a temperature controlled chamber or by 
measuring the temperature and removing mathematically its effect from the measured data. On the 
other hand, when realising a frequency reference, actual temperature compensation must be done – 
the compensation can be either intrinsic [56] or it can be based on measuring the temperature and 
using this information to correct for the temperature induced drift for example with the aid of a 
tunable PLL [54,57]. Temperature compensation of the MEMS-based frequency references is a 
field of study that has only lately started to gain wider attention. 
 
If the compensation is not intrinsic but is based on the measured temperature of the resonator it is 
important that the thermal contact with the sensor and the resonator is as good as possible to avoid 
any transient hysteresis. The optimum would be to measure the temperature directly using the 
resonator itself. Fig. 9 shows an example where the temperature measurement is based on 
measuring the change of the resonance frequencies of the two eigenmodes of on SE-BAW 
resonator. The temperature is deduced with the aid of known temperature coefficients of the 
mechanical resonance frequency (so called 2-mode temperature measurement) [53]. To demonstrate 
the power of this approach in comparison with an external sensor, the output frequency of the 
resonator is mathematically compensated using the temperature information acquired by measuring 
the centre frequencies of the two resonances and by combining this and the temperature information 
from a Pt-100 temperature sensor that is placed in a thermal contact with the resonator chip. The 
output frequency compensated with the Pt-100 sensor shows a frequency error of ∆f/f ≈ 15 ppm due 
to the nonideal thermal equilibrium between the sensor and the resonator. However, when the the 2-
mode measurement was used, the temperature drift of the frequency was kept below ∆f/f « 1 ppm. 
 

-5

0

5

10

15

20

0 10 20 30 40 50 60 70 80 90 100
Time [min]

∆
f/f

 [p
pm

]

-1

0

1

2

3

4

5

6

∆
T 

[°
C

]

f(SE) (Compensated with Pt-100 T)
f(SE) (Compensated with 2-mode T)
Pt-100 temperature
2-mode temperature

T

p = 0.001 mbar

-160

-140

-120

-100

-80

-60

-40

-20

0

20

∆
T 

[K
]

-1

0

1

2

3

4

5

6

∆
f/f

 [p
pm

]

f(SE) (Compensated with 2-mode)
f(SE) (Uncompensated)
f(LAME) (Uncompensated)
Temperature

-5

0

5

10

15

20

0 10 20 30 40 50 60 70 80 90 100
Time [min]

∆
f/f

 [p
pm

]

-1

0

1

2

3

4

5

6

∆
T 

[°
C

]

f(SE) (Compensated with Pt-100 T)
f(SE) (Compensated with 2-mode T)
Pt-100 temperature
2-mode temperature

T

p = 0.001 mbar

-160

-140

-120

-100

-80

-60

-40

-20

0

20

∆
T 

[K
]

-1

0

1

2

3

4

5

6

∆
f/f

 [p
pm

]

f(SE) (Compensated with 2-mode)
f(SE) (Uncompensated)
f(LAME) (Uncompensated)
Temperature

 
Fig. 9 The resonator was placed inside an environmental chamber and was subjected to a temperature ramp. 
The frequency shifts of the two eigenmodes were recorded (shown in inset) to deduce the temperature (crosses). 
This information was used to remove the effect of temperature on the resonance frequency of the SE-mode (solid 
line). As a comparison, the temperature was measured with an external Pt-100 sensor (circles) for removing its 
effect on the results (dashed line). The latter measurement clearly shows the thermal non-equilibrium between 
the sensor and the resonator during the temperature ramp [53]. 
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2.2.2 Effect of mass change 
 
As the resonance frequency of the resonator to is related its mass according to Eq. (1.2), it is clear 
that the change of the effective mass of the resonator changes also the frequency of the resonance. 
Mass can increase due to adsorption of contaminant molecules (e.g. water) onto the resonator 
surface or it can decrease due to outgassing (evaporation) of contaminants. In addition to molecular 
level adsorption, also larger particles can be adsorbed when the resonator is exposed to 
contaminated environment, one example being smoke [58]. Besides lowering the resonance 
frequency due to the mass increase, adsorption can also lead to stiffening of the resonator, in which 
case the resonance frequency is increased [58]. For frequency reference applications the change of 
the resonance frequency due to mass change is always harmful, but for other applications, like in 
the case of resonant sensors the mass-loading effect can be taken use of [see for example 59-61]. 
 
The humidity of the ambient air can also affect the resonance frequency through the mass loading 
effect, i.e. due to adsorption of water molecules onto the resonator surface. This was already shown 
in 1999 by van Arsdell et al. [62] in a study where the resonance frequency of a MEMS-resonator 
was monitored in dry air (cH2O < 10 ppm) and in damp air with 50% and 75% relative humidity 
(RH). Their study showed that especially in case there are numerous cracks in the resonator, the 
increase in RH increased the drift of the resonance frequency. Humidity can be removed from the 
sample by heating [62,63] as shown in Fig. 10. However, when heating was stopped, the resonance 
frequency started again to decrease. Due to high power consumption required by the Joule heating, 
continuous heating is not usually a valid method to stabilise the resonator especially in low power 
applications. However, if this approach is selected, also the temperature drift can be removed as the 
resonator is constantly kept at a higher than the ambient temperature. This approach for temperature 
compensation is commonly applied in oven controlled high-precision crystal oscillators (OCXO). 
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Fig. 10 Annealing the resonator for t = 2 h at T = 270 ºC resets the drift and releases adsorbed water from the 
surfaces. 
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2.2.3 Effect of bias-voltage change 
 
Usually the bias-voltage of the resonators is assumed to be constant and not affecting the stability of 
the resonance frequency. However, to minimise the possible effect of drifting of the bias-voltage 
onto the resonance frequency it is convenient to select a resonator with large mechanical spring 
constant km as is suggested by Eq. (1.13). However, this naturally limits also the tunability of the 
resonator. On the other hand, to maximise the electromechanical coupling, it is convenient to have a 
gap as narrow as possible, but this in turn leads also to larger drift of the resonance frequency due to 
the bias-voltage drift. The sensitivity of the resonance frequency with respect to the small changes 
in the bias-voltage (i.e. noise) can be calculated estimated using a bias-voltage sensitivity factor, ψ, 
that can be derived by differentiating Eq. (1.13) with respect to the bias-voltage UDC 
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Eq. (2.4) has been divided by ω0 to attain the relative change in the resonance frequency. 
 
As an example we can calculate the required bias-voltage drift to change the resonance frequency 
for the devices in Fig. 4 a) and c) by 1 ppm. The results are shown in Table III. 
 

Table III – Calculated effect of the bias-voltage drift on some of the resonators studied 

 2D–BAW 2D–BAW DETF 
d [nm] 750 170 170 

km [N/m] 14.5×106 14.5×106 166 
C0 [fF] 33 146 52 
UDC [V] 100 20 7 

ke @ UDC [N/m] 587 2017 88 
ψ [ppm/V]  4.0×10-1 7.0 1.1×105 

∆UDC to 1 ppm ∆f/f 2.44 V 144 mV 9 µV 
 

2.2.4 Long-term stability of MEMS-resonators 
 
[P2] presents a study of the long-term stability of four identical micromechanical 1D BAW-
resonators (Fig. 4 b). The resonators feature high quality factor (Q = 170 000 at p < 1 mbar and 
Q = 2 000 at p = 1 bar) and improved electromechanical coupling through triangle-shaped end 
points of the resonating arms. These factors ensure that the resonance is detectable even at normal 
atmospheric pressure. This allows the comparison between the vacuum encapsulated samples 
(encapsulating pressure p = 0.01 mbar and temperature T = 400 ˚C with residual pressure 
p ≈ 5 mbar) with the ones that were operated under atmospheric humidity and pressure. 
 
In [P2] the drift of a resonance frequency of encapsulated samples was compared with un-
encapsulated samples in a temperature controlled environmental chamber with variable RH for a 
monitoring period of t = 1 000 h (~ 42 days). When the temperature induced change in the 
resonance frequency is removed with the aid of measured temperature and temperature coefficient 
((∆f/f)/∆T) ≈ -28 ppm/K the effect of humidity is revealed in the resonance frequency drift of the 
un-encapsulated samples (Fig. 11). The calculated correlation factors between the relative humidity 
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and the resonance frequency of the un-encapsulated samples 3 and 4 are -0.88 and -0.85, 
respectively, indicating that the resonance frequency is significantly affected by the relative 
humidity. 
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Fig. 11 The change of resonance frequency (∆f/f) of the four measured samples. Samples 1 and 2 are 
encapsulated and samples 3 and 4 are left open. The temperature-induced variations are removed from the data 
based on the recorded Pt-100-temperature and the measured temperature coefficient (1/f×∆f/∆T ≈ -28 ppm/K). 
The axis on the right shows the measured ambient relative humidity. 
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Fig. 12 The change of resonance frequency for the two encapsulated samples. The temperature-induced 
variations are removed from the data based on the recorded Pt-100-temperature (shown on the right-axis) and 
the measured temperature coefficient (1/f×∆f/∆T ≈ -28 ppm/K). 
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When the samples are protected from ambient atmosphere and humidity, the drift of the resonance 
frequency is significantly lower (Fig. 12). Fig. 12 also shows that even a ppm level stability is 
achievable as long as the resonators are hermetically protected from the ambient atmosphere. The 
linear fits to the measured data of the packaged resonators show a drift of ∆f/∆t = -1.15×10-4 Hz/h 
and ∆f/∆t = -5.25×10-4 Hz/h for samples 1 and 2, respectively. While extrapolations to longer 
periods should always be treated with a certain suspicion, a drift of this degree would allow a ppm-
level centre frequency accuracy for a period exceeding one year. Other published results concerning 
the long-term stability of silicon micromechanical resonators are collected in Table IV. 
 

Table IV – Long term stability results. 

Resonator fres |∆f/f| [ppm] / 
monitoring time 

Comments 

1D BAW [P2] 13 MHz < 1 / 1 000 h Encapsulated 
1D BAW [P2] 13 MHz  75 / 1 000 h Unencapsulated 

2D BAW [64] 13 MHz  0.009 / month 
0.03 / month 

Encapsulated - Drift 
calculated as linear fit to 

measured data 

Cf1-beam [64] 511 kHz  4.2 / month 
 

Encapsulated - Drift 
calculated as linear fit to 

measured data 
Flexural [65] 129 kHz ± 3.7 / 10 000 h Wafer-scale film encapsulated 

Flexural (DETF) [65] 155 kHz ± 3.1 / 10 000 h Wafer-scale film encapsulated 

± 45 / 20 h Control sample (no pre-
cracks) Torsional [62] 45 kHz 

31 000 / 20 h pre-cracked @ RH 75% 

Torsional [66] 3-11 MHz ~ 150 / 200 h Un-encapsulated, covered 
with C-teth SAM2 

Torsional [66] 3-11 MHz ~ -100 / 200 h Un-encapsulated, covered 
with Ox-teth SAM2 

Torsional [66] 3-11 MHz ~ -500 / 200 h Un-encapsulated with 
hydrogen terminated surface 

Quartz-crystal (TCO-9141) 13-26 MHz < ± 1 / year Commercial reference 
oscillator. 

1 Clamped-free or singly clamped resonator 
2 Self-Assembled-Monolayer utilized to prevent water adsorption 
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Fig. 13 Results from the long-term stability measurements from Table IV typically show the difference between 
the encapsulated and un-encapsulated samples. It should be noted, that the measurement times are not equal, 
however, it is evident that only the samples using bulk-acoustic volume modes show the long-term stability of 
∆f/f ≤ 1 ppm (dashed line). On the other hand, even the bulk acoustic mode resonators have to be encapsulated to 
obtain this level of stability. 

 
Measurements of the torsional samples reveal that proper surface treatment improves the stability 
but is not alone enough to stabilise the resonance frequency to meet the specifications for any 
practical frequency reference. On the other hand, as intrinsic silicon is very stable material, the 
hydrophobic coating can actually degrade the stability due to evaporation. In order to reach proper 
long-term stability a hermetic packaging is needed. It should also be noted that the resonator 
geometry and the mode of vibration play an important role when aiming at the maximised stability. 
As conclusion from Table IV and Fig. 13 it can be seen that it is possible to use capacitively 
coupled micromechanical resonators to realise a reference oscillator that fulfils the GSM 
specification in terms of long-term stability requirements of a reference oscillator. 
 

2.3 Method to analyse built-in potential in MEMS devices 
 
Another physical factor playing a role in the stability of various MEMS-devices is the built-in 
potential Vbi. Even though its origin is rather well known, the effect on the stability has been less 
studied. The built-in potential appears as an extra DC-voltage in capacitively coupled devices. A 
good example of the built-in potential in the case of capacitive accelerometer is shown in Fig. 14 
[P5] where the built-in potential causes the displacement of the proof-mass even in the case of zero 
acceleration of the device. The built-in potential has also been seen to be a stability degrading 
phenomenon in the MEMS-based voltage-references [67,68] where some solutions have been found 
to minimise its effect [69]. For RF-MEMS switches the effect of built-in potential could become an 
issue in terms of change in the pull-in voltage, but can also lead to device stiction due to the 
charging of the dielectrics [70,81]. Similar effect takes place in MEMS-resonators where this 
voltage modifies the electric spring constant and thus changes the resonance frequency of the device 
as was shown in Chapter 2.2.3. The effect could be further increased if the coupling of the MEMS-
devices is improved by introducing the dielectric layers in the coupling gap [71].The spontaneous 
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built-in voltage can also be useful, one such example is the vibrating power harvester system with 
built-in voltage [72]. 
 
Built-in voltages are generated when two dissimilar materials are brought into contact –it is in 
principle a direct measure of the difference in the work functions [73]. In practice, however, the 
observed work functions are modified due to the dielectrics present on the surfaces [74,75] and vary 
as a function of the temperature and due to the adsorbents on the surfaces [76,77]. Extensive studies 
on the built-in potential and its temperature dependence in capacitive accelerometers have shown 
that the measured values agree only partially with the theory [78,79] and that the variations can be 
significant even for identical samples fabricated on the same wafer. The latter observation is also 
visible from Fig. 16 b). Therefore for many practical cases experimental methods are needed to 
unambiguously determine the built-in potentials of the interfaces. 
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Fig. 14 a) In capacitive sensors the built-in potential manifests itself as a zero-point offset that can be observed by 
measuring the capacitance of the sensor as a function of applied bias-voltage UDC. b) The capacitance is at 
minimum when UDC = -Vbi. c) When UDC ≠ -Vbi the capacitance increases due to the electrostatic force. d) When 
the voltage between the electrodes (U = UDC + Vbi) exceeds the pull-in voltage, the electrostatic force draws the 
electrodes into contact [P5]. 

 
Publication [P5] presents a method to measure the built-in voltage inside closed cavity MEMS-
devices. A capacitive device can be represented by a system of two electrodes, one movable and a 



 27 

static one (Fig. 15). To make the situation more generic we can assume that there is a layer of 
dielectric on the static electrode and that the electrodes are fabricated from different materials with 
work functions φ1 and φ2 for static and movable electrodes, respectively. This kind of scheme 
applies well to any capacitive MEMS-sensor or for example electrostatically actuated resonator. 
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Fig. 15 a) Measurement scheme of the built-in voltages. b) Simplified electrical equivalent for the system. The 
symbols φ1 and φ2 refer to the work functions of the electrode materials. 

 
When the movable electrode vibrates at frequency ω, the charges Q1 and Q2 are reallocated and the 
current generated was shown to be [P5] 
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where α is defined as the ratio of the capacitances α = C1/C2. Where C1 is the initial capacitance 
over the air gap (C1 = ε0×A/d) and C2 the capacitance over the dielectric (C2 = ε×A/tox). β is the 
relative vibration amplitude, β = x/d. The magnitude of the current at frequency ω in Eq. (2.4) is a 
linear function of the applied bias-voltage UDC which becomes evident by writing an approximation 
of Eq. (2.4) 
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and by collecting the terms sharing the ω dependence. This is also depicted in Fig. 16 a). 
 
The current in Eq. (2.4) becomes zero when the applied bias-voltage 
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where Vbi is the built-in voltage of the system that acts as an additional bias-voltage. By using lock-
in amplifier for generating the excitation signal and measuring the output with the aid of an 
operational amplifier, the built-in potential Vbi can easily be deduced from the zero crossing of the 
current - bias-voltage curve (Fig. 16 a). 
 
The system was successfully tested for capacitive accelerometers with good accuracy as compared 
to slower capacitance-voltage (C-V) measurements (Fig. 16 b). The displacement was induced by a 
mechanical shaker. Especially for low-mass, stiff MEMS-resonators the mechanical shaker may not 
be able to generate the necessary movement. In this case the vibration may be generated through 
electrostatic force, but the voltage can lead to trapping of charges and change the actual built-in 
voltage [80,81]. 
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Fig. 16 a) Measurement result of an accelerometer shows the linear dependence of the output as a function of the 
applied bias-voltage and the built-in potential was deduced from the zero-crossing point of the output. b) 
Comparison of measured built-in potentials. The boxes indicate various groups of similar accelerometers. This 
illustrates some unpredictability in the built-in voltages. However, the results obtained with the C-V 
measurements (○ and □) and the results obtained with the method proposed in [P5] (× and +) agree well [P5]. 
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3 Frequency conversion with MEMS-devices 
 
Usually those silicon-based resonators that contain smallest features in the micrometer range 
possess mechanical resonances ranging from a few to few tens of MHz. This is appropriate for 
example in VCO (Voltage controlled oscillator) -applications, but for communication use the carrier 
signals used lie usually within the GHz-range. One way to facilitate the use of GHz-range signals is 
to use resonators that operate in the GHz-frequencies [82-84], but as the mechanical impedance of 
the resonators usually increases with decreasing size, the increase in frequency leads to a higher 
impedance level that is difficult to match for coupling. For this reason the first logical task in a 
MEMS-based transceiver is to convert the signal from high communication frequency to the 
resonance frequency of the MEMS-devices. 
 
As the down-conversion is usually done with a mixer that performs a multiplication of the input 
signals it requires a nonlinear circuit. Conventional frequency mixers perform the mixing with the 
aid of diodes, transistors and transformers through the non-linearity in the voltage-current 
behaviour. The non-linearities (Chapter 1.1.2) of capacitive MEMS-resonators can also be used to 
perform the operation. As an added benefit, MEMS resonators offer a possibility for simultaneous 
filtering of the mixed signal due to the high mechanical quality factor and therefore a narrow 
passband of the resonators. This way a totally new component, mixer-filter or “mixler” [20] can be 
introduced. In addition to the new components enabled by the MEMS-technology even completely 
new radio-architectural approaches have been enabled. For example Otis et al. [32] present a RF-
front end where the channel selection is performed with MEMS-resonators and A. T. Alastalo [25] 
suggests the use of micromechanical delay-lines in carrier regeneration. Another prominent 
architectural approach is presented in Chapter 3.4. 
 

3.1 Background 
 
We assume that a MEMS-resonator is excited with a signal at the frequency fRF = fc+fr, where fc is a 
carrier signal and fr is the resonance frequency of a MEMS-resonator. The carrier frequency could 
typically be in the GHz-range and the mechanical resonance a few tens of MHz. In addition we 
assume that a local oscillator (LO) signal at the angular frequency fLO = fc is present and that both 
the excitation and signal pick-up gap are DC-biased with the voltage UDC (Fig. 17).  
 

uRF

uLO

uDC

 
Fig. 17 Basic scheme of frequency mixing using micromechanical resonator. 
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The applied voltages can be written as: 
Input (RF) signal:  ( )tuu RFRFRF ωsinˆ=  
Local oscillator (LO) signal:  ( )tuu LOLOLO ωsinˆ=  
Bias-voltage:  UDC 
 
The total voltage at the transducer gap is U = UDC + uRF + uLO. Due to the capacitive transduction 
Eq. (1.6), the force at the transducer becomes  
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It is evident, that the oscillation frequency of the last term of Eq. (3.2) is fr. It is also clear that all 
the other frequency components are far away from the resonator passband and also filtered away as 
a consequence of the high quality factor of the MEMS-resonator. An important result is that the 
force is directly proportional to both input amplitudes ûRF and ûLO. This conversion using LO-signal 
is depicted in frequency space in Fig. 18 a). 
 
Eq. (3.2) is valid for capacitive devices. There are also other ways to realise frequency mixing. For 
example, devices exploiting thermal actuation have been presented in this context [85]. Effectively 
the thermal actuation also performs the quadratic mixing like the capacitive transduction but with a 
benefit of reportedly easier matching to the output of antenna or possible front-end electronics. 
Again this type of component is enabled by the MEMS-technology, since it is necessary to have 
micro sized or smaller devices to reduce the temperature response time to a feasible level (τ < 1 µs). 
So far only interferometric measurements on such devices have been performed and therefore their 
true electrical operation has not been characterised fully. Also for the final realisation, the readout 
electronics will be capacitively coupled to the resonator and therefore the device will feature at least 
some of the drawbacks of the capacitive device. 
 
Besides quadratic mixing of the signals due to the voltage-force nonlinearity also higher order 
mixing products can arise in capacitively coupled systems. The capacitive nonlinearity causes the 
cubic mixing of the input signals which generates the third order intermodulation (IM3) [86] that is 
responsible for converting out-of-band signals into in-band signals (Fig. 18 c and d). It has been 
shown [87,88] that the third order intermodulation distortion is mainly generated due to the 
capacitive non-linearity associated with the capacitive transduction and that there is a clear trade-off 
between the linearity and the motional resistance of a device. Despite this shortcoming, most of the 
reported micromechanical mixers have utilised the capacitive transduction both in frequency 
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conversion and down-converted signal pickup from the resonator due to the ease of realising the 
capacitive transduction. 
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Fig. 18 Different conversion results from the non-linearities of MEMS. a) High-frequency signal converted with 
the aid of LO-signal b) AM-modulated high frequency signal converted intrinsically without LO-signal c) Third-
order intermodulation (because of capacitive non-linearity) converts interfering signals outside the pass-band of 
a filter into the pass-band d) Similar to c), but with a high-frequency interferers converted with the aid of LO-
signal and third-order capacitive non-linearity. 

 

3.2 Micromechanical mixer-filter 
 
Fig. 19 from [P3] shows a micromechanical resonator consisting of two mechanically coupled 
DETF-structures that is used as a mixer-filter. The device features a sub-µm coupling gap 
(d ≈ 170 nm) which is used for highly efficient capacitive transduction in performing the frequency 
mixing. The mechanical coupling between the input and output is used to improve the isolation of 
the mixer due to the limited electrical conductivity of the coupling beam. At least two approaches 
can be taken when the device is used to convert a signal from high communication frequency down-
to the resonance frequency of a MEMS-device: i) a local-oscillator (LO) signal is applied to the LO 
electrode to perform the conversion (Fig. 17 a) or ii) the input signal is selected so that the 
conversion takes place intrinsically without any LO-signal being applied (Fig. 17Fig. 18 b). 
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Fig. 19 a) Two mechanically coupled DETF-resonators used as a frequency mixer. b) Simulated and measured 
S21 responses of the system showing the first two resonances of the resonator. The effect of improved bias-voltage 
UDC is illustrated clearly through improved coupling and increased capacitive-non linearity. Labels RF, IF and 
LO/2ω mark the corresponding electrodes used throughout the text. 

 

3.2.1 Conversion with a local-oscillator 
 
In [P7] the conversion performance of the presented device is characterised at three different LO-
signal frequencies, fLO = [10, 100, 390] MHz with RF-signal at fRF = fLO + fres or 
fRF = [11.338, 101.338, 391.338] MHz, where fres is the frequency of the first mechanical resonance 
of the device. The measured and simulated results with a LO-signal power PLO = 0 dBm, RF-signal 
power PRF = -60 dBm and bias voltage UDC = 7 V are shown in Fig. 20. 
 
The resonator was modelled as an electrical equivalent of the spring-mass system and for capacitive 
coupling an equivalent model taking into account the usual second order force-voltage Eq. (1.6) and 
also the third order capacitive non-linearity [89] was used. The model was generated with the 
transient simulations by modelling accurately the S21- and phase-responses of the resonator with 
varying bias-voltages UDC. The model was further refined by using a large-signal harmonic balance 
(HB) method utilising multiple independent input and output tones (excitation frequencies) and 
their harmonics to fit the model to the conversion measurements performed at carrier frequencies 
fc » fres. As the HB analysis is performed in frequency space it is a very efficient method when 
compared with the transient analysis in the case of devices with high quality factors and therefore 
long settling times [90]. 
 
It is evident From Fig. 20 that the device can be used to obtain nearly constant mixing performance 
up to fc = 400 MHz which is mainly limited by the measurement instruments, not by the actual 
device. The high conversion loss includes the insertion loss and can be explained by the weak 
coupling of input-signals as the impedance of the resonator is much higher than 50 Ω. With proper 
impedance matching, which will become feasible when the coupling gap is fabricated so that 
d < 100 nm, the performance of the mixer will be improved. This is addressed in chapter 3.4. 
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Fig. 20 Measured and simulated conversion loss (rectangles), LO-IF –isolation (circles) and LO-RF –isolation 
(triangles). The model gives excellent qualitative match even up to 400 MHz, except for the LO-IF –isolation 
where the model and the measurements agree quantitatively. The isolations were measured with a 50 Ω 
termination at the input and output of the device. 

 

3.2.2 Conversion without local-oscillator 
 
A new approach concerning the electrical excitation signal is needed if one wants to convert the 
excitation voltage down to a force at the resonance frequency of the device without any local 
oscillator. Instead of applying a signal with a single frequency component, a signal with multiple 
frequency components with a frequency separation equal to the resonance frequency of the 
resonator is used [P3,P7]. A good candidate for this approach is a high-frequency carrier signal that 
is amplitude-modulated (AM) at the resonance frequency of the device. 
 
The input signal can be written as 
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where A0 and B0 are the amplitudes of the carrier and the modulation signal, respectively. The 
symbol fc is the carrier frequency and fm the modulation frequency, which in this case is also equal 
to the resonance frequency fres of the resonator. The modulation index h is defined by h = B0/A0. 
The spectrum of the input signal can be seen from Fig. 18 b. 
 
The down-conversion of the signal is done with the help of the non-linearity of the capacitive 
transduction Eq. (1.6). This non-linearity ensures that the arising force F has a component also at 
the resonance frequency fres = fm: (Derived in Appendix I) 
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where ∂C/∂x is the electro-mechanical coupling factor. From Eq. (3.4) it is clear that is it convenient 
to have A0 = B0 or h = 1 as these factors play an equal role in contributing to the force. 
 
In [P3] the idea of exciting the resonator using a GHz-range signal is studied. An AM-modulated 
GHz-range carrier signal is coupled to the resonator via the RF-electrode and the signal at 
frequency fm is recorded from the IF-electrode with the aid of a DC-bias voltage UDC = 7 V. The 
resonator is grounded via the LO-electrode. 
 
Fig. 21 shows the measured and simulated output signal (Vout) of the resonator actuated with a 
modulated GHz-range signal (Vin, fc = [0.5, 1.5] GHz). It indicates a successful excitation of a MHz-
range resonator (fres = fm = 1.338 MHz) with a GHz-range signal without any LO-signal present at 
the resonator. 
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Fig. 21 Output signal voltage Vout as a function of input signal voltage Vin. The figure indicates a successful 
excitation of a MHz-range resonator with GHz-range signal as the carrier frequency of the excitation signal is 
fin = [0.5, 1.5] GHz and the recorded output signal frequency is fout = fm = 1.335 MHz. 

 
As Fig. 21 demonstrates the conversion loss increases if the carrier frequency is even further 
increased. Based on simulations, the rate of the decrease is found to be approximately 8 dB per GHz 
[P3]. The decrease in the performance can mainly be attributed to the parasitic capacitances of the 
system. 
 
The weakness of the output signal can again be partially explained by very weak coupling of the 
input signal as was also the case in Chapter 3.2.1. An additional explanation comes from Eq. (3.4) 
as the force at the resonance frequency is the product of two fairly small ac-signals, the strong LO-
signal being absent. Again, by reducing the coupling gap d and with impedance matching the 
performance can be increased. 
 
Table V lists some results of performance of micromechanical mixers. Note that both the 
conversion loss and isolations are given at the maximum fRF (and therefore maximum fLO) 
frequency.  
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Table V – Conversion, isolation and frequency properties of various published micromechanical mixers. 

Device CL 
[dB] 

PLO 
[dBm]

fIF 
[MHz] 

ILO-IF / 
ILO-RF  
[dB] 

fRF 
converted 

[MHz] 

Comment 

DETF [22] 48 0 0.743 36 / 48 10  
Coupled DETF [22] 54 0 0.660 56 / 68 10  
Cantilever [21] 39 13 0.435 Not 

reported 
400 Upto 3.2 GHz 

converted, but 
not reported 

C-c1 beam [23] 75 5 22.5 58 / 82 1000  
C-c1 beam [91] 125 10 220 97 / 89 232  
Coupled c-c1 beams 
[20] 

13 15 37 39 / 29 242  

Coupled ring-
resonators [92] 

83.5 27 423 Not 
reported 

438 2-mode mixer 
used to achieve 
0.05% ripple 

Coupled DETF [P7] 44 
45 

0 1.3 26 / 18 100 
400 

Sub-µm coupling 
gap 

Coupled DETF – 
AM [P3] 

624 
704 

N/A2 1.3 N/A2 500 
1500 

Sub-µm coupling 
gap 

Coupled DETF3 
[P7] 

8 0 1.3 29 / 35 100 Simulated 
improvements 

Coupled DETF3 – 
AM [P3] 

154 N/A2 1.3 N/A2 500 Simulated 
improvements 

ADEX-10L 8 4 800 21 / 48 1500 Surface 
mountable diode-
ring mixer 

1 Clamped-clamped beam. 
2 Input signal is AM-modulated, no local oscillator is used. 
3 Coupling and efficiency improved in circuit simulator 
4 For an AM-modulated signal downconversion, the conversion loss is proportional to the input 
signal power (3.4) due to the multiplication of the spectral components. Value presented here is 
then the power of all the spectral components is Pin = -30 dBm. 
 
The conversion losses reported in Table V are plotted on Fig. 22. For justified comparison the 
conversion losses are normalised to a local oscillator power PLO = 0 dBm by Eq. (3.2). 
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Fig. 22 Conversion losses of some published micromechanical mixer-filters as a function of a) IF- and b) RF-
frequency. The dashed line is a linear fit to the data (conversion with LO) to emphasise the degradation of the 
performance with increased frequency. Dotted line represents a conversion performance of a commercial surface 
mountable mixer (ADEX-10L) given as a reference. The arrows indicate the possible improvements that have 
been simulated in Chapters 3.3 and 3.4. 

 
From Table V and Fig. 22 it can be seen that the conversion losses for MEMS-based mixers are 
large when compared with for example a diode-ring mixer. Due to that the rest of the Chapter is 
dedicated to improving the conversion performance and to bringing the conversion loss to a usable 
level. This would allow taking the advantage of the added benefit of combined filtering with mixing 
fully and it is shown through the simulated results in [P3] and [P7] that MEMS mixlers can offer 
comparable or even better conversion performance as macroscopic diode-ring mixers. 
 

3.3 Parametric amplification of mixer-filter 
 
Besides increasing the LO-power or the coupling of the input signals, another approach to improve 
the downconversion of the signals is the use of mechanical parametric amplification. Previously for 
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micromechanical systems, parametric amplification has been utilized to tune the performance of 
mechanical resonators and oscillators [22,93-96], various sensors [97-99] and even filters [100]. In 
parametric amplification, one well defined physical quantity that is essentially affecting the 
resonance is modulated at a frequency 2ω0/n, where n is an integer. Usually for micromechanical 
devices this physical property that is modulated is the mechanical spring constant. Normally this is 
done by changing the electrical spring constant, ke, Eq. (1.12) through the gradient of the electric 
field, but also other schemes like spring constant modulation through the change of mechanical 
stress due to optical heating with laser [95] have been proposed. 
 
The equation of motion in case of parametric amplification by the modulation of the spring constant 
is 
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where ∆k is the modulation amplitude of the spring constant and φ is the phase difference between 
the exciting and the pumping signals. 
 
The solution for Eq. (3.5) is [93] 
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from which the parametric gain can be calculated to be 
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From Eq. (3.7) one can deduce that the amplification is phase-sensitive and reaches its maximum 
when the phase-difference is φ = π/2 between the exciting and pumping signals. Another point 
worth noting from Eq. (3.7) is that the modulation of the spring constant results in a spontaneous 
oscillation of the system when Q×∆k/k0 = 2 despite the input signal being absent. Therefore for the 
actual realization, both the amplitude and the phase of the pumping signal must be accurately 
controlled. 
 
The particular mixer-filter shown in Fig. 19 (page 32)device is ideal for parametric amplification as 
the narrow coupling gap combined with rather low k0 allows a large modulation of the spring 
constant with a moderate pumping voltage Eq. (1.12). In [P6] the parametrically amplified 
downconversion of an AM-modulated RF-signal is performed with a setup that is identical to that 
presented in Chapter 3.2.2 with an additional pump signal at the 2ω-electrode. The results for the 
amplification for various pump-powers can be seen in Fig. 23 [P6]. An improvement in the excess 
of G = 30 dB can be reached, but the system is very close to spontaneous oscillations as 
Q×∆k/k0 ≈ 2 at these gain levels (Fig. 23 a). 
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An interesting novel observation is related to the required pump powers. As Fig. 23 demonstrates, 
an appropriate pump power depends on the particular resonance mode in question. The explanation 
can be found from Fig. 19 as the excitation and read-out electrodes lie on the opposite sides of the 
resonator but the pump signal is coupled to the resonator itself. Therefore the pump-signal leads to 
the modulation of the spring constant of the outermost beams only, but due to the fact that there are 
no electrodes next to the interior beams, the gradient of the electric field is very low leading to 
almost negligible modulation of the spring constant. 
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Fig. 23 a) Modulation of the spring constant ∆k/k0 when the pump signal is applied to the 2ω electrode. Dotted 
line marks the limit of spontaneous oscillation. b) Gain as a function of pump (2ω) power for the first three 
eigenmodes (shown as insets) shows the power needed for amplification in each case. The measured limits for 
spontaneous oscillation are -25.6 dBm and -9.3 dBm for first and second mode, respectively. Solid and dashed 
lines represent the gains calculated (Eq. (3.7)) from the measured values of modulating the spring constant 
shown in a). 

 
From Eq. (3.2) we see that increasing the LO- or input RF-power increases directly the conversion 
efficiency of a mixler. Also from Eq. (3.4) is can be seen, that when using an AM-modulated signal, 
the conversion efficiency is increased to the second power of the input RF-power if the spectral 
components of the input signal are similar. However, from Fig. 23 b) it is evident, that when using 
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the parametric amplification, the increase can be an exponential function of the pump power. 
Therefore for low-power applications, the mechanical frequency mixing that is further improved by 
parametric amplification enabled by MEMS seems to be a tempting approach. 
 

3.4 Radio-architectural concepts 
 
New radio-architectures can be enabled by the MEMS-technology presented in this thesis. A 
MEMS-mixler can be used as a part of a receiver. For this, a protocol where the information is 
modulated in relative amplitudes or phase differences of two or more carriers can be used. The 
information is then “revealed” using the capacitive transduction and the resonances of MEMS-
resonators. In even simpler approach, if only one eigenfrequency of the MEMS-device is used, this 
can be used to establish an on-off –keying (OOK) modulation where the status of a bit is defined by 
a carrier frequency being present or absent. By parallelising these kinds of resonators or choosing a 
multi-resonant (like DEFT or 2D BAW) device a slightly more efficient frequency-shift- keying 
(FSK) modulation can be performed. 
 
A multi-resonant resonator can be utilized as a receiver in a system, where the data is modulated 
using for example relative amplitudes of multiple carrier frequencies like in OFDM system 
(Orthogonal Frequency Division Multiplexing). As an example of such a system [P3] demonstrates 
an FSK-reception where the information is coded into the two eigenfrequencies of mechanically 
coupled DETF-structures. One example to test such an approach is shown in Fig. 24. The input 
signal is selected so that the sidebands closer to the carrier are separated from the fc = 1.5 GHz 
carrier by fr1 = 1.308 MHz and the sidebands that are even further away in frequency by 
fr2 = 1.335 MHz. The separations coincide with the first and the second eigenfrequency of the 
resonator, respectively. In this measurement the amplitudes of the sideband components differ by 
8.5 dB. Fig. 24 c) shows the output signal picked from the DC-biased IF-electrode. It clearly shows 
that the same relative amplitude difference of the input signal is maintained through the 
downconversion of the signal. This indicates that the principal idea of utilising multiresonant 
micromechanical resonator as an FSK-receiver is valid. 
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Fig. 24 The spectrum of the input signal in the FSK reception measurement. a) The carrier frequency is 
fc = 1.5 GHz of which the sidebands are separated by fr1 = ±1.308 MHz and fr2 = ±1.335 MHz. b) Detailed view of 
the two lower sidebands. The dashed line represents the transfer function of the resonator used as a mixler. c) 
The measured signal from the IF-electrode of the resonator indicates that the relative amplitude difference of the 
input signal at GHz is maintained through the downconversion of the signal. All the cases represent a situation 
when bit 0 is transmitted. Note the change of the order of magnitude in the x-axis in c). 

 
From Fig. 24 one can observe that for practical application the proposed method exhibits quite a 
large conversion loss. One way to improve the conversion performance would be to utilize the 
parametric amplification as presented in Chapter 3.3. Another way would be to improve the 
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coupling and by that enable the better matching between the MEMS and the input-system. In 
addition, the high-frequency performance of the system will be improved by reducing the parasitic 
capacitances that are caused by the bonding pads. These pads are needed for the characterisation of 
the device, but for actual integrated device they could be fabricated significantly smaller. 
 
The previously mentioned improvements in the conversion performance of a mixler were studied in 
[P7]. This was done with the help of a circuit simulator [101] that is capable of simulating MEMS-
devices through their electrical equivalents. Before studying the improvements an accurate model of 
the mechanical resonator and the measurement circuit was generated. The model was based both on 
low and high frequency measurements taking into account both linear and higher order effects up to 
the third order. After that the model was modified by first reducing the coupling gaps to d = 100 nm 
while maintaining the bias-voltage at UDC = 7 V, which is very close to the pull-in voltage of the 
device Upi = 7.5 V. Keeping the other parameters intact, this reduces the mechanical impedance of 
the system from Rm = 15 kΩ to Rm = 1.7 kΩ. Then an impedance matching circuit was used to 
match the input for the MEMS and the bonding pad capacitances were lowered from Cpad = 4.9 pF 
to Cpad = 49 fF. The results compared with Fig. 20 can be seen from Table VI. 
 

Table VI - Improvements gained with the impedance matching and parasitic capacitance reduction. 

 Measured 
device 

Improved 
device 

d [nm] 170 100 
UDC  [V] 7 7 
Impedance match No Yes 
Cpad  [pF] 4.9 0.049 
fIF  [MHz] 100 100 
CL [dB] 44 8 
LO-IF isol.  [dB] 30 29 
LO-RF isol.  [dB] 38 35 

 
Similar improvements have also been reported for AM-modulated signal downconversion [P3]. 
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4 Fabrication process for fast prototyping of MEMS-devices 
for research purposes 

 
Up to a certain point, simulations and mathematical models can be used to predict the performance 
of MEMS-devices. However, to really study the applicability of MEMS-devices for various 
applications a process to fabricate actual devices is needed. MEMS fabrication processes are usually 
based on the knowledge gained in the integrated circuit (IC) fabrication. Therefore a typical MEMS 
fabrication process consists of subsequent steps of lithography, deposition and etching. In addition 
to these, the first step in manufacturing is usually the design and fabrication of the photomasks that 
are needed during the different process steps. 
 
Usually the (photo) mask fabrication takes time. This is especially true in the research laboratories 
as the mask fabrication is usually done as an external service. Of course once the mask is fabricated 
it can be used to produce identical devices over and over again, but for research purposes this gives 
no flexibility as each time a new concept is generated a new mask has to be fabricated. 
 
Instead of using a physical hard mask and conventional optical lithography, direct writing of the 
mask using electron beam (E-beam) lithography is a viable option. In this approach the desired 
features are directly patterned on the substrate by exposing an electron sensitive photoresist (e.g. 
PMMA) with an electron beam. The beam is generated by a scanning electron microscope (SEM) 
with special software. As a drawback the exposure area is usually limited (for example to 1×1 mm2) 
when compared with a full wafer that can be exposed by optical lithography. Also the exposure 
speed is low (for example t = 3 h to expose 1×1 mm2). Due to these limitations E-beam exposure is 
a valid approach when fabricating a small number of devices, for example in prototyping. The main 
benefit comes from the fact that once the desired features are designed on a computer, they can be 
immediately patterned on a substrate and devices can be fabricated without the need of a separate 
time consuming mask fabrication step. Also the resolution of the E-beam lithography is superior to 
conventional optical lithography by mask aligners.  
 
[P4] presents a fabrication process that takes advantage of E-beam lithography in the fabrication of 
MEMS-devices. The process was developed with two goals in mind: i) Short time from mask 
design to finalised device and ii) Good electromechanical coupling, that is ensured by small enough 
features. 
 
The first goal was addressed with the use of E-beam lithography as suggested previously. In 
addition, the release etching was performed with Cryogenic Inductively Coupled Plasma Deep 
Reactive Ion Etching (Cryo-ICP DRIE) instead of typically used HF(-acid) followed with 
supercritical CO2 drying. In the presented approach the problem of device stiction due to the 
capillary forces is overcome without separate drying of the etchant. Usually DRIE is used for 
anisotropic etching to define the vertical trenches. However, when the anisotropic etching reaches 
the buried oxide (BOX) of a Silicon on Insulator (SOI) -wafer, the etching commences isotropically 
at the silicon – BOX interface [102]. Fig. 25 a) shows an example of this notching phenomenon. 
Similar “dry-processes” have been used in the fabrication of accelerometers [103], switching 
devices [104] and resonators with eigenfrequencies in the kHz range [105,106]. All of these have 
used the Bosch process DRIE [107], however. 
 
The use of dry-etching also for the release increases the total dry-etching etch time. This in turn 
requires increased endurance of the etching mask which is usually solved by increasing the mask 
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thickness. This in turn degrades the resolution of the process. In [P4] Atomic Layer Deposited 
(ALD) Al2O3 (alumina) is used as an etching mask material to overcome the need for thick mask as 
it has been shown to feature extremely high selectivity to silicon in cryogenic etching (even 
1:70 000) [108]. Due to this only a few nm thick layers of Al2O3 were used in the fabrication (Fig. 
25 b). This makes the step of etching the openings to the alumina non-critical. In addition to the use 
of alumina as etching mask material, the improved resolution of the E-beam lithography serves the 
goal of improving the electromechanical coupling. The process combining the aforementioned 
features is depicted in Fig. 26. 
 

a) b)a) b)

 
 
Fig. 25 a) A micromechanical beam resonator before release with the help pf the notching effect. The vertical 
trenches have been etched with anisotropic cryogenic DRIE to define the capacitive coupling gaps. Once the 
anisotropic etching reaches the buried oxide, the etching commences isotropically at the interface eventually 
performing the release of the device. b) A few nm thick Al2O3 film that is used as an etching mask is revealed 
after etching away a large area of silicon underneath the film. The films are curled, but otherwise they look 
intact. 
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Fig. 26 Fabrication process (not to scale): a) SOI-wafer b) Al2O3 film is deposited using atomic layer deposition 
(ALD) c) PMMA is spun on alumina and exposed by e-beam d) PMMA is developed and alumina is etched by 
reactive ion etching (RIE) to form a hard-mask for silicon etching. Afterwards PMMA is removed in oxygen 
plasma. e) Silicon is etched in cryo DRIE with alumina as hard mask to define the structures g) When the 
etching reaches the buried oxide is continued after reaching the buried oxide, notching releases the device. It is 
evident from the figure that widths of the openings in the alumina in step d) are very tolerant to over-etching. 

2 µm 
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The process parameters are characterised with test structures that are used to determine the amount 
of underetch (notching) and the final width of the coupling gap to see the limiting factors in the 
process and possible optimisation paths. As a test ten trenches with variable widths were etched 
with the process and the cleaved cross-section was carefully analysed with SEM – this was done for 
a number of different etching times and temperatures. As the cryo-ICP process gives a possibility of 
cooling the samples during etching, different etching-cooling cycles were also tested. The results of 
one such a test in Fig. 27 shows that features with width up to w = 5 µm can be realised while still 
maintaining the coupling gap below d < 1.5 µm. Also the limiting factors for the release can be 
seen. For wide gaps, the notching effect weakens and vanishes when h/d ≈ 1. [P4] shows that in this 
parameter region the notching cannot be increased by increasing the etching time. However, for 
higher h/d ratios (i.e. for lower d), the limiting factor is the RIE-lag which causes the features with 
higher h/d ratio to etch slower [109]. Therefore for the features with higher h/d ratio in the left side 
of the figure the notching can be improved with increased etching time. 
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Fig. 27 The horizontal-axis shows the designed gap width on the mask. Circles (o) and dotted line indicate the 
actual fabricated coupling gap. The width of the released area is shown in triangles (∆) with solid lines as 
exponential fits to the measured data. The release width for narrow gaps (d < 1 µm, i.e. high h/d ratio) can be 
increased by increasing the etching time as the limiting factor is the RIE-lag. The thickness of the device layer is 
h = 4 µm. From this figure straightforward design rules can be extracted. 

 
In addition to test structures several resonators have been fabricated with the process. Fig. 28 a) and 
b) show a fabricated DETF-resonator and a S21 response of the device, respectively. Fig. 28 b) 
reveals that the quality factor of the resonator (Q ≈ 8 000) is comparable with the devices fabricated 
with conventional SOI-microfabrication methods [22,110]. 
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Fig. 28 An optical image of a fabricated tuning fork resonator. The letters L and w denote the length and the 
width of the resonating beams, respectively. Le is the length of the electrode. Measured and simulated S21 
responses of a fabricated resonator r reveal that the resonator is released and working. The two vibrational 
modes of the resonator indicate modes where the beams move either in-phase or in anti-phase. 
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5 Summary 
 
This Thesis presents the studies on the microelectromechanical devices for RF-applications done by 
the author during the period 2002 – 2007. The focus of the work has been in the frequency 
reference and frequency conversion applications and the aim has been to study the relevant 
parameters concerning the stability and performance of microelectomechanical resonators in the 
aforementioned applications. In addition to own work the work of the groups working in the field 
has been reviewed. 
 
The Thesis shows that using micromechanical resonators as a replacement for macroscopic quartz-
crystal it seems possible to realise a high precision frequency reference. Relevant parameters 
concerning short- and long-term stability were reviewed and it was shown that an oscillator with a 
phase-noise Lf = -138 dBc/Hz at ∆f = 1 kHz offset from the fc = 13 MHz carrier and with a noise-
floor of L = -150 dBc/Hz can be realised. It was also shown that to reach a long-term stability 
required by any practical frequency reference application the resonator must be protected from the 
ambient atmosphere. However, it was shown that the protected bulk acoustic mode resonators show 
a frequency stability better than df/f < ±1 ppm during the measurement time of t = 1000 h and based 
on the linear extrapolation of the measured data the resonators show a frequency drift that suggests 
a capability to keep the centre frequency requirement of even a GSM reference oscillator for a 
period exceeding one year. 
 
Currently micromechanical silicon resonators are being applied in oscillators applicable for clock 
generation for various consumer and industrial markets. The results presented in the Thesis show 
that silicon micromechanical resonators offer a competitive alternative for quartz crystals also in the 
realisation of high precision frequency references. However, the studies on the stability were 
performed by removing the effect of the temperature by mathematical means and therefore the issue 
of practical temperature compensation of the output frequency remains to be answered. An accurate 
method to measure the temperature of the silicon resonator has been demonstrated and also 
compensation schemes based on the accurate measurement of the temperature have been suggested. 
 
The drift rate of the micromechanical resonators was based on the linear extrapolation of the 
measurement data and as the extrapolation to longer times should always be taken with care, it is 
important to verify the drift in a longer period. 
 
As a related stability issue, a method to measure the built-in potential of capacitive 
micromechanical devices was presented. The built-in potential has been seen to be a factor 
contributing to the stability degradation in MEMS voltage-references and various micromechanical 
capacitive sensors. The demonstrated method is based on the vibrating capacitor (Kelvin probe) 
principle and it was demonstrated by measuring the built-in potential of capacitive accelerometers 
with a good accuracy when compared with existing capacitance-voltage measurement. 
 
As another application area the potential of frequency conversion using micromechanical resonators 
as mixers was addressed. The performance of the devices to convert gigahertz-range 
communication frequency down to the eigenfrequencies of the resonators (megahertz-range) was 
studied by using the voltage-force non-linearity of the micromechanical coupling gap as the non-
linearity that is used to perform the multiplication of the input signals. Among all the non-linearities 
present in micromechanical resonator, the one selected is common to all devices exhibiting 
capacitive transduction and is usually the strongest one. In the Thesis the conversion was performed 
successfully using various high frequency carriers up to fc = 1.5 GHz, which was limited by the 
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measurement setup. In addition to traditional conversion with a local oscillator signal a method for 
intrinsic conversion using AM-modulated signal was demonstrated. In the second approach the 
amplitude of the input signal is modulated at the resonance frequency of the mixing resonator and 
the capacitive transduction ensures the force at the frequency of modulation that is also the 
resonance frequency of the mixer. However it was noted that for both conversion methods, the 
performance of the mixler was rather poor exhibiting the conversion loss in the range of 
CL ≈ 50 dB. The poor conversion performance was noted to be a problem with all published 
micromechanical mixers and it was credited to the high mechanical impedance and large bonding 
pad capacitances of the mixer. An accurate model of the micromechanical mixer was generated 
based on the various low- and high frequency measurements and it was shown that performance 
improvements in the order of almost 50 dB are achievable by improving the impedance match 
between the mixer and input electronics after lowering the mechanical impedance of the resonator 
and reducing the bonding pad capacitances.  
 
Parametric amplification was suggested as an active method to improve the conversion performance 
and demonstrated it was demonstrated to bring a performance improvement of over 30 dB. As an 
example of new approach in new architectural approaches, a method for coding the information bits 
and demodulating the information with multiresonant micromechanical resonator in a MEMS radio 
receiver was demonstrated. 
 
Finally a process for fast prototype fabrication of micromechanical devices was presented and 
tested by fabricating micromechanical DETF resonators that exhibit quality that is comparable with 
similar resonators fabricated with conventional SOI micromachining. The process was 
demonstrated on h = 4 µm thick SOI-wafer by fabricating micromechanical resonators with the 
proposed fabrication process, but in order to fabricate competitive devices in terms of 
electromechanical coupling the process has to be upgraded to h = 10 µm thick wafer. However, by 
careful characterisation of the limiting factors of the process it became evident that improving the 
h/d ratio should be no problem, but could be realised with increased etching time. This should be 
feasible due to the extremely durable atomic layer deposited Al2O3 film that is used as an etching 
mask. 
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Appendix I – Derivation of the force for AM-modulated 
signal 
 
If the input signal is  
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where modulation index h is defined h = B0/A0 
 
And this is applied to capacitive transducer with the force-voltage relationship as (1.6) 
the components of force arising are 
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where the last term represents the components of force at the frequency fm = f0. 
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