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Ever tried.  

Ever failed.  

No matter.  

Try again. 

Fail again.  

Fail better. 

 
 

- Samuel Beckett 
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Introduction 
 

Micro-electro mechanical systems (MEMS) are microscale structures that contain both 
mechanical and electrical elements. MEMS devices are used in a wide range of applications, 
from consumer electronics to automotive devices in the form of accelerometers, gyroscopes, 
projection displays, and mass sensors. The mechanical structures commonly used in MEMS 
devices include cantilevers, bridges, trampolines, suspended plates, and wine glass structures. 
The unique property of suspended plate structures that is not shared with other mechanical 
structures is the possible presence of a sealed cavity, which can contain vacuum, gas, or liquid 
between the plate and the substrate. This property is utilized in various applications such as 
pressure sensors, acoustic transducers, microfluidic actuators, or biosensors operating in real-
time in liquid.  
 
Several techniques exist to fabricate suspended structures such as bulk micromachining, 
surface micromachining, and wafer bonding. In bulk micromachining, the substrate itself is 
used as the plate material, and some part of it is etched away to form a suspended structure. In 
surface micromachining, the suspended plate is formed on top of the substrate by deposition 
of material on top of a sacrificial layer, which is etched away to form a suspended structure. 
In wafer bonding technique, a silicon on insulator (SOI) wafer is used as the plate material, 
while another wafer with etched cavities is used as the suspending structure. Both wafers are 
anodically bonded together, and the bulk and buried oxide layers of the SOI wafer are etched 
away to reveal the suspended plate structure. Each of these techniques has its own limitations, 
such as possible stiction as a failure mode, involvement of complicated processes, and limited 
selection of materials for the plate constituent. 

Micro-masonry is a simple technique that offers a unique alternative that overcomes some of 
these limitations. In this technique, a special stamp with a reversible adhesion is used to 
transfer a material from one substrate to another, which is then permanently bonded by 
thermal annealing. The ability of the technique has been demonstrated by fabricating static 
and quasistatic structures such as stacks of silicon nanoplates and electrostatic switches. 

This study explores the potential of micro-masonry as a simple and straightforward 
fabrication technique for suspended structures used as mechanical resonators. Background 
information regarding suspended structures such as most relevant applications, basic theory, 
and current methods of fabrication are first reviewed. Two kinds of suspended plate 
resonators are then presented and fabricated: passive structures and active devices with 
integrated capacitive actuation and sensing. Finally, we discuss the characterization results of 
both devices in terms of performances and limitations. 
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Chapter 1 

Background 
 

In this chapter, we present the background and motivations of our study, which consists in 
investigating the possibility of using micro-masonry for the realization of nanoplate 
resonators with integrated actuation and detection schemes and assessing the advantages and 
the drawbacks of this approach. To this aim, first, we provide a general description of micro-
electro mechanical systems (MEMS) and structures that are commonly used in MEMS are 
presented with examples of their applications. We then focus our discussion on the type of 
structures that are addressed in this work: the suspended plates. Fabrication methods 
commonly used for the fabrication of suspended plates are listed and micro-masonry is then 
presented as an alternative fabrication method to create such MEMS structures. Finally, the 
objectives of this thesis and a summary of each chapter of this manuscript are presented. 
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1.1 Brief description and history of MEMS 
 
Micro-Electro Mechanical Systems (abbreviated as MEMS) is a term referring to a group of 
devices that contains mechanical and electrical elements having size in the micrometer range 
(typically between 1 mm – 1 µm). MEMS manufacturing techniques are derived from the 
fabrication technologies developed for the semiconductor industry, such as etching and thin 
film deposition. MEMS devices are typically employed as miniature transducers, which 
include sensors such as accelerometers, gyroscopes, or microbalances (mass sensors), and 
actuators such as RF switches, speakers, micropumps, and microvalves. Further development 
and miniaturization of these devices led to Nano-Electro Mechanical Systems (NEMS), which 
operate at the nanoscale (size < 100 nm) and are now the source of active research. 
 
The history of MEMS is tightly related to the history of the semiconductor industry, which 
major milestones include the invention of the integrated circuit (IC) by Jack Kilby [1] from 
Texas Instruments in 1958. Before the invention of the IC, the basic electronic components 
such as transistors, capacitors, inductors, resistors, and wires were fabricated separately before 
being assembled together to form an electrical circuit. This approach was time consuming, 
and the whole assembled structure had a large footprint due to the relatively large size of both 
the components and the packaging necessary to protect them. The integrated circuit is an 
approach where the different components necessary to form an electrical circuit are fabricated 
in a single substrate, resulting in a compact device containing all of the functionalities of a 
traditional device assembled from separate components. The first IC in the world is shown in 
Figure 1.1.a ; it was made on a germanium chip, containing 1 transistor, 1 capacitor, and 3 
resistors. Further development of this idea led to the invention of the first silicon IC shown in 
Figure 1.1.b by Robert Noyce [2] from Fairchild semiconductors in 1961. The adoption of 
silicon is a significant step for the semiconductor industry; while inferior to germanium in 
terms of electrical properties, silicon is cheaper and easier to process than germanium. This 
started the age of research and development of electronic component miniaturization among 
semiconductor companies, mainly due to economic reasons. Assuming same functionality, 
smaller components reduces the cost associated to the electronic-grade materials, which is 
expensive due to the high level of purity needed. Processes such as photolithography, wet 
etching, reactive ion etching, evaporation, and sputtering techniques were developed with this 
end in mind. 
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Figure 1.1. (a) The first integrated circuit (IC) in the world, invented by Jack Kilby from 
Texas Instruments in 1958. The IC was fabricated on top of a germanium wafer, and it 
contained 1 transistor, 1 capacitor, and 1 resistor [3]. (b) The first silicon integrated circuit 
in the world, invented by Robert Noyce from Fairchild Semiconductors in 1961. The invention 
of IC leads to development of modern semiconductor fabrication technique in quest for 
miniaturization, which would be used to create MEMS devices afterwards [4]. 
 
 
Around the same time period, another spark of MEMS development came from academia. In 
1959, Nobel Prize laureate Richard Feynman gave his famous lecture “There’s plenty of room 
at the bottom” [5]. Ahead of his time, Feynman discussed some basic concepts of 
microfabrication: microcontact printing, ion beam lithography, photolithography, compact 
disc technology, laser, radio frequency (RF) technology and metal and oxide evaporation. He 
also discussed about problems that might be encountered at such a small scale and in fact 
would be encountered decades later, including homogeneity of materials, problems of 
resolution, dominance of surface effects, and heat generation in integrated circuits. Of special 
interest was the discussion of micromachines, which included medical implants (“You put the 
mechanical surgeon inside the blood vessel and it goes into the heart and ”looks” around“) 
and micro-actuators (“a billion little lathes”). The lecture ended with the presentation of two 
challenges: the first one was to build a micromotor (“a rotating electric motor which can be 
controlled from the outside and, not counting the lead-in wires, is only 1/64 inch cube”) and 
the second one was to write in nanoscale (“take the information on the page of a book and put 
it on an area 1/25,000 smaller in linear scale”). The first challenge was met within 6 months 
of the lecture by William Mclellan [6], who fabricated the motor using contemporary bulk 
machining techniques (Figure 1.2.a). The second challenge, considerably more difficult, was 
achieved 15 years later by Tom Newman using electron beam (E-beam) lithography 
techniques (Figure 1.2.b) [7]. 
 
The MEMS device was born when it was realized that the fabrication technologies used to 
manufacture ICs could also be used to manufacture mechanical devices. The first patented 
MEMS device is the resonant gate transistor (Figure 1.3), which was conceived in 1965 by 
Harvey Nathanson from Westinghouse [8]. The resonant gate transistor is a cantilever switch 

(a) (b) 
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actuated by electrostatic principles; when the device is at resonance, a closed electrical circuit 
is created, thus making it a form of mechanical frequency filter. It was fabricated by repeated 
deposition and selective etching of materials, with some materials acting as a supporting layer 
for the structural material. Thus, this first MEMS device is also the first microcantilever, the 
first microcapacitive device, the first micro-RF device, and the first mechanical device 
fabricated using surface micromachining technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. (a) One of the first micromotors in the world, fabricated by William McLellan in 
1960. The motor was fabricated using precision machining techniques that were available, 
and did not involve micromachining techniques that are currently used [6]. (b) The first page 
of A Tale of Two Cities written using e-beam lithography by Tom Newman in 1985. The page 
shown has a dimension of 5.9µm x 5.9 µm [7]. 
 
 

 
 
Figure 1.3. The first patented MEMS device, the resonant gate transistor device. The device is 
a cantilever actuated electrostatically that allows a current to pass through at its resonant 
frequency, thus acting as a frequency filter [8]. 
 
 

(a) (b) 
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The MEMS devices developed rapidly and moved from being a research object to commercial 
products between the 1970’s and the 1990’s. Examples of such products are shown in Figure 
1.4. The first commercially successful MEMS device was the silicon pressure sensor, 
invented in 1970 (IBM) [9]. This was followed by the introduction of thermal inkjet 
technology in 1979 (HP) [10], atomic force microscopy in 1986 (IBM) [11], and 
accelerometer ADXL50 for automotive airbags in 1993 (Analog Devices) [12]. The MEMS 
devices also emerged as one of the competing display technologies with the introduction of 
digital light processing (DLP) technology by Texas Instruments in 1993 [13]. The rise of 
consumer electronic devices such as digital cameras, smartphones, gaming consoles, tablets, 
and fitness trackers in the 2000’s created a huge demand for MEMS accelerometers. As a 
result, in 2014, the commercial MEMS market has a total value of around $ 11.1 billion, with 
the largest market share taken by accelerometers (28%), followed by inkjet printers (17%), 
RF MEMS (16%) and microphones (11%) [14]. It is projected that the MEMS market value 
will grow to more than $ 20 billion in 2020, with the majority of growth arising from 
accelerometers and pressure sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Examples of commercially important MEMS devices and structures: (a) 
piezoresistive pressure sensor (2s MPP-03 by OMRON) [15], (b) SEM image of a thermal 
inkjet head [16], (c) SEM image of an atomic force microscope tip (RESPA – 10 by Bruker) 
[17], (d) SEM image of a MEMS accelerometer with comb capacitor sensing (ADXL 202 by 
Analog Devices) [18], (e) SEM image of a tilting micromirror used for projection display 
technologies (DLP by Texas Instruments) [13]. 

(a) (b) (c) 

(d) (e) 
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1.2 Common MEMS structures 
 
While MEMS devices might utilize different actuation and sensing mechanisms depending on 
the applications, the majority of them share the same basic mechanical structures. Based on 
the position of the support or clamp relative to the moving parts, the mechanical structures of 
MEMS devices can be classified into cantilevers, bridges, trampolines, suspended plates, and 
wine glass structures. 
 
A cantilever is a beam that is supported or clamped from one of its end. As stated before, the 
cantilever is historically the oldest of all MEMS structures, being used for the first patent 
granted to a MEMS device. The simplicity of the structure lends itself to easier fabrication 
and making it the best understood among other three structures described later on in this 
section. For these reasons, it has found itself in various applications, including atomic force 
microscopy (AFM) tips [11], memory devices [19], RF switches [20, 21], and biomedical 
sensors [22] (Figure 1.5). A detailed review has been written regarding applications of 
cantilevers [23], and readers are encouraged to peruse it for further study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5. Examples of applications for cantilever structures: (a) atomic force microscope 
array for space applications [24], (b) millipede MEMS memory device [19], (c) cantilever RF 
switch [20], (d) cantilever functionalized with probes for mass detection [22]. 
 
 
 
 

(a) (b) 

(c) (d) 



Chapter 1 Background 

13 
 

A bridge is a beam that is supported or clamped on both of its ends. Due to this clamping 
scheme, the structure is more rigid compared to a cantilever of similar size, which also result 
in higher resonant frequency if used as a mechanical resonator. On the other hand, the double 
clamping scheme also means that unlike cantilevers, compressive stress might accumulate 
inside the structure, causing it to fail by buckling. This structure found a commercially 
significant application in DLP devices by Texas Instruments [13] (Figure 1.6.a). The DLP 
consists of a micromirror mounted on top of a bridge structure, which acts as a torsion spring. 
The micromirror can be tilted using electrostatic actuation to reflect a light to a specific 
direction, thus turning a pixel on and off. Compared to the competing liquid-crystal on silicon 
technology (LCOS), the DLP technology offers better color contrast and power efficiency 
since the light do not have to pass through the LCD before reaching the screen. However, the 
DLP technology has limitations in terms of resolution, since the size of the micromirror is 
larger than the current LCD pixel. Other applications include RF switches (Figure 1.6.b) [20] 
and gas sensors [25] (Figure 1.6.c), where the relatively high stiffness of bridge structures 
compared to cantilevers provide advantage in terms of response time and resonant frequency. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Some examples of applications for bridge structures: (a) Digital micromirror 
device [13], (b) RF MEMS switch [20], and (c) Gas sensor (IMEC / Holst Center) [26]. 
 
 
A trampoline structure is, in general, a plate that is supported or clamped on more than two 
sides. Unlike the previous two structures, it is not uncommon to use meander or rosette 
structures between the plate and the solid substrate support. One of the main applications of 
this type of structure is in MEMS accelerometers, as shown in Figure 1.7.a [27]. In this 
example, the main plate acts as a proof mass, which is supported by meander beams on four 
sides. Detection of the structure displacements is carried out using capacitive methods, which 
is enhanced by the comb structure between the proof mass and the static structure. The 
meander beams acts as a spring, which effective spring constant is determined by the beam 
width, the beam thickness, and the loops. This arrangement enables relatively large 
displacement of the proof mass and higher acceleration measurement span compared to what 
is possible using a straight beam support. Other possible applications of this structure are 
mechanical resonators (Figure 1.7.b) and micro-hotplate gas sensors (Figure 1.7.c). 

(a) (b) (c) 
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A suspended plate structure is a plate that is supported or clamped along its entire 
circumference. The suspended plate is also referred to as a membrane or diaphragm, although 
the two structures can be differentiated based on the ratio between the displacement and its 
lateral size [30]. Due to its enclosed cavity, this kind of structure is suitable for applications 
where isolation of fluid from the cavity is desirable, such as for pressure sensors or liquid 
mass sensor. Since it is the main focus of this study, we will discuss in details the applications 
and the fabrication methods used to obtain suspended plate structures in the following 
subchapters. 
 
 
 
 
 
 
 
 
 
Figure 1.7. Some examples of applications for trampoline structures: (a) triaxial capacitive 
accelerometer [27], (b) trampoline structure for mass sensing purposes [28], and (c) micro-
hotplate for gas sensing purpose [29]. 
 
 
Unlike the structures described previously, which are clamped or supported from their edge, a 
wine glass structure is a plate that is supported in its center by a stem, similarly to a 
mushroom or a wine glass (Figure 1.8.a) [31]. The wine glass structures mainly find 
applications as mechanical resonators with high mechanical quality factors (Q) in vacuum 
conditions (Q ≥ 106 [31,32]). These high performances are possible because of the unique 
mode shapes exhibited by wine glass resonators (Figure 1.8.b), which minimize 
displacements of the resonators around the clamped axis, and thus minimize clamping losses 
of the devices. 
 
 
 
 
 
 
 
 
Figure 1.8. (a) An array of inverted wine-glass resonators fabricated using the glass-blow 
technique and using capacitive transduction. [31], (b) 1st and 2nd n=2 vibration mode for the 
inverted wine glass resonator. It can be observed that minimum displacement is observed 
near the stem, which minimizes clamping loss [31]. 

(a) (b) (c) 

(a) (b) 
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1.3 Applications of Suspended plates 
 
In this subchapter, we discuss in more details the various applications of suspended plate 
structures. The first one concerns mass sensing, which is the original purpose of this work. 
The second application is for pressure sensing, which is historically the first commercially 
successful application of MEMS devices. Then, we discuss applications related to acoustic 
actuators and sensors, where suspended device MEMS are competing with more established 
and mature technologies. Finally, we present applications of suspended plate structures in the 
relatively young field of microfluidics. 
 

1.3.1 Mass sensors 
 
The general principle of a MEMS mass sensor is as follows. The MEMS device is exposed to 
the environment where an analyte or some material to be detected is present. Interactions of 
this analyte/material, that adheres to the device or passes through it, cause some changes on 
the device’s mechanical properties. These changes are then measured and quantified to 
determine the amount of analyte/material in the environment. Aside from differences in 
geometries and materials used for the mass sensor itself, there are also notable differences 
between mass sensors regarding the use or not of a dedicated interface to specifically capture 
an analyte, as for biodetection applications, as well as the approach for measuring the 
mechanical perturbations caused by the presence of the compound. 
 
In some cases, there is no need to functionalize the surface of the MEMS device, i.e. no need 
of any surface coating for specific recognition, to measure the presence of the compound. An 
example of this case is the application of quartz crystal microbalance (QCB) [33] to measure 
the thickness of thin film deposited by chemical or physical means. Since thin film deposition 
occurs in vacuum, only the vapor of the thin film or its precursors contributes to the change of 
the QCB’s effective mass, enabling accurate determination of thin film thickness and 
deposition rate. However, in more general cases, the analyte coexist with other substances that 
share the same physical phase (i.e. liquid or gas) or chemical composition. In addition, it is 
not uncommon that the analyte concentration is so low that it is undetectable for MEMS 
device without any surface treatment. A surface coating that captures specifically the analyte 
is commonly applied to the device to solve the abovementioned problems. This surface 
coating might range from ZnO layer for methane [34], Au layer for molecules with thiol 
groups [35] to antibodies for proteins or cells detection [36]. As a result, a single type of 
MEMS structure can be used for detecting various kinds of analytes simply by changing its 
surface coating or functionalization. On the other hand, this also means that the sensitivity of 
a MEMS mass sensor strongly depends both on its mechanical properties and on the adhesion 
and the properties of its surface coating. 
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Static deflections of a structure or change in resonant frequency are the most commonly used 
means to quantify changes in mechanical properties of a MEMS mass sensor. Figure 1.9.a 
shows an example of a suspended plate mass sensor that undergoes static deflections [37]. 
The suspended plate is fabricated out of silicon and coated with antibodies specific to the 
targeted analyte in solution. As the analyte molecules bind to the surface of the plate, it 
introduces some surface stress within the plate and causes it to buckle. The amount of 
buckling is determined by shining a laser through the plate onto a photodiode placed 
underneath the plate, creating a current that can be amplified and measured. Since the gap 
between the plate and the photodiode forms a Fabry-Perot interferometer, the displacement of 
the sensing plate functionalized with antibodies can be deduced by comparison between its 
photodiode current with the one of a control plate, that is not functionalized, does not capture 
any analyte, and thus does not deflect. On can then deduce the amount of analyte in solution 
from the displacement of the plate functionalized with antibodies. 
 
An example of a resonator mass sensor implemented with a suspended plate structure is 
shown in Figure 1.9.b [38]. In this example, a suspended plate structure fabricated out of 
silicon nitride includes a graphene layer on its surface. The analyte molecules that adhere onto 
the graphene layer cause an increase in the plate effective mass that result in a decrease of its 
resonant frequency. The example given here is unique since the analyte detection can be 
achieved be measuring the change in resonant frequency, but also by characterizing the 
plasmonic resonance and the graphene’s electronic properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9. Mass sensors relying on suspended structures with different detection principles: 
(a) the plate is deflected statically due to surface stress of adhering analyte, which is detected 
by optical interferometric principles. [37], (b) the plate’s effective mass increases due to the 
additional mass of adhering analyte, which is detected by monitoring the resonant frequency 
of the plate [38]. In this example, the detection can also be done by plasmonic resonance and 
I-V measurement. 
 

(a) (b) 
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Suspended plates have several advantages when used as mechanical resonator mass sensors 
compared to cantilever and bridge structures, the first one is in terms of sensor performance. 
For the same mass (i.e. same area for devices of the same thickness), the suspended plates 
have a higher resonant frequency compared to cantilever and bridge structures [30]. This 
higher resonant frequency results in lower molecular damping of the device in atmospheric 
pressure, a typical environment for practical MEMS sensors [39]. Both of these facts 
contribute to the increased sensitivity of the suspended plate mass sensor in air. The second 
advantage of suspended structures lies in the possibility to fabricate devices that are suitable 
for operation in liquid environment. One of the approaches to create a MEMS device 
compatible with liquid operation is to encapsulate the structure in a waterproof, insulating 
layer that protects the actuating and sensing elements from short circuit. While this approach 
seemed to be straightforward, depositing an insulating layer conformably all around a 
cantilever or bridge structure is not simple. The fabrication process of an electrostatically 
actuated cantilever that operates in liquid is presented in Figure 1.10.a [40]. In this example, 
the encapsulated layer and the cantilever are fabricated by multiple deposition processes to 
ensure complete coverage of the side walls and the bottom surface of cantilever. In addition to 
the complicated process steps, the open gap below the cantilever is filled with liquid during 
operation that impedes its movement. The liquid between the top and bottom electrode also 
degrades the electrostatic actuation ability of the device due to higher permittivity of the 
liquid compared to air. In contrast, encapsulation of a suspended plate structure is simpler and 
does not suffer from the same limitations (Figure 1.10.b) [41]. Assuming a tight (hermetic) 
seal between the plate and its support structure, only a single conformal deposition process of 
encapsulation layer is necessary to liquid-proof the device. The gap between the plate and the 
bottom of the substrate is either in vacuum or filled with air, having less mechanical damping 
and requiring less voltage to actuate compared to a gap filled with liquid. Thus, suspended 
plate structures have advantages compared to the cantilever or the bridge structure when it 
comes to liquid-proof encapsulation. 
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Figure 1.10. Comparison of fabrication process for two different structures used as mass 
sensors in liquid. (a) Cantilever operating with electrostatic actuation, with silicon nitride as 
the encapsulation layer. Multiple steps are required to ensure complete encapsulation of the 
cantilever on its sides and bottom surface, along with the electrode [40]. (b) Suspended plate 
operating with electrostatic actuation, with parylene as the encapsulation layer [41]. Note the 
complicated process required to encapsulate the cantilever, due to the necessity to 
encapsulate the backside and bottom electrode. 
 
 

1.3.2 Pressure sensor 
 
Suspended plate structures are ideal to create MEMS pressure sensors due to their inherent 
ability to create an enclosed, hermetic cavity. Besides the straightforward application for 
pressure measurement, it is also common to use the air pressure as a proxy for measuring 
altitude, such as for navigation inside buildings. Based on their operating principles, MEMS 
pressure sensors can be divided into two categories, static and dynamic. 
 
In a static pressure sensor, the suspended plate is exposed to two different pressures on both 
sides of its surface, the reference pressure and the external pressure. The reference pressure is 
typically constant (atmospheric pressure or vacuum, depending on the application), and is 
defined by the air pressure inside the sealed cavity. The external pressure is variable, and is 

(a) (b) 
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defined by the air pressure of the environment surrounding the sensor. The pressure 
differential induces stress and strain on the plate, which can be detected through various 
transduction schemes. Historically speaking, the first static pressure sensor used a 
piezoresistive element fabricated on one side of the plate (Figure 1.11.a) [42]. The pressure 
differential causes strain on the suspended plate and the piezoresistive element, thus resulting 
in a change in electrical resistance that can be directly measured. Another transduction 
scheme relies on the use of a piezoelectric material. In that case, the strain induced on the 
plate results in a potential difference across the piezoelectric element and pressure is deducted 
by a voltage measurement. Capacitive transduction method is also commonly encountered in 
static pressure sensors, as shown in Figure 1.11.b [42]. In capacitive measurement scheme, 
the pressure differential causes the plate to buckle, changing the gap size between the plate 
and the substrate. This change of gap size is then evaluated by measuring the capacitance of 
the cavity. The capacitance of a suspended plate with a certain plate area depends on its gap 
size, which can be observed from the equation for parallel plate capacitors. For a device with 
a flat plate as described above, the gap size is a nonlinear function of pressure and position on 
the plate, with the exception in the case of small deflections. Since nonlinearity complicates 
and introduces errors to the measurement, several alternative device designs are available to 
increase linearity of pressure vs. capacitance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11. Examples of pressure sensors made using suspended plate structures. (a) 
Pressure sensor with strain gauges to detect deflection of the plate, fabricated using bulk 
micromachining technique [42]. (b) Pressure sensor with conventional capacitive sensing 
[42]. (c) Pressure sensor with touch-mode capacitive sensing [43]. (d) Pressure sensor with 
variable cross section [44]. 
 
 
One alternative design is a contact-mode capacitive pressure sensor, as shown in Figure 1.11.c 
[43]. This design relies on the variation of the effective capacitor area instead of the variation 

(a) (b) 

(c) (d) 
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of the cavity gap. In this mode, the geometry of the device is designed such that the top 
electrode plate comes into contact with the bottom part of the device, which consists of a 
metal coated with a dielectric. The pressure difference between two sides of the plate causes 
the contact area between the plate and the bottom electrode to change linearly, while the gap 
size is defined by the thickness of the dielectric and remains constant. Another alternative 
design that increases the linearity of the capacitive sensor is the usage of bossed plates, as 
shown in Figure 1.11.d [44]. This design still relies in the variation of the gap size with an 
attempt to make the gap size a function of pressure only while being independent of position 
on the plate. This is achieved by making a non-uniform plate cross-section, with thinner 
section on the extremities close to the anchor and thicker section on the center part. As a 
result, the strain caused by pressure difference mainly concentrates on the thinner edge of the 
plate, while the center part of the plate experiences very little change in shape and remains 
flat. As a result, the device behaves more closely to a parallel plate capacitor with a variable 
gap compared to the parabolic profile of a capacitive device with a uniform cross section. 
 
Some works have also used optical detection schemes for measuring the deflection of 
suspended plates [45] (Figure 1.12.a,b). In this regard, this kind of devices is similar to the 
static mass sensor described in the previous subchapter [37], with the difference that the 
source of external plate stress comes from fluid pressure instead of accumulation of analyte 
on the sensor surface. The usage of interferometric techniques enables the detection of very 
small deflections down to sub-nm levels, making this detection scheme ideal to detect very 
small pressure differences. The separation between the plate and the optical sensing element 
enables the structure to be extremely miniaturized and to be positioned in small volumes 
inaccessible to other MEMS sensors, such as the interior of a cell. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12. A suspended plate intracellular pressure sensor that operates using optical 
interference sensing. [45] (a) The working principle of the device. The pressure difference 
between the interior of the cell and the air inside the cavity deflects the plate, which creates 
detectable change in intensity. (b) Optical microscope image of the device inside a cell. The 
separation between the sensing mechanism and the plate enables pressure measurement in 
very small volumes. 

(a) (b) 
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Aside from the static pressure sensors described above, several works have been done to 
explore the possibility of using resonant devices as pressure sensors. These resonant sensors 
have advantages in terms of signal to noise ratio compared to their static counterparts. Several 
variations of these resonant sensors are available, each operating with different sensing 
principles. One type of resonant pressure sensor relies on the strain introduced by the pressure 
differential to change the resonant frequency of the device, as shown in Figure 1.13 [46]. This 
type of device shares the same basic design as the static capacitive device described earlier, 
with the additional requirements that the structures’ resonant frequency lies within the 
measurement bandwidth and that the quality factor of the device within its operating range is 
high enough to ensure sufficient signal to noise ratio. Another type of resonant pressure 
sensor utilizes the variation of Q factor with squeeze film damping due to changing air 
pressure to measure the pressure [47]. Naturally, the squeeze film effect pressure sensor is 
open to its operating environment, which can be an advantage in terms of design (designs 
such as cantilevers and bridges are usable) and fabrication (no need to ensure airtight sealing) 
or limitations in terms of applications (might be unsuitable for corrosive or conductive fluids). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13. (a) Optical microscope image of a suspended plate pressure sensor with 
resonant frequency sensing method. (b) Plot of the sensor resonant frequency vs. pressure. 
 
 

1.3.3 Acoustic sensors and actuators 
 
Related to the application of micromachined suspended plates for pressure sensing, these 
structures can also be utilized to measure acoustic waves in different mediums such as in gas 
and in liquid. Since acoustic waves consist of periodic variation of pressure, they can in 
theory be measured using an air pressure sensor. However, the high frequency and small 
magnitude of typical acoustic waves require some modifications in the design of typical air 
pressure sensors. Figure 1.14.a shows an example of a MEMS capacitive microphone, also 
known as a condenser microphone [48, 49]. The difference between the microphone and the 
capacitive pressure sensor described previously is the usage of both a perforated bottom 

(a) (b) 
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electrode and a large, deep cavity below the suspended plate: the purpose of these design 
choices is mainly to reduce squeeze film damping on the suspended plate, which is inversely 
proportional to the size of the gap (see chapter 2). Reducing the damping increases the 
sensitivity of these devices and enables them to measure the sound wave with high stability 
and flat response. Analogous to the usage of capacitive microphone, the suspended plate 
structure can also be used to measure acoustic waves in liquid, which is known as a 
hydrophone [50]. In this application, the challenge is to ensure good acoustic impedance 
matching with the liquid medium. This is mainly ensured by filling the cavity between the 
plate and substrate with liquid instead of air or vacuum, which example is shown in Figure 
1.14.b. 
 
While the two above examples describe the usage of suspended plate structures for sensing, 
the same basic structures can also be used for actuation by applying a driving signal on the 
electrodes (electrostatic actuation). Acoustic waves can be generated in air by MEMS 
speakers, an example of which is shown in Figure 1.15.a [51]. In this example, the membrane 
is made out of silicon and electromagnetic actuation is used to drive the membrane. While not 
easy to fabricate, this actuation scheme offers the advantages of high power density, low 
actuation voltage, and linear response compared to its electrostatic counterparts. The 
suspended plate structures also found applications in capacitively machined ultrasonic 
transducers (CMUTs) [52 - 54], in which the structure both acts as the sensor and the 
generator of ultrasonic waves (Figure 1.15.b). Commonly fabricated in arrays, CMUTs 
mainly found applications in medical imaging as an alternative to the more established 
piezoelectric transducers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14. (a) A capacitive MEMS microphone. While it shares a similar structure with a 
typical pressure sensor, the back electrode is perforated to reduce squeeze film damping 
effect [48]. (b) Capacitive MEMS hydrophone. The cavity between the plate and the glass 
substrate is filled with liquid for impedance matching with the liquid acoustic medium [50]. 

(a) (b) 
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Figure 1.15. (a) Cross-section and photo of a MEMS speaker device. The speaker plate is 
fabricated out of silicon with magnetic coils for its actuation mechanism [51]. (b) Cross-
section and optical microscope image of a capacitive micromachined ultrasonic transducers 
(CMUT) array. The device acts as both sensors and actuators, with applications in medical 
imaging systems [54]. 
 

1.3.4 Actuators in Microfluidics 
 
Microfluidics is the manipulation of liquid at the micro and nanoscale, where typically the 
influence of surface tension dominates and the Reynolds number is small, resulting in laminar 
flows in microchannels. Started with applications in inkjet printing during the 1980’s, 
microfluidics has found wider applications in medicine and biology such as electrophoresis, 
DNA arrays, lab on a chip, and mechanical characterization of cells. Suspended plates and 
membranes with enclosed cavity found applications in microfluidics as actuators such as 
pumps and valves. 
 
A typical example of a microfluidic pump that uses a suspended membrane is shown in 
Figure 1.16. [55, 56]. In this example, the polymer membrane separates the two channels, 
each of which contains air and liquid. The pump is operated by sending pneumatic driving 
signals on the air side of the membrane in a pulse pattern; this causes the membrane to expand 
and contract, displacing the liquid along the channel. Three of such membranes are connected 
in series to enable flow control in one chosen direction of the channel. Pumps that use this 
kind of liquid displacement mechanism, which is analogous to the way liquids and solids are 
moved in biological digestion systems, are known as peristaltic pumps. Actuation systems 

(a) (b) 
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other than pneumatics can also be used in the same pumping scheme, such as piezoelectric 
peristaltic pumps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.16. (a) Top view and working principle of a peristaltic micropump based on 
pneumatic actuation. The 3 actuators are inflated and deflated in series repeatedly, causing 
displacement of the liquid from one side to the other [55]. (b) Photograph of the pneumatic 
peristaltic pump, along with microfluidic network in the chip [55]. (c) Cross-section 
schematic of a peristaltic pump with piezoelectric actuators [56]. 
 
 
Another application of suspended plates in microfluidics is their use as valves, an example of 
which is shown in Figure 1.17 [57]. In this example, the plate is positioned perpendicularly to 
an opening in a liquid channel. By application of appropriate pneumatic signal (air pressure), 
the plate will deflect and flatten to close and open the channel, controlling the liquid flow. 
Compared to conventional bulk components, such pumps and valves have a fast response 
time, and can be easily integrated within microfluidic systems. 
 
 
 
 
 
 
 
Figure 1.17 cross sectional view of a suspended plate microfluidic valve. This valve is 
controlled by pneumatic signal on the topside of the device, which can close the valve when 
air pressure is applied [57]. 

(a) (b) 

(c) 
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1.4 Common fabrication methods of suspended plates 
 
In this subchapter, we present and discuss the fabrication processes commonly used to make 
suspended plate structures. These include bulk micromachining techniques, surface 
micromachining techniques, and wafer bonding techniques. 
 

1.4.1 Bulk micromachining 
 
In bulk micromachining, the silicon wafer itself is viewed as the main material from which 
the MEMS components are made. This fabrication approach differs from surface 
micromachining, where all components are fabricated by deposition and etching on top of the 
silicon wafer, which is merely viewed as a “substrate”. Bulk micromachining was widely 
used in fabrication of silicon pressure sensors, which are the first commercially successful 
MEMS devices. 
 
One way to fabricate suspended plate using bulk micromachining technique is the back-etch 
technique, which is illustrated in Figure 1.18 [58]. In this approach, the backside etching is 
achieved by silicon wet etching in a KOH bath using a heavily doped layer as an etch stop. 
First, the surface of the wafer is doped using boron (P-type impurities), with a specific dose 
that depends on the desired thickness of the plate. Afterwards, the shape of the suspended 
plate is patterned using photolithography on the opposite surface of the wafer (i.e. its 
backside). The wafer is then etched anisotropically using KOH solution, which etches silicon 
until it reaches the doped layer where the etch rate is significantly lower. The photoresist is 
then stripped away, and the desired suspended plate is obtained. Several variations of this 
technique exist, mainly differing in terms of etch stop and etching process itself. For example, 
a reactive ion etching (i.e. dry etch) process can be used to obtain a more accurate plate form 
because of the higher anisotropy of this etching process. Also, silicon-on insulator (SOI) 
wafers can be used to obtain suspended plates with very precise thickness (same as the 
top/device layer thickness). In that case, the buried silicon oxide layer is used as a stop layer 
and can be subsequently removed using an HF solution. 
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Figure 1.18. Illustration of a bulk micromachining process used to create a suspended 
structure, in this case a membrane with an orifice. Boron is diffused in the silicon substrate to 
act as an etch stop layer. The wafer is then anisotropically etched from the backside until it 
reaches the heavily doped silicon layer to form the suspended membrane. Afterwards, the 
silicon layer is reoxidized to create a passivation layer [58]. 
 
 
Related to the approach shown above is the front etch technique, which is illustrated in Figure 
1.19.a for the fabrication of a trampoline structure [59]. In this approach, the top layer of an 
SOI wafer is first patterned using photolithography. RIE techniques are then used to etch the 
general shape of the device, which contains large gaps between the beams that reach the 
anchor of the structure. The wafer is then immersed in an HF solution that etches away the 
buried oxide layer isotropically through the gaps between the beams. By careful timing the 
wet etch duration, it is possible to obtain a complete etch of the oxide underneath the defined 
plate area (without fully etching the oxide underneath the anchors) and obtain a high-quality 
suspended plate/membrane with small gap size defined by the thickness of the buried oxide 
layer. In the case of suspended plates with large areas (Figure 1.19.b), small via holes can be 
defined during the photolithography step to increase the HF flow below the plate and reduce 
the chance of incomplete release. 
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Figure 1.19. (a) Simulation of a trampoline structure fabrication based on isotropic front side 
etching. After patterning using lithography and reactive ion etching, the structure is released 
by wet etching the buried oxide layer in HF [59]. (b) An example of via holes patterned on top 
of device with large surface area. These via holes increase the contact area between the HF 
solution and the silicon oxide layer underneath the device, thus aiding the release of the 
suspended structure [60]. 
 
 
The advantage of the bulk micromachining techniques is the use of high quality material 
constituting the plate in terms of defects and stress. This is due to the single crystal nature of 
the material, which is typically a silicon wafer fabricated for CMOS specifications. The same 
cannot be said for surface micromachining techniques, which has to deal with crystal growth 
mechanisms and the internal stress between the different deposited materials. The limitation 
of this technique is the additional post-processing step necessary to fabricate a complete 
device with actuation and sensing elements, such as bonding to another substrate and wafer 
thinning if small gap is desired (i.e. such as in capacitive devices). In addition, the devices 
fabricated using this bulk micromachining techniques have a tendency to be bulkier than 
those made using surface micromachining, and the process is not always suitable for chip-
level integration of MEMS + CMOS systems. 
 

1.4.2 Surface micromachining techniques 
 
In the surface micromachining approach, suspended plate structures are fabricated by the 
alternating deposition, patterning and etching of various materials on the surface of a substrate 
wafer. The key behind this technology is the usage of a sacrificial layer that is used to support 
the primary structural material onto which it is deposited. After depositing and patterning the 
structural material, the sacrificial material is selectively etched away in order to release the 
suspended plate structure. Figure 1.20 shows an example of a process flow used to fabricate a 
CMUT device, which includes eight steps [53]. First, a sacrificial layer (silicon oxide) is 

(a) (b) 
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deposited and patterned according to the shape of the suspended plate and its support pillars. 
Next, the structural material of the suspended structure (in this case, silicon) is deposited over 
the entire substrate. Via holes are then etched through the silicon until the underneath oxide 
layer is reached. The suspended structure is then released by wet etch using HF. Finally, the 
device undergoes metallization to form the electrical interconnects. Note that in this case, the 
suspended structure and the sacrificial layer are created from a material deposited on the 
substrate and not from the substrate itself, hence the name surface micromachining. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 1.20. Illustration of a surface micromachining process used to create a suspended 
structure, in this case a CMUT device. Sacrificial layer (silicon dioxide) is deposited and 
patterned on the substrate, followed by the deposition of the structural material (silicon). The 
sacrificial layer is then etched away using HF solution through the via holes, leaving a 
suspended plate structure. Note that the resulting suspended structure is not created using 
elements from the substrate itself [53]. 
 
 
The advantage of this method is its compatibility with standard CMOS processing techniques, 
thus making it more suitable for integration on a chip level without additional packaging 
steps. This makes it ideal for lab on chip applications that requires small device footprint. The 
limitation of this method is the lower quality of the material used to create the suspended 
plate, in terms of mechanical and electrical properties, relative to single - crystal material 
commonly used in bulk micromachining techniques.  
 

1.4.3 Wafer bonding technique 
 
A more flexible fabrication technique is the wafer bonding technique, which is illustrated in 
Figure 1.21 [53]. In this approach, two wafers are used. On the surface of the first wafer, the 
supporting structure is defined using thermal oxidation, photolithography, and RIE etching. 
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Afterwards, the second wafer, which is an SOI wafer, is anodically bonded to the first wafer, 
with the top SOI layer in contact with the supporting structure. The bulk and buried oxide 
layers of the SOI are then etched away, leaving away the top SOI layer as the plate layer. 
 
The separation of the plate and the support element in this technique brings an inherent 
advantage over the previously described techniques. First, it enables to optimize separately 
the processes carry out on the plate and the supporting structure. These processes might have 
different requirements in terms of thermal budget, critical dimensions, etc.. This technique 
can be thought of as “macro-masonry” in analogy to the micro-masonry technique used in this 
study, which will be described further. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.21 Illustration of wafer bonding process to create a suspended structure, in this case 
a CMUT device. On the first wafer, a support layer is defined using photolithography and 
etching. A second wafer (a silicon on insulator, SOI wafer) is then bonded on top of the first 
wafer using anodic bonding process. The second wafer is then etched away leaving the device 
layer as the suspended plate [53]. 
 
 

1.5 Micro masonry as a method to fabricate suspended structures 
 
Transfer printing is a class of fabrication techniques that uses a polymeric stamp to transfer a 
material (referred to as the ink) from one substrate (donor substrate) to another substrate 
(acceptor substrate). In its most general terms, this include the well-known technique 
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microcontact printing, although the term “transfer printing” more commonly refers to 
techniques for which the ink is a solid material. Transfer printing has been used to transfer 
diverse materials such as metal lines [61]; photoresist patterns [62]; and semiconductor 
nanowires [63], offering a unique alternative solution for the fabrication of suspended plate 
structures. An excellent review article has been written regarding this subject [64], and the 
reader is encouraged to peruse it for detailed overview of this technique. 
 
One of the main challenges of transfer printing is the control of adhesion between the ink, the 
stamp, the donor substrate, and the acceptor substrate. The transfer printing process can be 
divided into two steps: the pickup step where the ink is transferred from the donor substrate 
onto the stamp, and the drop step where the ink is transferred from the stamp onto the 
acceptor substrate. For the pickup step to be successful, the adhesion between the ink and the 
stamp must be larger than the one between the ink and the donor substrate. Conversely, for 
the drop step to be successful, the adhesion between the ink and the stamp must be smaller 
than the one between the ink and the acceptor substrate. For cases where one of the ink 
surfaces is in full contact with the ink, the donor substrate, and acceptor substrate, the 
adhesion is directly proportional to its surface energy. A problem is encountered if the amount 
of ink-stamp adhesion necessary for successful pickup step is larger than the ink-acceptor 
substrate adhesion necessary for successful drop step. This problem is obvious if the surface 
of both the acceptor and donor surface are of the same kind, for example between thermal 
silicon oxide and PECVD silicon oxide. 
 
Micro-masonry is an advanced approach of transfer printing that provides a solution to this 
problem [65, 66]. The answer lies within in the stamp itself, which contains pyramid-shaped 
tips (Figure 1.22.a). During the pickup step, the pressure applied to the stamp deforms the tip 
and the ink comes into contact with both the tips and the entirety of the stamp surface. This 
ensures high adhesion between the stamp and the ink, enabling it to be picked up from the 
donor substrate. When the stamp is pulled away from the donor substrate together with the 
ink, the elasticity of the tips pushes the ink away from the stamp surface, resulting in the ink 
being held by the small area corresponding to the stamp tips. This ensures low adhesion 
between the stamp and the ink, enabling it to be deposited to the acceptor substrate. Thus, the 
adhesion strength of the stamp is a function of peeling rate, as plotted in Figure 1.22.b. The 
capability of this technique to create static structures, actuators, and comb-drive resonators 
has been shown on previous works [65-69]. 
 
In this work, we explore the possibility of using the transfer printing technique to fabricate 
silicon nanoplate resonating structures by studying the influence of this fabrication technique 
on the device performances. 
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Figure 1.22. (a) SEM false color image of the microtip stamp used in micro-masonry 
technique, along with the silicon nanoplates used as an ink. When the stamp is pushed into the 
ink during the pickup step (ON), the ink comes into contact with the deformed pyramid tips 
and the center of the stamp, creating a large contact area and large adhesion. When the 
stamp is retracted (OFF), the elasticity of the pyramid tips pushes the ink away from the 
stamp, resulting in a small contact area at the pyramid tips and low adhesion [66]. (b) 
Measurement results of stamp adhesion force vs. peeling rate of the stamp [66].  
 

1.6 Basic concept of the thesis project 
 

The basic idea of the devices studied in this thesis project is illustrated in Figure 1.23. 
Structures with cavities (the “base structures”) are fabricated on a silicon substrate (the 
“acceptor”). Each base structure includes single or multiple cavities with varying shapes. 
Silicon nanoplates (the “ink”) are fabricated from another wafer, specifically from the top 
layer of a silicon on insulator (SOI) wafer (the “donor”). The micro-masonry technique is 
then used to transfer the ink on top of the base structures, creating a suspended structure. The 
acceptor wafer with the suspended structures is then annealed at high temperature to create a 
rigid bond between the base structures and the ink. The structures can then be used as a 
passive structure, or can undergo further processing to create devices with actuation and 
sensing elements. This approach should ideally enable creation of suspended structures out of 

(a) 

(b) 
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different material and thickness on a single substrate, thus making it more flexible compared 
to previously mentioned fabrication technique. 

This work is carried out in collaboration with Professor Seok Kim from the University of 
Illinois at Urbana Champaign, USA, who is an expert in micro-masonry. As a result, the 
structures presented in this thesis were fabricated at LAAS, except for the micro-masonry step 
that was achieved in Professor Kim’s lab. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23. Illustration of the application of micro-masonry for the fabrication of suspended 
plate devices. The base structures (blue) contain single or multiple cavities and is fabricated 
on top of the acceptor substrate. The silicon nanoplate ink has a square layout and is 
fabricated from the device layer of a silicon on insulator (SOI) donor substrate. The ink is 
transferred from the donor wafer to the base structures using microtip stamps, creating 
suspended structures. The combined structures are then thermally annealed to create a rigid 
bond between the ink and the suspended structures. 

 

More specifically, the objective of this work is as follows: 

1. To fabricate passive suspended plate structures using micro-masonry as an alternative 
method of suspended plate fabrication and characterize the structure. 
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2. To fabricate a functional suspended plate device with integrated actuation and sensing 
using micro-masonry and characterize the device. 

3. To demonstrate the successful operation of the active device in liquid environment. 
4. 1.7 Organization of the thesis 

 
This thesis is organized into five chapters. The second chapter, entitled “Theory, Design, and 
Fabrication Process” gives fundamental theories about mechanical resonators, provides 
descriptions of the design of the structures and devices realized in this study, and presents the 
fabrication processes employed to make them. The third chapter, entitled “Characterization 
and Measurement”, contains theoretical basis of measurement and the experimental setup 
used in this study. The fourth chapter, entitled “Results and Discussion”, contains the main 
results of this study for both passive structures and active devices. The fifth chapter, entitled 
“Conclusion”, summarizes the important founding of the study, along with perspectives 
regarding future work. 
 

1.8 Summary 
 
MEMS are microscale structures that contain both mechanical and electrical elements, with 
applications such as accelerometers, gyroscopes, projection displays, and mass sensors. 
Structures that are commonly used in MEMS device include cantilever, bridge, trampoline, 
suspended plate, and wine glass structures with the current study focusing on the suspended 
plate structures. Examples of applications of suspended plate structures include mass sensors, 
pressure sensors, acoustic transducers, and microfluidic actuators. Fabrication methods that 
are commonly used to fabricate these structures include bulk micromachining, surface 
micromachining, and wafer bonding. Micro-masonry is a variant of the transfer printing 
technique that uses stamps with microtips to achieve controllable adhesion, and offers an 
alternative fabrication method for suspended plates. In this work, we propose to study the 
possibility to use micro-masonry for the fabrication of nanoplate resonators. 
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Chapter 2 
Theory, Design, and Fabrication Process 

 
In this chapter, we will first discuss some theoretical aspects that are relevant to the purpose of this 
study. This includes some basics regarding mechanical vibrations, resonant frequency of a circular 
plate, and molecular damping due to air surrounding the structure. Then, the design of passive 
structures and active devices will be presented. Finally, we will detail the fabrication process of the 
devices. 
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2.1 Theoretical considerations 
 

In this subchapter, we will present basic theories that are relevant to this study, which include 
basic theories of vibrations, damping, and fundamental frequency calculation for clamped 
circular plates. 

2.1.1 Basic theory of vibrations 
 

The most basic model of a resonator is that of a mass m attached to a spring with spring 
constant k, as shown in Figure 2.1.a. In this model, the mass can be considered as a reservoir 
of kinetic energy, while the spring can be considered as a reservoir of potential energy. When 
the structure vibrates, there is an exchange of kinetic and potential energy between the mass 
and the spring where the total energy is kept constant. Assuming F as the force acting on the 
mass and x as the displacement of the mass, the equation of motion of this model can be 
written as: 

𝐹 = 𝑚 𝑥̈          

−𝑘𝑘 = 𝑚 𝑥̈     

𝑚𝑥̈ + 𝑘𝑘 = 0      (2.1)  

And the solution of this differential equation is  

𝑥 = 𝑥0cos (𝜔0𝑡) 

𝜔0 =  �𝑘
𝑚

        (2.2) 

with ω0 as the angular resonant frequency, or angular natural frequency, of the system. 

 

 

 

 

 

 

 

Figure 2.1. Common models used to describe a dynamic vibration: (a) a spring-mass system. 
(b) a spring-damper-mass system. 

(a) (b) 
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A more realistic resonator model is shown in Figure 2.1.b. This model takes into account a 
damper with a damping coefficient c. This damper reflects the fact that most mechanical 
resonators dissipate energy to their environment, which causes the vibrations to decay if there 
is no supply of a continuous driving force. For simplicity, the damping is assumed to be 
proportional to the velocity of the mass, 𝑥̇, which is the case for viscous damping. For free 
vibrations (i.e. with no external driving force), the equation of motion can be written as: 

𝐹 = 𝑚 𝑥̈ 

−𝑐𝑥̇ − 𝑘𝑘 = 𝑚 𝑥̈ 

 𝑚 𝑥̈ + 𝑐𝑥̇ + 𝑘𝑘 = 0      (2.3) 

The solution of this differential equation can be expressed as: 

𝑥 = 𝑥0𝑒−Ϛ𝜔0𝑡cos (�1 − Ϛ2𝜔0𝑡 −  𝜙) 

𝜔0 =  �
𝑘
𝑚

 

Ϛ =  𝑐
2√𝑘𝑘

       (2.4) 

Where Φ is the phase shift and Ϛ is defined as the damping ratio of the resonator. We can 
note that expression in Equation 2.2 and 2.4 are very similar: the differences include an 
exponential term in the solution of the vibration amplitude and �1 − Ϛ2 in the periodic term. 
The exponential term shows that for damped resonators, the vibration amplitude decays with 
time due to energy dissipation. The �1 − Ϛ2 term shows that for damped resonators, the 
resonant frequency is shifted downwards compared to the resonant frequency of undamped 
structures. It can be also noted that at 𝑐 =  2√𝑘𝑘, Ϛ=1 and the frequency fall to 0; this 
corresponds to a condition where the damping of the system is large enough to prevent a 
vibration. Thus, the conditions where Ϛ<1, Ϛ=1, and Ϛ>1 are referred to as underdamped, 
critically damped, and overdamped resonators, respectively. In most MEMS resonators 
oscillating in vacuum or air Ϛ<<1 (i.e. the damping is very small), and the vibration frequency 
of these devices are practically the same as their natural frequency. 

A more realistic condition that reflects the operation mode of MEMS resonators is the case of 
a forced vibration [1]. In this case, the mass is driven by a force F(t) at a given frequency ωd 
(F(t)=F0 sin(ωdt)). Thus, equation (2.3) can be rewritten as: 

𝑚 𝑥̈ + 𝑐𝑥̇ + 𝑘𝑘 = 𝐹0sin (𝜔𝑑𝑡)    (2.5) 

Which steady state solution is: 
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𝑥 =
𝐹0
𝑘

 
1

��1 − �𝜔𝑑
𝜔0
�
2
�
2

+ (2Ϛ𝜔𝑑
𝜔0

)2

   sin (𝜔𝑑𝑡 +  𝜙) 

𝜙 = 𝑡𝑡𝑡−1 �
2Ϛ𝜔𝑑𝜔0

1−�𝜔𝑑𝜔0
�
2�     (2.6) 

The plot of the normalized amplitude and phase of the system vs. normalized driving 
frequency (frequency response) according to this model is shown in Figure 2.2. For 
underdamped case, it can be observed that the vibration amplitude increases as the driving 
frequency approaches the natural frequency of the system, before decreasing as it becomes 
larger than the natural frequency. Besides, the phase difference in case of resonance is equal 
to Φ = 180°. This frequency response for underdamped structures is typical for mechanical 
resonators. Note that Equation (2.6) is a form of Cauchy-Lorentz distribution [2], and is 
treated as such when the experimental data are fitted to extract characteristic parameters. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Normalized Amplitude and phase vs. frequency plot of a damped resonator in a 
force vibration with driving force of F(t)=F0 sin(ωd t), plotted for different damping values. 
Note that the amplitude of the resonator reaches maximum as the frequency of the driving 
force approaches the resonant frequency, which results in a 180° phase shift in the phase 
diagram. Taken from [1]. 
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2.1.2 Q factor as a measure of dissipation 
 

While we have previously presented the resonator damping in terms of damping coefficient c 
and damping ratio Ϛ, the most common way to quantify damping in the field of MEMS is 
through its quality factor (Q factor). Quality factor is defined as the ratio of the total resonator 
energy Etotal to the energy dissipated per cycle Edissipated, multiplied by 2π: 

𝑄 ≝ 2𝜋 𝐸𝑡𝑡𝑡𝑡𝑡
𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

      (2.7) 

In fact, the Q factor can be determined by looking at the frequency response of a resonator, 
and more specifically by measuring the bandwidth Δω that is defined by the width of the 
frequency response curve at which point the energy of the resonator is half its maximum at 
resonant frequency f0. This bandwidth corresponds to the frequency width at half the peak 
height in a x2 vs frequency plot, or at 1/√2 the peak height in a x vs. f plot: 

𝑄 ≈  𝜔0
𝛥𝛥

=  𝑓0
𝛥𝛥

      (2.8) 

This method is used to experimentally determine the Q factor by data fitting of the frequency 
response curve of MEMS resonators. While the value by Equation 2.8 is slightly different 
than Equation 2.7, the difference is negligible for a typical MEMS resonator with Q factor 
value above 10. 

Note that the Q factor is inversely proportional to the damping: a higher Q factor means lower 
dissipation per cycle. Thus, for n number of different damping mechanisms with 
corresponding Q factors Q1, Q2, ..Qn, the total Q factor of a resonator Qtotal is calculated as: 

1
𝑄𝑡𝑡𝑡𝑡𝑡

= 1
𝑄1

+ 1
𝑄2

+ ⋯+ 1
𝑄𝑛

       (2.9) 

As can be seen above, the damping of a device is dominated by the mechanism associated to 
the lowest Q factor, and different resonators exhibit different dissipation mechanisms among 
which some are dominant over the others. Below we provide a short description of some 
damping mechanisms that are most commonly observed in MEMS devices. 

In thermoelastic damping [3-5], the source of dissipation is the irreversible heat flow within 
the resonator caused by the compressive and tensile strains experienced by the different parts 
of the resonator as it vibrates. Due to the change in entropy, the compression and stretching of 
the material respectively reduces and increases its temperature. The thermal gradient built 
between the different parts of the resonator results in an irreversible heat flow, and thus, 
dissipation. 

In anchor damping [6], the source of dissipation is the transmission of the mechanical 
vibration between the resonator and its static base structure. This type of damping can be 
especially dominant in nano-electro mechanical systems (NEMS) where it is described in 
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terms of phonon tunneling [7,8]. It has been shown that different types of clamping result in 
significantly different Q factors in NEMS systems. 

In viscous damping [9-15], the source of dissipation is the transfer of energy between the 
resonator and the fluid surrounding it in the form of fluid movement. This description of 
damping treats the fluid around the resonator as a continuum, and uses fluid mechanics to 
derive the results. This damping mode is dominant in MEMS of relatively large size operating 
in liquid or gas, which is the common case for most practical applications.  

In molecular damping [16-18], the source of dissipation is the transfer of energy and 
momentum between the resonator and the gas atoms colliding it. This dissipation mode is 
similar to the viscous damping in a sense that both can be used to describe damping due to the 
gas around the resonator. The difference lies in the fact that the molecular damping model 
assumes no interaction between the atoms of the gas itself, which is already inherent in the 
continuum mechanics used in the viscous damping model. As a result, the Q factor obtained 
from the molecular damping model is generally lower than the one obtained from the viscous 
damping model at high pressure. This damping mode is dominant in MEMS operating in low 
pressure gas or primary vacuum.  

Squeeze film damping [18-25] is a special mode of damping exhibited by resonators with 
small gap (below 1 µm) between the resonating part and the substrate. In this damping mode, 
the restricted nature of the gap leads to both a higher level of damping and a spring effect due 
to the compressed air pushing back the resonator. Depending on the regime the resonator is 
operating in, both molecular and viscous descriptions of this damping mode can be used. 

Slide film damping [26-27] is a special mode of damping found in MEMS where the 
resonator element moves parallel to the substrate, such as in accelerometers. This damping 
mode is a specific type of viscous damping, and the viscosity of the fluid acts as the main 
contributor to the energy dissipation. 

In the broadest sense, the dissipation related to the device itself is classified as intrinsic 
damping, as opposed to the ones caused by the environment of the device, which are called 
extrinsic damping. The thermoelastic damping and the clamp damping in the description 
above are examples of intrinsic damping mechanisms, while the other modes are considered 
as extrinsic damping. Because extrinsic damping dominates at higher air pressure and is thus 
relevant for practical applications, the intrinsic damping modes will not be discussed in 
further details. We will focus our discussion on two extrinsic damping modes that are relevant 
to our study: the molecular damping and the squeeze film damping.   
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2.1.3 Theoretical description of molecular damping 
 

There are two ways to derive the damping effects in the free molecular regime: by considering 
the momentum transfer between the resonator and the air [16], and by considering the energy 
transfer between the resonator and the air [18]. Both approaches are equivalent and results in 
the same estimation of Q factor. The description provided below derives the damping of a 
plate in a low-pressure (molecular) regime using the energy transfer method, as described by 
Bao [18]. Note that the derivation of molecular damping assumes a plate-shaped resonator, 
although the result can be used for cantilevers, bridges, or suspended plate structures. 

Consider a plate resonator in a low vacuum environment. When the plate is static and does 
not vibrate, the number of gas molecules colliding with each surface Δn for a time span of Δt 
is proportional to the plate area A, the gas density n, the x component of average gas  
molecule velocity vx, and the change in velocity after colliding dvx, and it gives: 

𝛥𝛥 = 𝐴 𝑛 𝑓(𝑣𝑥) 𝑣𝑥 𝑑𝑣𝑥 𝛥𝛥               (2.10) 

With f(vx) as the Boltzmann distribution of the gas molecules velocity: 

𝑓(𝑣𝑥) =  �
𝑚𝑎𝑎𝑎
2𝜋𝑘𝑏𝑇

 𝑒
−𝑚𝑎𝑎𝑎𝑣𝑥

2

2𝑘𝑏𝑇
 
                (2.11) 

With T as the absolute temperature of gas, mair as the mass of each gas molecule, and kb as the 
Boltzmann constant. When the plate vibrates, the number of molecules colliding with the 
plate surface is modified by the speed of the plate 𝑥̇. When the plate is moving up relative to 
the front surface, the x component of the velocity of molecules hitting the front plate 
increases, and the x component of the velocity of molecules hitting the back surface 
decreases; vice versa when the plate is moving down relative to the front surface. Thus, the 
number of gas molecules hitting the front and back surface of the plate Δnfront and Δnback is 
respectively: 

𝛥𝑛𝑓𝑓𝑓𝑓𝑓 = 𝐴 𝑛 𝑓(𝑣𝑥) (𝑣𝑥 + 𝑥̇) 𝑑𝑣𝑥 𝛥𝛥  

𝛥𝑛𝑏𝑏𝑏𝑏 = 𝐴 𝑛 𝑓(𝑣𝑥) (𝑣𝑥 −  𝑥̇) 𝑑𝑣𝑥 𝛥𝛥              (2.12) 

Assuming elastic collisions and a large plate mass compared to the molecule mass, the speed 
of the molecules before and after collision is then vx and vx ± 2𝑥̇. The energy transfer between 
the plate and the gas molecules colliding with the front and back surfaces of the plate, ΔEfront 
and ΔEback, can then be calculated by evaluating the change of kinetic energy of the gas 
molecules before and after collision:  

𝛥𝐸𝑓𝑓𝑓𝑓𝑓 = 𝐴 �[
1
2
𝑚𝑎𝑎𝑎(𝑣𝑥 +  2𝑥̇)2 −

1
2
𝑚𝑎𝑎𝑎𝑣𝑥2] 𝑛 𝑓(𝑣𝑥) (𝑣𝑥 + 𝑥̇) 𝑑𝑣𝑥𝛥𝛥  

𝛥𝐸𝑏𝑏𝑏𝑏 = 𝐴 ∫[1
2
𝑚𝑎𝑖𝑖(𝑣𝑥 −  2𝑥̇)2 − 1

2
𝑚𝑎𝑎𝑎𝑣𝑥2] 𝑛 𝑓(𝑣𝑥) (𝑣𝑥 −  𝑥̇) 𝑑𝑣𝑥𝛥𝛥     (2.13) 
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The total energy transfer ΔEtotal is then 

𝛥𝐸𝑡𝑡𝑡𝑡𝑡 =  𝛥𝐸𝑓𝑓𝑓𝑓𝑓 +  𝛥𝐸𝑏𝑏𝑏𝑏 

𝛥𝐸𝑡𝑡𝑡𝑡𝑡 =  
1
2
𝐴𝑚𝑎𝑎𝑎𝑛 �(4𝑥̇2 +  4𝑥̇𝑣𝑥)𝑓(𝑣𝑥)(𝑣𝑥 +  𝑥̇) 𝑑𝑣𝑥 𝛥𝛥 + 

∫(4𝑥̇2 −  4𝑥̇𝑣𝑥)𝑓(𝑣𝑥)(𝑣𝑥 −  𝑥̇) 𝑑𝑣𝑥 𝛥𝛥                        

(2.14) 

Since in most cases the vibration speed of the plate is much slower than the molecule velocity 
(𝑥̇ << vx), we can consider that  (𝑣𝑥 + 𝑥̇) and (𝑣𝑥 −  𝑥̇) ≈ vx, and thus the previous equation 
becomes 

𝛥𝐸𝑡𝑡𝑡𝑡𝑡 =  𝐴𝑚𝑎𝑎𝑎𝑛 � 8𝑥̇2 𝑓(𝑣𝑥)𝑣𝑥𝑑𝑣𝑥 𝛥𝛥 

𝛥𝐸𝑡𝑡𝑡𝑡𝑡 =  4𝐴𝑚𝑎𝑎𝑎𝑛 �2𝑘𝑏𝑇
𝜋𝜋

 𝑥̇2𝛥𝛥     

 (2.15) 

For the majority of cases, a MEMS resonator is driven by a sinusoidal signal, and thus the 
displacement of the resonator can be expressed as 𝑥 =  𝑥0 𝑠𝑠𝑠(𝜔𝜔) and its velocity 𝑥 ̇ =
 𝑥0𝜔𝜔𝜔𝜔(𝜔𝜔). The energy dissipation of the resonator per cycle is then 

𝛥𝐸𝑐𝑐𝑐𝑐𝑐 =  4𝐴𝑚𝑎𝑎𝑎𝑛 �
2𝑘𝑏𝑇
𝜋𝑚𝑎𝑎𝑎

� 𝑥02𝜔2𝑐𝑐𝑐2𝜔𝜔 
1
𝜔

 𝑑(𝜔𝜔)
2𝜋

0
  

=  4𝐴𝐴𝐴 � 2𝑘𝑏𝑇
𝜋𝑚𝑎𝑎𝑎

 𝑥02𝜔𝜔     

 (2.16) 

The quality factor of the plate due to molecular damping Qmolecular for a resonator with total 
mass m, thickness of plate h, and density ρ is then obtained by evaluating the potential energy 
Epotential of the resonator and Equation 2.16: 

𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  2𝜋 𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖
𝛥𝐸𝑐𝑐𝑐𝑐𝑐

      

=  2𝜋 
1
2  𝑘𝑥02

4𝐴𝐴𝐴 �2𝑘𝑏𝑇
𝜋𝜋  𝑥02𝜔𝜔
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=  2𝜋 
1
2 (2𝜋𝑓0)2 𝑚𝑚02

4𝐴𝐴𝐴 �2𝑘𝑏𝑇
𝜋𝜋  𝑥02𝜔𝜔

 

=  2𝜋 
1
2 (2𝜋𝑓0)2 (𝐴ℎ𝜌)𝑥02

4𝐴𝐴𝐴 �2𝑘𝑏𝑇
𝜋𝜋  𝑥02𝜔𝜔

 

 

Using ideal gas law, we can substitute n = P/kbT : 

𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  =  2𝜋 
1
2 (2𝜋𝑓0)2 (𝐴ℎ𝜌)𝑥02

4𝐴𝐴( 𝑃
𝑘𝑏𝑇

) �2𝑘𝑏𝑇
𝜋𝜋  𝑥02𝜔𝜔

 

=  �
𝜋
2
�
1.5 �𝑘𝑏𝑇/𝑚

𝑃
𝑡𝑡𝑡 

Or equivalently, in molar units for gas constant R and molar air mass Mair :  

𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  �𝜋
2
�
1.5 �𝑅𝑅/𝑀𝑎𝑎𝑎

𝑃
𝑡𝑡𝑡    (2.17) 

Note that the derivation of the Q factor in the case of molecular damping presented above is 
very general, and applies to MEMS resonators of various shapes (cantilevers, bridges, and 
plates) as long as the vibration is normal to the plate surface. 

 

2.1.4 Theoretical description of squeeze film damping  
 

The nonlinear Reynolds equation for a gas flow between two plates is [26]: 

𝜕
𝜕𝜕
�𝜌𝑔𝑔𝑔

ℎ3

𝜇
𝜕𝜕
𝜕𝜕
� +  𝜕

𝜕𝜕
�𝜌 ℎ3

𝜇
𝜕𝜕
𝜕𝜕
� = 12 𝜕(ℎ𝜌𝑔𝑔𝑔)

𝜕𝜕
   (2.18) 

With ρgas as the gas density, P as the gas pressure, h as the gap size, and μ as the gas viscosity. 
This equation is the simplified form of the more general equation for compressible gas. In this 
equation, the inertial effect of the fluid and the lateral movement of the plate are neglected. 
The first assumption is valid in MEMS systems that have large surface to volume ratios, 
which result in the viscous term of the fluid dominating over the inertial term. The second 
assumption is valid in the special case of squeeze film damping, since the plate only moves 
normally relative to the rigid base. Since in MEMS devices, the thermal gradient across the 
film thickness is negligible, the density of gas is proportional to the pressure, and thus we can 
replace ρgas by P:  



Chapter 2  Theory, Design, and Fabrication Process 

48 
 

𝜕
𝜕𝜕
�𝑃 ℎ3

𝜇
𝜕𝜕
𝜕𝜕
� +  𝜕

𝜕𝜕
�𝑃 ℎ3

𝜇
𝜕𝜕
𝜕𝜕
� = 12 𝜕(ℎ𝑃)

𝜕𝜕
   (2.19) 

To simplify the equation even further, we can consider that the gap between the moving 
device and the static substrate consists of an equilibrium position h0 and a perturbation Δh (h 
= h0 + Δh); similarly, the pressure can be considered to consist of an equilibrium constant 
pressure P0 and a varying term ΔP (P = P0 + ΔP). For small perturbations in both plate 
movement and pressure (Δp << P0 and Δh <<h0), the equation can be linearized into: 

𝑃0 �
𝜕2𝛥𝛥
𝜕𝑥2

+  𝜕
2𝛥𝛥
𝜕𝑦2

� −  12𝜇
ℎ𝑜2

𝜕𝜕
𝜕𝜕

= 12𝜇𝑃0
ℎ𝑜3

𝜕ℎ
𝜕𝜕

   (2.20) 

This equation can be solved to obtain the damping force of a resonator, which solution can 
generally be written as: 

𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑  =  𝑃0𝐴𝐴ℎ (−𝑓𝑒(𝜎)cos (𝜔𝜔) + 𝑓𝑑(𝜎)sin (𝜔𝜔)) 

 𝜎 =  12𝜇𝜇𝑤
2

𝑃0ℎ𝑜2
        (2.21) 

With A as the plate area, fe and fd as the elastic and viscous damping elements of the solution, 
h as the gap height, P as the air pressure, µ as the viscosity of the medium surrounding the 
structure, w as the characteristic length of the structure (width for cantilevers or radius for 
circular plates) and the quantity σ is referred to as the squeeze number. It should be noted that 
the terms that contain the elastic and viscous damping element have opposite signs and 
phases. In terms of one-dimensional spring-damper model described before, this means that 
the air inside the gap acts both as a spring and a damper: 

𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑  =  −𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑥 − 𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥̇ 

𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑃0𝐴𝑓𝑒(𝜎) 

ℎ0
 

𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃0𝐴𝑓𝑑(𝜎) 
ℎ0𝜔

      (2.22) 

It can be observed that while the damping force dominates at low squeeze number, the elastic 
force dominates at higher squeeze number, which corresponds to higher frequencies. It can 
also be noted that at a certain squeeze number (or frequency), the amount of elastic force is 
equal to the amount of viscous damping of the air inside the gap. This frequency is called the 
cutoff frequency ωc, which for a plate resonator can be calculated as: 

ωc =  𝜋
2ℎ2𝑃0
12µ𝑤2        (2.23) 

The behavior of a resonator with different values of resonant frequency ω in relation to cutoff 
frequency ωc is shown in Figure 2.3 (taken from [26]). In case of ω << ωc, the viscous 
damping coefficient can be considered constant, and the elastic damping is negligible; the 
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frequency response curve is typical of the spring-damper resonator described before. In case 
of ω ≈ ωc, both the viscous and elastic damping terms are significant, and this results in a dip 
of amplitude just before resonance and a lower peak of resonance. In case of ω >> ωc, the 
viscous damping have only a slight effect on the resonance behavior because the air inside the 
gap does not have enough time to move in and out of the gap at such high resonator 
frequency. The influence of elastic damping is also slight because devices exhibiting high 
resonant frequencies have high spring constants relative to the elastic damping coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Behavior of a mechanical resonator under squeeze film damping according to the 
value of its resonant frequency relative to its cutoff frequency: (a) ω << ωc (b) ω ≈ ωc, (c) ω 
>> ωc. The squeeze film effect is particularly pronounced when ω ≈ ωc, and not so significant 
on two other cases. Taken from [25]. 
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(c) 
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It is meaningful to calculate the cutoff frequency of our devices to determine under which 
conditions our device operates. Putting in values of h = 200 nm (smallest gap used for active 
devices), P0 = 105 Pa (atmospheric pressure operation), µ = 18.6 µPa.s (air viscosity at RT), 
and w = 34 µm (diameter of a plate with r = 14 µm) yields a cutoff frequency of 24.8 kHz. 
This cutoff frequency is much lower than the measured resonant frequency of the device (ω = 
4.7 MHz), and thus the structures and devices in this study operates in the ω >> ωc regime, 
where the effect of squeeze film damping is negligible. This is also supported by the fact that 
unlike the assumptions used in the derivations above, the structures in this study are enclosed 
or display small air holes, which thus reduces the air flow to and from the gap underneath the 
plate, which in turn minimizes the viscous damping.  

 

2.1.5 Fundamental frequency of a vibrating plate 
 

In this subchapter, we derive the fundamental frequency for a circular plate using the 
Rayleigh method [28]. First, we express the kinetic and potential energies of a resonator. If 
the damping of the resonator is neglected, the maxima of kinetic and potential energies have 
the same value. By equating both the kinetic and potential energies, and assuming the 
resonator’s mode shape is known, we can evaluate its resonant frequency. 

We start by writing the general expression for kinetic energy Ekinetic: 

𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 𝑚𝑥̇2

2
     (2.24) 

In the case of plates vibrating perpendicularly to the plate surface (the x-y plane) in the z 
direction, each infinitesimal volume element dxdydz of the plate with densityρ moves with 
different speed 𝑥̇, which is equal to dz/dt. Thus, each element of the plate has a kinetic energy 
dEkinetic: 

𝑑𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 𝜌 𝑑𝑑𝑑𝑑𝑑𝑑 𝑥̇2

2
=  𝜌 𝑑𝑑𝑑𝑑𝑑𝑑 

2
 �𝑑𝑑
𝑑𝑑
�
2
    (2.25) 

The displacement of the membrane in the z direction is a function of time t and position on the 
membrane x and y. We will assume that z can be represented by a product of a term which is a 
function of only x and y and another term which is a function of only t: 

𝑧 = 𝑧(𝑥,𝑦, 𝑡) = 𝐴 𝑢(𝑥,𝑦) cos(𝜔𝜔 +  𝜙)   

𝑑𝑑
𝑑𝑑

= − 𝐴𝐴 𝑢(𝑥,𝑦) sin(𝜔𝜔 +  𝜙)     (2.26) 

With u, the mode shape of the resonator, A, the amplitude of the resonator, ω, the vibrating 
frequency, and ϕ, the initial phase difference. Substituting Equation 2.26 into Equation 2.25 
yields: 
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𝑑𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜌 𝑑𝑑𝑑𝑑𝑑𝑑 

2
 (− 𝐴𝐴 𝑢(𝑥,𝑦) sin(𝜔𝜔 +  𝜙))2 

= 𝜌 𝑑𝑑𝑑𝑑𝑑𝑑 
2

 𝐴2𝜔2 𝑢2  𝑠𝑠𝑠2(𝜔𝑡 +  𝜙)    

 (2.27) 

The total kinetic energy of the plate is obtained by integrating (2.27): 

𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = �𝑑𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =  �
𝜌 𝑑𝑑𝑑𝑑𝑑𝑑 

2
 𝐴2𝜔2 𝑢2  𝑠𝑠𝑠2(𝜔𝑡 +  𝜙) 

=  𝜌𝐴2𝜔2

2 ∫ 𝑢2  𝑠𝑠𝑠2(𝜔𝑡 +  𝜑) 𝑑𝑑𝑑𝑑     (2.28) 

It can be noted that the maximum value of kinetic energy Ek max is obtained when sin (ωt + ϕ) 
= 1. This value is equal to the maximum value of potential energy Ep max due to conservation 
of energy (neglecting damping): 

𝐸𝑘 𝑚𝑚𝑚 =  𝐸𝑝 𝑚𝑚𝑚 = ∫𝑑𝐸𝑘 𝑚𝑚𝑚 =  𝜌 𝑑𝑑 
2
𝐴2𝜔2 ∫   𝑢2𝑑𝑑𝑑𝑑      (2.29) 

The resonance frequency is then obtained by rearranging Equation 2.29 above: 

𝑓 =  𝜔
2𝜋

=  1
2𝜋 �

2 𝐸𝑝 𝑚𝑚𝑚

𝜌𝜌𝜌𝐴2 ∫  𝑢2𝑑𝑑𝑑𝑑
     (2.30) 

Thus, the resonant frequency of the structure can be determined if the mode shape and the 
potential energy of the mode are known. In most applications, as in the case in our study, we 
are mostly interested in vibration at the fundamental frequency, which is the lowest resonant 
frequency of the structure. In this case, the shape of the plate when deformed by a static 
pressure serves as a good approximation for the plate’s first vibration mode.  

The maximum potential energy of the plate can be determined by the Ritz method [28], with 
the following results in polar coordinates: 

𝐸𝑝 = ∫ 𝑑𝑑 ∫ 𝑟𝑟𝑟𝑅
0
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 𝐸𝑚
(1−𝑣𝑚2 )

�𝜕𝜕
𝜕𝜕
�
4
− 𝑧 𝛥𝛥 �              (2.31) 

With Em as the young modulus of the plate material, t as the plate thickness, σ as the internal 
stress within the plate material, and vm as the poisson’s ratio of plate material. The first term 
in Equation 2.31 corresponds to the bending moment of the plate. The second term 
corresponds to the internal stress of the plate, both in its radial and angular components. The 
third term corresponds to the stress caused by the straining of the plate. The fourth term 
corresponds to the external pressure applied to the plate. For thick plates, as in the case for 
structures and devices considered in this study, the third term is small enough and can be 
neglected. 
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The mode shape is simply obtained by normalizing the deflection of the plate due to a 
constant pressure. The solution is determined from the theory of plates [29] to be: 

𝑢𝑟 =  �1 −  𝑟
2

𝑅2
�                (2.32) 

With R as the radius of the circular plate. Putting Equation 2.31 and 2.32 into Equation 2.30, 
neglecting the stress caused by plate straining, yields the analytical fundamental frequency for 
a circular thick plate: 

𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  �5
3

 1
𝜋𝜋�𝜌

�4
3

 𝐸
1−𝑣2

𝑡2

𝑅2
+ 𝜎0             (2.33) 

 

2.2 Design and fabrication of suspended structures using micro-masonry. 
 

In this subchapter, the design and the fabrication process of the suspended plate devices will 
be presented, with separate discussions for the passive and active structures. First, we will 
provide the general concept of the devices, and then we will give further details regarding 
each of the components. Finally, the fabrication steps required to create the structures and 
devices will be presented. All of the fabrication process will be done in LAAS, with the 
exception of the micro-masonry step, which is done at Seok Kim’s Lab at University of 
Illinois at Urbana, Champaign, USA. 

 

2.2.1 Design and fabrication of the passive structures 
 

The basic concept of a suspended plate passive structure is illustrated in Figure 2.4. The 
passive structure consists of two parts, the silicon nanoplate and the base structure. The 
silicon nanoplate (known as the ink) is fabricated out of a device layer of a silicon on 
insulator (SOI) wafer using lithography and etching. The base structure is fabricated out of 
silicon dioxide layer on top of a bulk silicon wafer. The base structures are etched with 
cavities that define the shape of the suspended plate resonator. Using microtip stamps, the 
silicon nanoplate is transferred from the SOI wafer (known as donor wafer) onto the base 
structures on the bulk silicon wafer (known as acceptor wafer). The bulk wafer containing the 
combined structure is then thermally annealed to create a rigid bond between the inks and the 
base structures, resulting in a passive resonating structure. 
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Figure 2.4. Illustration of a suspended plate passive structure. The structure consists of the 
silicon nanoplate (brown) and the base structure (blue) which contains cavities. The silicon 
nanoplate is transferred using micro-masonry on top of the base structure; the combined 
structure is then thermally annealed to create a strong and rigid bond between the two 
components. 

 

The design details for the first batch of passive structure are as follows: The silicon nanoplate 
inks have a lateral dimension of 100 × 100 µm with a square shape and thickness of t = 0.34 
µm. This ink size was chosen due to familiarity of the Illinois group regarding its process 
parameters.  

The base structures have a lateral dimension of 120 µm with a square shape, giving the silicon 
nanoplates 10 µm margin of error on four cardinal directions. The thickness of the base 
structure (and the gap size) was designed to be h = 0.66 µm. To test the influence of the type 
of base on the result of the micro-masonry process, we have used both thermally grown and 
PECVD deposited SiO2. Cavities are defined within the base structures and can be 
differentiated in terms of shape, size, number of cavities, and presence of an air vent. We have 
included both circular and square cavities to test the ability of the plate to conform to various 
shapes. We also varied the size of the circular-shaped cavities (r = 30 µm and r = 10 µm), as 
well as the square-shaped cavities (with side length of r = 60 µm, r = 20 µm, and r = 4 µm,). 
We have also included multiple (4) square-shaped cavities in a single base in order to test the 
possibility of fabricating several resonators using a single silicon plate. On some structures, 
an air vent connecting the cavity to the environment was added to check the influence of air 
inside the cavity on the Q factor of the passive structures.  

The chips that contain the base structures have a lateral dimension of 1 × 1 cm to conform 
with the sample holder of our Fabry-Perot setup. Each chip contains 16 base structures 
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arrayed in 4 x 4 layout, with letters A – D signifying the rows, and numbers 1 – 4 signifying 
the columns. The chip layout is shown in Figure 2.5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. The acceptor chip layout for the first fabrication batch. The base structures 
contain cavities of different sizes and shapes, and include cavities with air vents. 

The design details for the second batch of passive structure are as follows: The silicon 
nanoplate inks have a lateral dimension of 100 × 100 µm with a square shape, identical with 
the first batch. However, two values of thickness were used, t = 0.34 µm and 1.2 µm. The ink 
with the 1.2 µm thickness was used in response to buckling observed on some of the passive 
structures to see whether the increased stiffness has a significant impact on the device yield.  

The base structures have a lateral dimension of 120 × 120 µm with a square shape, identical 
with the first batch. Three values of thickness of the base structure (and the gap size) were 
used to test the influence of gap size on air damping; h = 0.66, 1.25 µm, and 2.5 µm. Only 
PECVD deposited SiO2 was used, since measurement on the first batch of passive structure 
did not show significant difference between PECVD and thermally grown SiO2. Unlike the 
first fabrication batch, only circular cavities were used and no square-shaped cavities were 
present to simplify any theoretical analysis. The passive structures of the second fabrication 
batch were designed to investigate buckling, squeeze film damping, and crosstalk uncovered 
during the characterization of the previous batch (see chapter 4). The new samples were 
designed with cavities ranging from r = 8 - 30 µm to investigate the maximum membrane size 
at which the buckling becomes significant and problematic. It is also of practical interest to 
investigate crosstalk between cavities fabricated using a single plate for the possible 
production of devices with high membrane density. The multi-cavity devices fabricated 
during the first batch were suspected to exhibit some mechanical crosstalk (see Chapter 4), so 
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we have included devices with different cavity sizes in the second fabrication batch, thus 
displaying different resonant frequencies. This would ease the identification of crosstalk 
phenomena compared to devices including resonators with similar resonant peaks. To study 
the effect of cavity size on crosstalk, we designed two devices with different sets of cavity 
(Figure 2.5). Devices C2 & D2 include a smaller set of cavities (r =8, 10, 12 µm) while 
device C3 & D3 have a larger set of cavities (r =15, 18, 20 µm). In order to study the 
influence of the distance between the various cavities on possible crosstalk effects, we have 
included devices with inter-cavity distances of 20 µm (devices C2 & D2) and 40 µm (devices 
C1 & D1). 

The chips which contained the base structures have identical size and layout as the first batch. 
The chip layout is shown in Figure 2.7. 

 

 

   

 

Figure 2.6.  Devices with multiple cavities for the fabrication of multiple resonators with a 
single plate. From left to right: devices C1 (r= 8, 10, 12 µm; 40µm spacing), C2 (r= 8, 10, 12 
µm; 20µm spacing), and C3 (r= 15, 18, 20 µm; 20µm spacing). 
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Figure 2.7. The acceptor chip layout of the second fabrication batch. The varying sizes of the 
circular cavities were designed to evaluate the influence of cavity size on plate buckling. 
Devices containing multiple cavities of different sizes were used to test the presence of 
mechanical crosstalk between the resonators. 

The fabrication steps of the passive structures is illustrated in Figure 2.8. The nanoplate inks 
are fabricated starting from SOI wafers (BT electronics, 0.34/1/500 µm thickness, 100 mm, 
boron doped, 14-22 Ω.cm resistivity). First, 100 µm × 100 µm squares are patterned using 
photolithography to define the ink shapes in the silicon device layer. Then, dry reactive ion 
etching (RIE) is performed to form the nanoplates that remain attached to the buried oxide 
layer. Subsequently, HF solution is utilized to remove unnecessary box oxide layer as well as 
a small region beneath the silicon nanoplates. This undercut region is filled with photoresist 
(PR) followed by complete removal of oxide layer resulting in suspended nanoplates with PR 
anchors. The suspended nanoplates are then transfer printed through micro-masonry leaving 
PR anchors behind on the donor substrate. The thickness of the silicon nanoplate ink is 
defined by the thickness of the top silicon layer of the SOI wafers, which is 0.34 µm in our 
case. 

The receiver chips are fabricated by first depositing a PECVD (300 °C, 1 mbar) silicon oxide 
layer on top of a bulk silicon wafer, with thickness of t = 0.66, 1.25 µm, or 2.5 µm depending 
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on the fabrication batch. For some receiver chips of the first batch, the silicon oxide was 
thermally grown on top of the silicon wafer until it has reached the thickness of t = 0.66 µm. 
Afterwards, the base structure is patterned using photolithography followed by RIE (17 °C, 7 
10-3 mbar). The base structures consist of square shapes (120 µm side lengths) with one or 
more cavities. Base structures with multiple cavities result in multiple nanoplate devices 
obtained in a single transfer printing step, thus enabling a parallel fabrication capability. 
Finally, and prior to the transfer-printing of the ink onto the base structure, the receiver wafer 
is diced into 1 cm × 1 cm chips. 

 

 

 

 

 

 

 

 

Figure 2.8. Illustration of the fabrication process of the passive structures. The silicon 
nanoplates were prepared from a donor SOI wafer, while the base structures were prepared on 
top of a bulk silicon acceptor wafer. Micro-masonry was used to transfer the nanoplates on 
top of the base structures, and thermal anneal was used to bond the two parts together. 

 

Transfer printing of the silicon nanoplate inks is then achieved by means of PDMS microtip 
stamps. These stamps have pyramidal tips that provide appropriate adhesion force both during 
the pickup and the printing step. The stamp used for this study has a square layout, with four 
tips located at the edge of the square. The inks are aligned and transferred onto the base using 
appropriate speed and force profile. The chip is finally annealed at 950 °C to permanently 
bond the base and the membrane. As stated previously, the micro-masonry step was done at 
Seok Kim’s Lab at University of Illinois at Urbana, Champaign, USA. Figure 2.9 shows SEM 
pictures of a resulting typical structure before and after the transfer printing process. 
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Figure 2.9. SEM image of the structure considered in this study: (a) 1.25 µm thick SiO2 base 
structure hosting a 20 µm radius cavity before the transfer printing process (b) the same 
structure after transfer printing the 0.34 µm thick nanoplate ink and thermal annealing. 

 

2.2.2 Design and fabrication of the active devices 
 

The basic concept of the active devices is illustrated in Figure 2.10. As can be observed, the 
device shares many similarities with the passive structure, consisting of a silicon nanoplate on 
top of an oxide base structure. In addition, the active device has several different components 
to enable electrostatic actuation and sensing, including a silicon bottom electrode, gold 
electrical interconnects to the top and bottom electrodes, and pairing layout for compensated 
capacitive measurement. The silicon for the top and bottom electrodes is highly doped to 
increase their conductivity and reduce their RC time constant. After the micro-masonry 
process and the annealing of the silicon nanoplates and the base structures, the interconnects 
are formed using sputtering and liftoff technique. Finally, the device is attached to a PCB and 
wire bonded as the finishing step.  

 

 

 

 

 

 

(a) (b) 
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Figure 2.10. Illustration of a suspended plate active device. The device has several features 
not found in the passive device, such as a silicon bottom electrode, gold electrical 
interconnects to the top and bottom electrodes, and pairing layout. 

 

The design details for the active structures is shown in Figure 2.11, where the blue layer 
indicates the bottom electrode, the green layer indicates the insulating base, the red layer 
indicates the metallization, and the crisscrossed layer indicates the position of silicon plate to 
be transfer-printed using micro-masonry. Detailed description of each component is as 
follows: 

The nanoplate inks have lateral dimensions of 100 × 100 µm² and a thickness of t = 0.34 µm, 
which is similar to those used in passive structures. Since in active device the nanoplates are 
used as a top electrode, it is desirable that it has low resistivity to lower the RC time constant. 
This is achieved by doping the SOI wafer used as the donor wafer with boron in a furnace. 

The base structure itself was made out of PECVD deposited SiO2 with width of 120 µm and 
thickness (gap value) of h = 0.2 µm. While very small gap was desirable for capacitive 
detection, smaller gap could lead to device collapse and sticking during the transfer-printed 
process. The base structure also extended beyond the bottom electrode to accommodate both 
the interconnect lines and the contact pads. The cavity size used in the active device is a 
compromise between prevention of device failures to buckling and ease of capacitive 
detection. While it is desirable to have a large device area above the cavity to increase the 
static capacitance and obtain higher signal to noise ratio, device with larger span also have 



Chapter 2  Theory, Design, and Fabrication Process 

60 
 

less rigidity and buckle more easily when exposed to compressive stress. As a compromise, 
cavity radius between r = 20 and 7 µm were chosen. To prevent mixing of detection signals, 
the paired devices had different cavity designs, with one containing a single cavity and the 
other containing two cavities. The cavities size was designed such that for each of the paired 
device the resonant frequency of both devices were different, and the total area under the 
cavity was approximately equal. In this study, three types of device pairing were included 
according to the cavity radius and quantity: 1 x r = 20 µm cavity paired with 2 x r = 14 µm 
cavity; 1 x r = 10 µm cavity paired with 2 x r = 7 µm cavity; and 1 x r = 15 µm cavity paired 
with 1 x r = 13 µm and 1 x r = 7 µm cavity. 

The bottom electrode consisted of a 250 x 200 µm rectangle underneath the base structure, 
fabricated out of a heavily doped device layer of an SOI wafer. The electrode size was a 
compromise between the RC time constant requirements that favors small bottom electrode 
(to minimize parasitic effects) and fabrication requirements that favors large size tolerance to 
deal with process misalignments. 

The metal interconnects has a width of 80 µm and were fabricated by Cr and Au sputtering. 
Two separate connections were made to each of the top electrodes in order to drive the 
devices with separate electrical signals. One connection was made in parallel to the bottom 
electrode of both paired devices in order to measure the charge difference during mechanical 
resonance. In our device layout, the interconnect lines were not planar because of the 
thickness of the resonator plate and the silicon layer used as the bottom electrode, thus 
respectively inducing a vertical step of 0.34 µm and 2 µm. Sputtering was planned as a 
metallization method to ensure conformity as well as to avoid open circuit among the 
interconnecting lines. Aside from providing interconnects to the devices themselves, the 
metallization layer occupy a major part of the device, including the center and the 
circumference of the chip. Most of this metal layer that encompasses a large area of the chip 
is meant to ensure that the substrate is properly grounded. The arrangement of the devices is 
meant to provide symmetrical interconnect lines between each of the devices and the contact 
pads. The contact pads themselves are square-shaped with 250 µm x 250 µm size, to 
accommodate the gold wire bonding that requires a minimum area of 200 x 200 µm to ensure 
good electrical contact. 

The active devices were configured in pairs to facilitate compensated capacitance 
measurement, the detail of which is explained in Chapter 3. In general, this measurement 
scheme combines 2 driving AC signals with opposite phases at 2 capacitors with identical 
capacitance value to eliminate the parasitic effect. This arrangement enables one of the 
devices in a pair to be used as a compensating capacitor, since they share the same geometry 
and capacitance value. The active devices are arranged within a 1 × 1 cm² chip, and 36 
acceptor chips are created on a 100 mm silicon wafer. 
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Figure 2.11. The schematics of the active device. Green indicates the PECVD SiO2 layer (200 
nm thick), which acts as the base structure. Blue indicates the Si device layer (2 µm thick, 
P++), which acts as the bottom electrode. Crisscrossed squares indicate the Si inks (0.34 µm 
thick, P++), which acts as the top electrode. White background indicates the buried SiO2 
layer (1 µm thick). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Chip layout for the fabrication of the active devices. Red color refers to the 
metallization layer, green color refers to the oxide layer, and the blue color refers to the 
highly-doped silicon layer, which acts as the devices’ bottom electrode. 
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The fabrication process of the active device is illustrated in Figure 2.13. The process itself is 
very similar to the one used for the fabrication of passive structures, with an important 
difference regarding the substrates. Two silicon-on-insulator (SOI) wafers were used as 
starting substrates to fabricate our devices: a first one 0.34/1/500 µm thick P-type (from BT 
electronics) was used as a donor wafer, while another 2/1/500 µm, P++-type (from BT 
electronics) was used as an acceptor wafer. The donor SOI wafer was further doped with 
boron at a high dose of 106 atoms/cm2, followed by thermal annealing at 1000°C during 20 
minutes in order to reduce the electrical resistance of the top layer. Low resistance top layers 
for both donor and acceptor wafers were necessary to use the silicon layer directly as top and 
bottom electrodes of the device. The nanoplate inks were then fabricated from the donor 
wafer similar as for the passive device. 
 
The acceptor chips were fabricated from the acceptor wafer as follows. First, a 200 nm thick 
PECVD oxide layer was deposited at 300 °C and 1 mbar on top of the SOI acceptor wafer. 
Then, the base structure was patterned using photolithography followed by RIE (operated at 
room temperature and 7 10-3 mbar). The base structures consisted of square shapes (120 µm 
side lengths) with one or more circular cavities. Another lithography step followed by RIE 
was done to separate the bottom electrodes below each base structure in order to electrically 
address them separately. Another lithography step followed by RIE is done to etch the buried 
oxide layer and make a via-hole to make a grounding contact with the bulk silicon layer. 
Finally, and prior to the transfer-printing of the ink onto the base structure, the receiver wafer 
was diced into 1 cm × 1 cm chips. 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13. Fabrication process involving (a) the preparation of both donor and acceptor 
substrates and (b) the micro-masonry process to transfer and bond the nanoplates onto the 
base structures followed by metallization process to create interconnect lines. 
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Transfer-printing of the silicon nanoplate inks was done in a fashion similar to the one carried 
out for the passive structures, with some modifications in an attempt to increase the bonding 
quality and device yield. After the transfer printing process, the plate was pressed along the 
circumference of the cavity to ensure good contact using a single tip stamp. The chip was 
finally annealed at 600 °C to permanently bond the base and the membrane. As stated 
previously, the micro-masonry step was done at Seok Kim’s Lab at University of Illinois at 
Urbana, Champaign, USA.  Afterwards, the combined structures underwent metallization with 
Cr and Au  (50 nm Cr + 200 nm Au) using sputtering technique. After the metallization step, 
both the gold patch and the interconnect lines were patterned by lift-off at the single chip 
level. For packaging purposes, each chip was wire bonded using Au wire and mounted onto a 
PCB. The PCB itself has 10 contact pads on each side, to connect the 3 pairs of devices plus 
the ground line of the chip. 

2.3 Summary 
 

In this chapter, the theoretical basis of mechanical vibration has been presented, with a 
particular focus on forced vibration. Q factor was presented as the common measurement of 
dissipation on MEMS resonators, along with some damping mechanisms commonly 
encountered. Among all of the damping mechanisms, two of them, molecular damping and 
squeeze film damping, were explored further due to their relevance to this study. The design 
of the devices used in this study was presented along with the objectives of the design used. 
Finally, the fabrication method used to produce both passive structures and active devices was 
discussed. 
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Chapter 3 
Characterization and Measurement Methods 

 
 
This chapter focuses on the two characterization methods used in this study that are based on 
optical and electrical measurements. A general overview of both measurement methods will 
first be presented. Then, we will provide details on the Fabry-Perot interferometry setup used 
for optical detection and on the compensating capacitance method used for electrical sensing. 
Theoretical principles behind these measurement methods, such as light interferometry and 
electrical charge cancellation will be presented. Finally, every component of the experimental 
setups used during the course of this study, such as the vacuum chamber, the laser source and 
the optical elements, and the acquisition and electrical measurement cards will be discussed 
along with the protocols used for characterizing the samples. 
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3.1 Overview of dynamic optical measurement systems 
 
Optical measurement methods have inherent advantages that make them suitable for 
characterization of MEMS devices. First of all, optical measurements are carried out without 
physical contact, thus avoiding physical loads and interactions such as mass addition or force 
application from a mechanical probe. In addition, the light beam used for measurements can 
be easily pointed and focused tightly on a small structure, which means that a single 
measurement setup can easily and quickly be used to measure different passive structures 
located on the same samples. Finally, the high measurement precision that results from the 
interferometric configuration also allows to probe small size structures, and morphologies, 
movements, displacements or deformations typical of MEMS devices. 
 
On the other hand, the physical components required in optical setups limit the usage of 
optical sensing solely to an external probing approach since it is hardly suited to integration 
on the MEMS chip itself. Optical elements such as precision lenses, dielectric mirrors, prisms, 
and laser sources, are large and fragile. These components are also expensive and require 
macroscopic associated elements, such as alignment stages, power supplies and optical tables. 
The operator using optical setups needs extensive training and experience in order to obtain 
the correct focus and to optimize the interference patterns. Thus, optical measurement 
techniques are perfectly suited for the high-precision characterization of MEMS samples but 
cannot be considered as integrated sensing schemes embedded in MEMS devices. 
 
In the context of MEMS studies, optical measurement systems can be divided into those that 
measure static and dynamic properties of MEMS. Static measurement systems measure size 
and displacement of MEMS devices, and are primarily used for process control and 
characterization of quasi-static MEMS devices such as valves. Optical microscopy, 
ellipsometry [1], and white-light interferometry [2,3] techniques are some examples of static 
optical measurement systems. Dynamic measurement systems, on the other hand, measure 
dynamic characteristics of the device in the frequency domain such as mode shape, resonant 
frequency, and Q factor. Since our MEMS device operates in dynamic mode (mechanical 
resonator), dynamic optical measurement systems are of primary interest for our work. Here, 
we thus give a brief overview of some commonly used dynamic measurement systems and 
then focus on the one thoroughly used in this study. 
 

3.1.1 Strobe video microscopy 
 
The principle of strobe video microscopy [4,5] is illustrated in Figure 3.1.a. A charge – 
coupled device CCD camera is used to image the MEMS sample, which is driven by an AC 
signal at a certain frequency. The driving signal is synchronized with a light emitting diode 
LED (the strobe), which illuminates the sample at a period that is a multiple of the period of 
the driving frequency. As a result, the CCD camera receives multiple images of the sample 
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during the entire time the camera shutter is open. These exposures contain the images of the 
device in the same position (and phase) during vibration, since the LED flashes when the 
device is driven at the same phase. This procedure is repeated for a second acquisition shot, 
with some phase difference / lag between the driving signal period and LED flash + camera 
exposure period. Alone, this method enables visualization of a resonator’s mode. When 
combined with interferometry techniques, this approach results in moving fringes that 
contains information about the displacement of the resonator, which can be obtained both 
quantitatively and visually observed. Although the ability to visually observe the resonator’s 
mode shape is very powerful, this technique is limited by the response time of the LED 
strobe, which limits the measurement bandwidth of this technique to few MHz.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. (a) Timing diagram for the strobe video microscopy. The LED is synchronized to 
flash at a multiple of the driving signal period next per shot, which contains information of 
the resonator displacement at a certain phase. Taken from [6]. (b) An example of a strobe 
video microscopy setup : ZoomSurf 3D from Fogale nanotech at LAAS. (c) An example of 
strobe video microscopy results for cantilevers. The different vibration amplitude at a certain 
frequency can be observed [7]. 
 
 
 

(a) 

(c) 

(b) 
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A typical commercial example of this setup is the ZoomSurf 3D from Fogale nanotech 
(Figure 3.1.b), which is available at LAAS. The system consist of an optical microscope with 
a field of view ranging from 7.2 to 80 µm, a sample stage with piezo motor that can induce 
vertical displacements between 0.1 nm and 500 µm, and measurement bandwidth between 
100 Hz and 3 MHz using both white light and red light interferometry. Despite the interest of 
this technique to obtain valuable information on e.g. the mode shapes, this machine was not 
used in this study due to its limitation in measurement bandwidth. 
 

3.1.2 Laser doppler vibrometry 
 
The principle of laser doppler vibrometry [8] is illustrated in Figure 3.2.a. As can be 
observed, the setup for this measurement method is that of a Mach-Zender interferometer with 
some modifications. The light from the laser is split into two arms, one is directed to the 
MEMS device under test as a measurement beam, and the other one passes through a Bragg 
cell as a reference beam. The measurement beam that is reflected from the sample surface is 
modulated by the frequency of the resonator, while the reference beam experiences a Doppler 
shift defined by the Bragg cell frequency. When both beams combine at the photodiode, this 
optical heterodyne produces a beat frequency proportional to the actuation velocity of the 
surface of the MEMS device at the spot where the measurement beam is shined. Likewise, the 
modulation in phase is proportional to the MEMS displacement at the position of the 
measurement beam. The measurement bandwidth of this technique is higher than those of 
Strobe light microscopy, since the information is carried on by the frequency and does not 
depends on the illumination LED with relatively limited response time. 
 
An example of a commercial laser doppler vibrometry setup for MEMS characterization is the 
MSA-500 by Politec (Figure 3.2.b). This equipment combines static white light 
interferometry, strobe-light interferometry, and laser Doppler vibrometry up to 24 MHz 
measurement bandwidth in one package. A unique feature of this equipment is its ability to do 
a raster scan of the sample, and thus obtain a 3D velocity and displacement profile of the 
device (Figure 3.2.c). Although ideal for MEMS characterization, we were not able to benefit 
from the advantages offer by this setup since it was unavailable at LAAS during the course of 
this study. 
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Figure 3.2. (a) Schematics of the laser doppler vibrometry setup. It has the configuration of a 
Mach-Zender interferometer, with the addition of a Bragg cell in the reference beam path. (b) 
An example of a commercial laser doppler vibrometry setup: MSA-500 by politec [9]. (c) An 
example of a laser doppler velocimetry results for the second mode of a rectangular plate. 
[9]. 
 
 

3.1.3 Fabry-Perot interferometry 
 
The principle of Fabry-Perot interferometry [10] is illustrated in Figure 3.3.a. Unlike the setup 
used in laser Doppler vibrometry (Figure 3.2.a), the reference and measurement beam of the 
Fabry-Perot interferometer shares the same optical path with the exception of the gap between 
the sample and the base plate. Such interferometer is called a common-path interferometer 
[11], and has an advantage of simplicity and better stability compared to the double path 
interferometer used for laser Doppler velocimetry. The disadvantage of this setup is the 

(a) 

(b) (c) 



Chapter 3 Characterization and Measurement Methods 

72 
 

common path used for both reference and measurement beam prevents the use of Bragg cells 
to shift the frequency of the reference beam, and the information about the displacement of 
the resonator is not straightforward to obtain. This Fabry-Perot interferometry setup is the one 
used in this study, and its theoretical basis will be discussed in more detail hereafter. 
 
Let us consider a laser beam with wavelength λ, speed of light c and angular frequency 
ων=2πc/λ that hits a vibrating resonator as shown in Figure 3.3.b.  Part of the laser beam (A) 
will be reflected by the resonator surface, and part of the beam (B) will be transmitted through 
the resonating surface and reflected by the underlying substrate surface. The intensities IA and 
IB of A and B are not known as they depend strongly on the optical properties, thicknesses and 
surface quality of the resonator and substrate materials. The total intensity IT detected on the 
photodiode used to collect the signals and caused by interference of A and B is: 
 

𝐼𝑇 =  𝐼𝐴 +  𝐼𝐵 + 2�𝐼𝐴𝐼𝐵 cos(𝛽𝛽𝛽𝛽(𝜔𝑚𝑚𝑚𝑚𝑡) + 𝜑)   (3.1) 
 
The phase shift between A and B is modulated by the mechanical vibration x of the resonator. 
The static part φ is caused by the gap between the resonator surface and underlying substrate. 
The dynamic part is caused by the mechanical vibration of the resonator, and has an 
amplitude of β=4πxpk/λ, with xpk the mechanical vibration amplitude and ωmems the mechanical 
angular frequency.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. (a) Simplified view of the Fabry-Perot set-up. BS: beam splitter, PD: photodiode, 
DUT: device under test.  (b) Detail of the signal reflected from the DUT. The optical signal is 
frequency modulated by the forced vibration of the MEMS resonator. (c) Spectral analysis of 
the PD signal. Magnitude of the harmonics is ruled by the Jacobi-Anger expansion of the PD 
signal. Jn denotes the nth 1st kind Bessel function. 
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It can be noted that the first two terms of Equation 3.1 represent the DC component of the 
photodiode current, while the third term represents the AC (mechanical frequency) modulated 
component of the photodiode current.  Using trigonometric identity and Jacobi–Anger 
expansion, the time-varying component of the third term can be written as: 
 
cos(𝛽𝛽𝛽𝛽(𝜔𝑚𝑚𝑚𝑚𝑡)) cos(𝜑) − sin (𝛽𝛽𝛽𝛽(𝜔𝑚𝑚𝑚𝑚𝑡)) sin(𝜑) 
 

=  cos(𝜑) �𝐽0(𝛽) + 2 � (−1)𝑛𝐽2𝑛(𝛽)cos (2𝑛
𝑛=∞

𝑛=1

𝜔𝑚𝑚𝑚𝑚𝑡)�

− sin(𝜑) �−2 � (−1)𝑛𝐽2𝑛−1(𝛽)cos ((2𝑛 − 1)
𝑛=∞

𝑛=1

𝜔𝑚𝑚𝑚𝑚𝑡)� 

= cos(𝜑)𝐽0(𝛽) − 2 sin(𝜑) 𝐽1(𝛽) 𝑐𝑐𝑐(𝜔𝑚𝑚𝑚𝑚𝑡) − 2 cos(𝜑) 𝐽2(𝛽) 𝑐𝑐𝑐(2𝜔𝑚𝑚𝑚𝑚𝑡) +
2 sin(𝜑) 𝐽3(𝛽) 𝑐𝑐𝑐(3𝜔𝑚𝑚𝑚𝑚𝑡) + ⋯            (3.2) 

 
with Jn as the nth Bessel function [12] of the first kind. It can be observed that in the frequency 
domain, peaks appear at n times ωmems, with amplitude proportional to Jn and sin (φ) for odd 
values of n or cos (φ) for even values of n (Figure 3.3.c). Assuming the displacement is small 
compared to the light wavelength (β<<1), as typical of MEMS devices, the following 
approximation for the Bessel function can be used: 
 

 𝐽1(𝛽) ≈ 𝛽
2

       (3.3) 

 
Substituting Equation 3.3 into Equation 3.2 and Equation 3.1 along with the definition of β, 
the first term of AC component of the light intensity IAC1 can be written as: 
 

𝐼𝐴𝐴1 = 8𝜋𝑥𝑝𝑝
𝜆 �𝐼𝐴𝐼𝐵 sin(𝜑) 𝑐𝑐𝑐(𝜔𝑚𝑚𝑚𝑚𝑡)    (3.4) 

 
In other words, when a Fourier transform is done on the diode signal, such as using a 
spectrum / network analyzer, a peak at the mechanical resonant frequency 𝜔𝑚𝑚𝑚𝑚 which is 
proportional to the mechanical displacement amplitude xpk can be observed. Note that 
although the reference light (B) is assumed to come from the reflection at the bottom of the 
device, this does not have to be the case. The light (B) could also come from reflection within 
the measurement setup or on the optical elements in the path to the diode, as long as it is 
stationary relative to the movement of the MEMS device. 
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3.2 Calibration of Fabry-Perot interferometer using thermal noise 
 
A common way to calibrate a Fabry-Perot interferometer is by measuring the response of a 
device under thermal noise [13], which principle is discussed in this subchapter. The one-
dimensional equation of motion for damped vibration can be expressed by: 
 

𝑥̈ +  𝜔𝑛2𝑥 + 𝜔𝑛
𝑄𝑛
𝑥̇ = 𝐹(𝑡)

𝑚𝑒𝑒𝑒
     (3.5) 

 
With x as the displacement of the resonator, ωn as the natural frequency of the resonator, Qn 
as the quality factor of the resonator, F(t) as the driving force of the resonator, and meff as the 
effective mass of the resonator. This equation of motion can be taken into the frequency 
domain by doing a Fourier transform: 
 

𝐹{𝑥}
𝐹{𝐹(𝑡)} =  1

𝑚𝑒𝑒𝑒(𝜔𝑛
2−𝜔2−𝑖𝑖𝜔𝑛𝑄 )

          (3.6) 

 
The next step is to determine the relationship of average square amplitude <x(t)2> with 
resonator power spectral density Sdevice. The average square amplitude is defined as: 
 

< 𝑥(𝑡)2 > =  1
𝑇0
∫ 𝑥(𝑡)2𝑑𝑑𝑇0
0       (3.7) 

 
with T0 as time which is large relative to the period of the vibration 2π/ωn. Since potential 
energy of the resonator is proportional to x(t)2 , Equation 3.7 can be rewritten in terms of 
Sdevice in frequency domain as: 
 

< 𝑥(𝑡)2 > =  1
2π ∫ 𝑆𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑

∞
0       (3.8) 

 
The relation between resonator power spectral density Sdevice and driving force power spectral 
density Sdrive is: 
 

𝑆𝑑𝑑𝑑𝑑𝑑𝑑 =  � 𝐹{𝑥}
𝐹{𝐹(𝑡)}�

2
 𝑆𝑑𝑑𝑑𝑑𝑑        (3.9) 

 
The ratio is squared for the same reason in Equation 3.8, due to the relation between 
displacement and power. In our case, the driving force is the thermal force, which power 
spectral density can be considered flat at the measurement range of interest (ωn << 1 GHz). 
Thus, the Sdrive in equation 9 can be considered constant. Substituting Equation 3.6 and 
Equation 3.9 into Equation 3.8 yields: 
 

< 𝑥(𝑡)2 > =  𝑆𝑑𝑑𝑑𝑑𝑑 
2π𝑚𝑒𝑒𝑒2

∫ 𝑑𝑑

�𝜔2−𝜔𝑛
2�2+�𝜔𝜔𝑛𝑄 �

2
∞
0  =  𝑆𝑑𝑑𝑑𝑑𝑑 𝑄

4𝜔𝑛
3𝑚𝑒𝑒𝑒2

   (3.10) 
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The next step is to find the connection between the average square amplitude and the absolute 
temperature. This can be found using the equipartition theorem, which for the one-
dimensional resonator considered here can be written as:  
 

< 𝑈 > =  1
2
𝑚𝑒𝑒𝑒𝜔𝑛2 < 𝑥(𝑡)2 > = 1

2
𝐾𝑏𝑇     (3.11) 

  
with Kb as the Boltmann’s constant and T as the absolute temperature. Substituting Equation 
Equation 3.11 into Equation 3.10 yields the expression of Sdrive in terms of the resonator’s 
effective parameters: 
 

𝑆𝑑𝑑𝑑𝑑𝑑 =  4𝐾𝑏𝑇𝜔𝑛𝑚𝑒𝑒𝑒

𝑄
      (3.12) 

 
and the resonator power spectral density Sdevice can be obtained by combining Equation 3.12 
with Equation 3.9: 
 

𝑆𝑑𝑑𝑑𝑑𝑑𝑑 =  4𝐾𝑏𝑇𝜔𝑛
𝑚𝑒𝑒𝑒𝑄

 1

𝑚𝑒𝑒𝑒(𝜔𝑛
2−𝜔2−𝑖𝑖𝜔𝑛𝑄 )

     (3.13) 

 
which can be used to calibrate the measurement setup by comparison with the experimental 
power spectral density Sexp : 
 

𝛼 = 𝑆𝑒𝑒𝑒
𝑆𝑑𝑑𝑑𝑑𝑑𝑑 

       (3.14) 

 
where α is the transduction efficiency of the measurement setup. Note that measurement setup 
here refers to the specific combination of measurement point, sample, and equipment settings. 
Any change in the measurement conditions will change the value of α. 
 

3.3 Calibration of Fabry-Perot cavity using harmonics 
 
During the course of this study, it was shown that the Fabry-Perot optical characterization 
method can be developed further to gain additional parameters regarding the device under test 
[14]. This is done by utilizing the extra AC terms in equation (2) (n = 2,3,4,….), which were 
commonly neglected for normal Fabry-Perot characterization. It can be observed that in 
frequency domain, peaks appear at n times ωmems, with amplitude proportional to Jn and 
sin (φ) for odd values of n or cos (φ) for even values of n (Figure 3.3.c). Thus, the ratio 
between peak amplitudes Ln for n+2 and n is independent of static phase shift φ, beam 
intensity, and optical losses. The peak amplitude ratio for n=3 and n=1 detected at the 
photodiode output, assuming that its gain K is constant over the frequency band, is: 
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𝐿3
𝐿1

= 2 sin(𝜑)𝐽3(𝛽)
2 sin(𝜑)𝐽1(𝛽)

= 𝐽3(𝛽)
𝐽1(𝛽)

       (3.15) 

 
Similar to Equation 3.3, the following approximations can be used for J3 in case of small β: 
 

 𝐽3(𝛽) ≈ 𝛽3

48
      (3.16) 

 
Substituting Equation 3.3 and Equation 3.16 into Equation 3.15 yields: 
 

𝐿3
𝐿1

= 𝐽3(𝛽)
𝐽1(𝛽)

≈ 2
3
𝜋2

𝜆2
𝑥𝑝𝑝2      (3.17) 

 
which shows that the resonator displacement xpk can be deduced from the measurement of the 
amplitude ratio between L3 and L1. Since the value of L1 is proportional to xpk (Figure 3.1.c 
and Equation 3.4), the calibration factor between the mechanical vibration amplitude of the 
micro-resonator and the signal magnitude at the spectrum analyzer is obtained. This 
calibration factor can be used to obtain the thermomechanical displacement noise spectral 
density xnoise at resonance from the signal noise spectral density Lnoise at resonance: 
 

𝐿1√2
𝑥𝑝𝑝

= 𝐿𝑛𝑛𝑛𝑠𝑠
𝑥𝑛𝑛𝑛𝑛𝑛

        (3.18) 

 
The √2 factor arises from the fact that xnoise is an RMS value while xpk is a peak value.  
Effective mass Meff and effective spring constant Keff of the resonator are then obtained from 
xnoise by: 
 

𝐾𝑒𝑒𝑒 = 4𝑘𝐵𝑇𝑇
𝜔0𝑥𝑛𝑛𝑛𝑛𝑛

2        (3.19) 

 

𝑀𝑒𝑒𝑒 = 4𝑘𝐵𝑇𝑇
𝜔0
3𝑥𝑛𝑛𝑛𝑛𝑛

2        (3.20) 

 
with kB the Boltzmann’s constant, T the absolute temperature, ω0 the angular resonance 
frequency, and Q the quality factor.  Note that these effective parameters correspond to the 
lumped description of the MEMS resonator at the location of the laser spot. 
 

3.4 Overview of electrical measurement 
 
The electrical measurement method displays almost opposite advantages and weaknesses 
compared to the optical measurement approach. As opposed to the bulky apparatuses 
associated to optical detection, the electrical measurement schemes can be implemented in a 
compact format and thus can be inherently integrated within the MEMS device itself. The 
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output signal is directly terms of current or voltage, which can be easily and economically 
processed. 
 
On the other hand, the electrical measurement method in general has lower transduction 
efficiency than optical measurement techniques [15, 16], especially the ones based on 
interferometry. The noise [17] and parasitic effects [18] affecting electrical signals are also 
larger. These combined facts suggest that electrical measurement techniques are more suitable 
for integration within practical MEMS devices for sensing purposes instead of being used for 
structure characterization. Among the most dominant electrical sensing techniques 
implemented on MEMS devices are the piezoresistive [19], piezoelectric [20] and capacitive 
sensing techniques [21]. Since numerous reviews present all these techniques in details, we 
will solely focus here on the electrical sensing technique used in our device, namely the 
parallel-plate capacitive measurement. 
 

3.4.1. Fundamentals of parallel-plate capacitive resonator 
 
Assuming no fringe electric fields, the capacitance of a parallel-plate capacitor C depends on 
the gap between the two plates d0, the capacitor area A, and the dielectric permittivity of the 
material ε between the two plates: 
 

𝐶 =  𝜀𝜀
𝑑0

      (3.21) 

 
When a voltage bias V is applied between the two plates, the parallel-plate capacitor is then 
charged with the amount of charge Q: 
 

𝑄 = 𝐶 𝑉      (3.22) 
 

The electrostatic force introduced between the plates is then:  
 

𝐹 =  𝜀𝜀𝑉
2

2𝑑02
=  𝑉

2

2
 𝑑𝑑
𝑑𝑑

       (3.23) 

  
with x measured in the direction perpendicular to the plates, and parallel to gap length d0. 
When a mechanical resonator consists of parallel-plate capacitor, it can be modelled as a one-
dimensional harmonic damped oscillator with damping constant γ with electrostatic forces 
used as the driving force. Thus, assuming no other external forces, its equation of motion can 
be written as: 
      𝑚𝑒𝑒𝑒𝑥̈ + 𝛾𝑥̇ + 𝑘𝑒𝑒𝑒𝑥 = 𝐹  

𝑚𝑒𝑒𝑒𝑥̈ + 𝛾𝑥̇ + 𝑘𝑒𝑒𝑒𝑥 = 𝑉2

2
 𝑑𝑑
𝑑𝑑

      (3.24) 
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In practice, the capacitor device is biased with combined AC and DC voltages [22]. The DC 
voltage bias, VDC, charges the device and brings it to its operating point. On top of VDC, a 
time-varying small signal component, VAC, is added. This causes the device to vibrate with the 
same frequency as the VAC. Since this causes the gap between the two plates to change, it 
results in a variation of the capacitance and charge values. These variations are maximized at 
resonance, which happens at the natural frequency of the device and at which the amplitude of 
vibration of the structure is maximum. The time-varying induced charges are measured as an 
AC current that can be detected using e.g. a spectrum/network analyzer. A small signal model 
can be used by assuming that the plate displacement x, applied voltage V, induced charge Q, 
and applied force F consist of an equilibrium value plus a small varying (delta) component: 
 

𝑥 = 𝑑𝑑 + 𝑥0 
𝑉 = 𝑑𝑑 + 𝑉0 
𝑄 = 𝑑𝑑 + 𝑄0 
 𝐹 = 𝑑𝑑 + 𝐹0                                     (3.25) 

 
Linearizing Equation 3.22 around the operating point using Taylor expansion and substituting 
Equation 3.25, the incremental change of charge dQ becomes 
 

𝑑𝑑 =  𝑉0
𝑑𝑑
𝑑𝑑

 𝑑𝑑 + 𝐶𝐶𝐶      (3.26) 

 
and the incremental change of force dF becomes 
 

𝑑𝑑 =  1
2
𝑉02

𝑑2𝑐
𝑑𝑑2

 𝑑𝑑 + 𝑉0
𝑑𝑑
𝑑𝑑
𝑑𝑑       (3.27) 

 
The equation of motion for small signal is obtained by substituting Equation 3.27 into 
Equation 3.24: 
 

𝑚𝑒𝑒𝑒𝑑𝑥̈ + 𝛾𝛾𝑥̇ + (𝑘𝑒𝑒𝑒 −
1
2
𝑉02

𝑑2𝑐
𝑑𝑑2

) 𝑑𝑑 = 𝑉0
𝑑𝑑
𝑑𝑑
𝑑𝑑     (3.28) 

 
the Laplace transform of which is: 
 

𝑑𝑑(𝑆) =  
𝑉0

𝑑𝑑
𝑑𝑑𝑑𝑑(𝑠)

𝑚𝑒𝑒𝑒𝑠2+𝑏𝑥𝑠+(𝑘𝑒𝑒𝑒−
1
2𝑉0

2𝑑2𝑐
𝑑𝑑2

)
      (3.29) 

 
Two things can be noticed from Equation 3.29 : the first one is that the amplitude response of 
the resonator is proportional both to V0 and dV, which are the AC and DC voltage bias VAC 
and VDC applied to the device. The second one is that the dx term, which only contains the 
spring constant on unbiased device, becomes modified by an electrostatic term. This means 
that the apparent spring constant of the device is lowered, and, as a result, the resonant 
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frequency is lowered in a biased device. Intuitively, this can be understood as the electrostatic 
force opposing the restoring elastic force of the device, which becomes larger as VDC is 
increased. Several work exist which treat this subject with more details, either incorporating 
tilting of the device [23] or taking into account the curvature of the surface on plate devices 
[24]. 
 

3.4.2 Compensated capacitive measurement technique 
 
From a practical point of view, in order to carry out the capacitive measurement of a parallel-
plate resonator, we can implement a compensated measurement scheme by using two devices. 
Figure 3.4 shows the equivalent circuit of a paired device (active and reference resonators), as 
well as the configuration of voltage bias at each port. The current flowing through device 1 
(active device), represented by the parasitic capacitance Cp and the resonator capacitance 
C1(t), and driven by a combination of AC bias Vac1 and DC bias Vdc1 is expressed by [23] 
 

𝑖1(𝑡) =  𝑑
𝑑𝑑
�𝑉𝑎𝑎1(𝑡) 𝐶𝑝 + (𝑉𝑎𝑎1(𝑡) + 𝑉𝑑𝑑1)𝐶1(𝑡)�    (3.30) 

 
 

  
 
 
 
 
 
 
 
 
 

 
 
Figure 3.4. Schematics of the measurement scheme used for a paired device. 
 

 
The second term of the equation with C1(t) contains the information about the resonator 
movement, while the first term of the equation represents the parasitic effects of the oxide 
layer between the electrodes, the parasitic capacitance of the silicon and the metal 
interconnects. This parasitic term is orders of magnitude larger than the measurement signal 
(actually about 2 orders of magnitude for our fabricated device, presented in the previous 
Chapter), and must be properly removed before amplification. In this measurement scheme, 
compensation is achieved by driving device 2 using an AC voltage bias Vac2 of same 
magnitude of Vac1 but with an opposite phase: 
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𝑉𝑎𝑎1(𝑡) =  − 𝑉𝑎𝑎2(𝑡) (3.31) 

 
 Devices 1 and 2 are geometrically symmetrical except for the number and size of the cavities, 
thus they have identical parasitic capacitance value Cp. Since devices 1 and 2 are designed 
with different resonant frequencies, C2(t) can be considered constant with respect to time 
when C1(t) is varying with time due to resonance, and vice versa (since the amplitude at 
resonance is much larger). Thus for compensating purpose, we can neglect the effect of C2(t) 
which is much smaller than Cp, and the current flowing out of device 2 is: 
 

 𝑖2(𝑡) =  𝑑
𝑑𝑑
�−𝑉𝑎𝑎1(𝑡) 𝐶𝑝 − 𝑉𝑎𝑎1(𝑡)𝐶2(𝑡)� ≈  𝑑

𝑑𝑑
(−𝑉𝑎𝑎1(𝑡) 𝐶𝑝) (3.32) 

 
And the total current, Itotal, is: 
 

 𝐼𝑡𝑡𝑡𝑡𝑡(𝑡) = 𝑖1 + 𝑖2 =  𝑑
𝑑𝑑

[𝑉𝑑𝑑1 + 𝑉𝑎𝑎1(𝑡)] 𝐶1(𝑡) (3.33) 

 
This current can then be amplified using a charge amplifier and fed into a network analyzer.  
 

3.5 Experimental setup and equipment 
 
Detailed explanation on experimental setup and equipment can be found in the Annex A and 
B for optical and capacitive measurement respectively. 

3.6 Summary 
 
This chapter explores several aspects of the characterizations methods used in this study, 
which include theoretical background, equipment setup, and experimental protocols. 
Theoretical treatment was given regarding the Fabry-Perot interferometry, thermal noise of 
the MEMS resonator, determination of effective parameters, and capacitive actuation and 
sensing. Equipment setup descriptions include the vacuum measurement chamber, the optical 
measurement system, and the capacitive measurement card. Finally, experimental protocols 
regarding the operation of the vacuum chamber, startup of the measurement electronics and 
optical and capacitive characterization are described. 
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Chapter 4 
Results and Discussion 

 
This chapter describes and discusses the measurement results that have been collected for our 
fabricated nanoplate resonators. The content of this chapter is organized into four 
subchapters. The first subchapter will discuss the various failure modes that have been 
observed in the course of the device fabrication process. The second subchapter will present 
the characterization results of passive structures using the Fabry-Perot setup, which include 
analysis on Q factors and resonant frequencies variation in vacuum and atmospheric 
pressure. The third subchapter will provide characterization results of active devices using 
both the optical and the electrical measurement methods. The fourth subchapter contains 
other results that do not fit directly into the first three subchapters, but nevertheless deemed 
relevant for the purpose of this study. 
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4.1. Failure modes in devices fabricated using the micro-masonry technique 
 
It is mandatory to know and understand the advantages, the weaknesses, and most 
importantly, the limitations of the various micro-fabrication methods in order to select the 
most appropriate ones when considering the realization of a MEMS device for a given 
application. In that regard, it is of primary interest to provide here an insight of the issues that 
we have encountered during the fabrication of our nanoplate resonators using micro-masonry. 
This discussion will point out the limitations of the micro-masonry technique for our specific 
application, i.e. the realization of suspended silicon structures. We will thus present the two 
failure modes that were identified for plate vibrating devices fabricated using micro-masonry, 
namely buckling and delamination of the plates. Importance of these failure modes will be 
illustrated by the fabrication yield of the various batches. 
 

4.1.1 Buckling of the nanoplate structures 
 
During the characterization of the first and second sample batches using the Fabry-Perot 
setup, it was observed that some of the devices did not exhibit any resonance peaks. 
Specifically, this happened to 16 out of 82 devices that had large cavity radius (r ≥ 20 µm). 
The first hypothesis to explain this experimental behavior was the possible stiction of the 
device to the substrate, as it is commonly observed in other MEMS devices [1]. However, 
imaging of the structures with a scanning electron microscope (SEM), as shown in Figure 4.1, 
revealed something different. Indeed, while some devices exhibited downward buckling (as 
shown in Figure 4.1.b), others were buckled upwards (as shown in Figure 4.1.a), which 
obviously could not be attributed to stiction. Still, no vibrations could be detected from both 
structures shown in Figure 4.1.a and 4.1.b. Working devices, on the other hand, always 
showed a smooth profile with no sign of deformation (Figure 4.1.c). 
 
Our second hypothesis to explain the presence of buckling and lack of resonance was the 
thermal stress induced during the annealing process [2,3]. Since the base and the plate are 
made of different materials (SiO2 and Si respectively), they have different thermal expansion 
coefficients. During the plate/base thermal bonding step, this difference in thermal expansion 
causes stress to be introduced both into the plate and the base as the device cools down. In 
case of compressive stress, this results in buckling of the plate (in case of stress exceeding the 
critical stress value of the plate) or reduction of the plate resonant frequency (in case of stress 
not exceeding that critical stress value). We have tested our hypothesis by imaging a sample 
with a large circular opening (r = 30 µm) before and after the thermal step at 600 °C (see 
Figure 4.2.a and Figure 4.2.b, respectively). We have observed that after that step, the plate 
got buckled and stuck to the base in a circular form and we have thus concluded that the 
thermal anneal process caused the buckling in devices with large openings. 
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Figure 4.1. SEM images of passive structures that are (a) buckled up, (b) buckled down, (c) 
flat. The devices that buckle up and down do not exhibit any resonance peaks, unlike the 
devices with a flat profile. 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 4.2. Optical microscopy images of a structure with circular cavity (r = 30 µm) (a) 
before the thermal anneal process, and (b) after the thermal anneal process. The buckling is 
caused by the thermal compressive stress in the plates, which originates from the difference of 
thermal expansion coefficient between the Silicon plate and Silicon oxide base structure. 
 
 

4.1.2 Delamination of the nanoplate structures 
 
Aside from buckling, another failure source was affecting the samples more severely. Starting 
with the second fabrication batch, we observed some samples with multiple unexpected peaks 
at frequencies that were very different from the ones analytically calculated (Figure 4.3.a). 
Since this was observed in vacuum conditions, this phenomenon could not be attributed to the 
spurious response of the piezo (described in the previous chapter). Also, we could detect 
vibration peaks even when the laser beam was shooting an area outside the cavities where the 
plate and base are supposed to be perfectly bonded (Figure 4.3.b), a behavior that was not 
observed on the first fabrication batch.  

(a) (b) (c) 

(b) (a) 
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Figure 4.3. Measurement of a passive device (circular cavity, r = 30 µm) in vacuum (P = 10-2 
mbar) which showed (a) multiple vibration peaks at frequencies not predicted by the 
analytical calculations (fanalytical = 1.52 MHz) and (b) vibration peaks outside of the cavity, 
where none are normally expected. Inset is the illustration of the device, with the red circle 
marking the position of the laser spot during measurement. 
 
 
To uncover the reason behind this problem, the samples were characterized using infrared 
imaging after completing the thermal annealing step. Since silicon is transparent to the 
infrared light, this technique enables the detection of bonding defects between the silicon 
plate and the silicon oxide base, which is difficult to do with visible light microscopy 
techniques. Figure 4.4.a and 4.4.b show infrared and optical images of passive structures with 
a single and multiple circular cavities that were working properly (i.e. showing lorentzian 
peak near the expected analytical resonant frequency fanalytical). The dark purple rectangle 
represents an area where the silicon plate is bonded with the silicon oxide base, while the 
bright orange area represents the well-defined area of the cavity filled with air. 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure 4.4. Infrared (left) and optical (right) microscopy images of different defects that 
might affect the devices fabricated using the micro-masonry process. (a) Functional device 
with a single cavity. (b) Functional device with multiple cavities. (c) A defective multiple 
cavities device, with voids in between the cavities. (d) A defective multiple cavities device, 
with delamination on the edge of the plate. (e) A defective single cavity device that buckled. 
(f) A defective single cavity device with imperfect bonding between the plate and the base. 
 
On the other hand, Figure 4.4.c shows a device with air pockets or voids outside of the 
circular cavities. These voids are caused by the partial delamination between the plate and the 
base, similar to one observed during wafer bonding process [4], and is responsible for the 
unexpected frequency responses shown in Figure 4.3. This delamination can happen in the 
center of the plate, as shown in Figure 4.4.c, or on the edge of the plate, as shown in Figure 
4.4.d. Aside from showing delamination spots between the plate and the base structure, the 
infrared microscopy technique can also be used to detect buckling of the plate, as shown in 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.4.e. The buckling of the structure is indicated by a purple area in the middle of the 
cavity (where the plate touches the base structure below it) that is surrounded by bright 
orange areas. Figure 4.4.f shows a flaw that is not apparent with other measurement methods: 
in this structure, light orange is present everywhere below the silicon plate, while the main 
device cavity is still visible. This indicates that the contact between the plate and the base is 
not perfect, resulting in weak bonding strength between the two. When measured with the 
Fabry-Perot interferometer, this device has a similar frequency response as properly bonded 
devices (such as those shown in Figure 4.4.a). However, it was recognized that this weak 
bonding strength might complicate post-processing and lead to device failure. 
 
Subsequent testing of the bond strength by carrying out lithography processes and deposition 
of various materials on the samples proved this hypothesis. Figure 4.5.a shows an optical 
microscopy image of a sample with t = 1.3 µm plate thickness after the deposition of 1.3 µm 
thick ECI resist and the subsequent resist removing with an acetone rinse. The detachment of 
the plate from the base for two of the structures can be clearly observed. Figure 4.5.b shows 
an optical microscopy image of a sample with 0.34 µm plate thickness after the deposition of 
400 nm silicon oxide using PECVD. Similar to Figure 4.5.a, the stress induced from the oxide 
layer deposited above the membrane has led to the full delamination of two devices. Note that 
on both Figures 4.5.a and 4.5.b we can clearly see structures that do not experience 
delamination on the same chip, underlining the large variation of bond strengths between 
fabricated devices. This issue, which was not observed in the first fabrication batch, has led to 
a drastic reduction of the fabrication yield. This issue was thus to be solved before starting the 
fabrication of the active device, which required several fabrication steps to be complete after 
the micro-masonry process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Optical microscopy images of delaminated plates after different post-processing 
steps. (a) Devices with 1.3 µm thick membranes delaminating after 1.3 µm ECI resist 
deposition and washing with acetone. (b) Devices with 0.34 µm thick membranes 
delaminating after deposition of a 400 nm thick PECVD SiO2 layer. 

(a) (b) 
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We have tried various modifications in the micro-masonry process in order to improve the 
bonding strength such that the device would withstand the post-processing steps involved in 
the active device fabrication. To do this, samples containing passive structures were 
fabricated using modified micro-masonry techniques, and were exposed to treatments 
simulating a typical post-processing environment, as follows. After fabrication, the sample 
was rinsed in isopropyl alcohol (IPA), acetone, DI water, and IPA before drying it with N2 
gas to simulate specific tasks involved in photolithography. The samples were then put inside 
a vacuum chamber at P = 4 x 10-6 mbar to simulate the conditions of metallization. Finally the 
sample was placed in an acetone bath with ultrasounds for 1 minute to simulate any 
mechanical disturbance that may occur during sample handling and lift-off processes. While it 
was found that the ultrasonic step breaks the plate above the cavity, the aim of this experiment 
was mainly to see whether the bond between the plate and the base structure could withstand 
the process. The results of each of the modification applied to the standard micro-masonry 
method are discussed further below. 
 
Previous work has shown that bonding strength between silicon and silicon oxide can be 
increased by plasma treatment [5]. This approach was then tested by exposing the acceptor 
substrates to O2 plasma for varying periods of time. Figure 4.6.a and 4.6.b show optical 
microscopy images of two samples that were respectively treated with O2 plasma for 2 and 10 
minutes. It can be observed that the structures that were treated for 10 minutes mostly did not 
delaminate, unlike the ones that were exposed to oxygen plasma for only 2 minutes. Thus, we 
can conclude that O2 plasma treatment for 10 minutes before micro-masonry process 
improves the bonding strength between the plate and the base structure.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Optical Microscopy image of two samples that have been exposed to plasma O2 
treatment before the micro-masonry process for a period of (a) 2 minutes and (b) 10 minutes. 
Delamination was minimal for the sample that received plasma treatment for 10 minutes. 
 
 
 
 

(a) (b) 
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Another approach that was investigated was the reduction of the temperature and length of the 
thermal annealing step. The hypothesis behind this modification is that the thermal stress 
between the plate and the base is proportional to the temperature change experienced by the 
sample. Lowering the anneal temperature would reduce this stress and result in a better bond 
between the two. Figure 4.7.a and 4.7.b show both optical and infrared microscopy images of 
a sample annealed at 600 °C for 30 minutes and one at 900 °C for 60 minutes, respectively. 
The optical images were taken after the ultrasonic bath, while the infrared images were taken 
before this treatment. The optical images show little difference for both temperatures: the 
majority of the plate remains bonded to the base and some delamination can be seen on the 
sample sides. On the other hand, the infrared images demonstrate a significant difference in 
bonding quality between the two samples, indicating that the sample annealed at 600 °C for 
30 minutes exhibits a better bond quality compared to the one annealed at 900 °C for 60 
minutes. Although the cause is unclear, it is possible that this is related to the smaller 
temperature difference experienced by the structure as it cools down to room temperature. 
Thus, we can conclude that the quality of bond between the silicon plate and silicon oxide 
base can be improved by lowering the thermal anneal temperature and the process duration. 
Still, in both cases, the bond is strong enough to withstand post-processing. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Infrared (left) and optical (right) microscopy image of two samples which were 
annealed at (a) 600 °C for 30 min, and (b) 900 °C for 60 min. Both annealing temperatures 
and times produce samples with enough bond strength to withstand post-processing. 
However, the sample that was annealed at 600 °C for 30 minutes indicates a better bond 
quality in the infrared microscopy image. 
 
 
Some other modifications were attempted with somewhat mixed results. One approach was to 
keep the photoresist anchor on the top-side of the plate as a support in order to keep it flat and 
create better contact between the plate and the base; however, no notable bonding strength 
improvement was observed. Another approach was to press around the circumference of the 
structure with a single-tip stamp right after the transfer process and before the thermal 
annealing step, in an effort to ensure good contact between the plate and the membrane 
(Figure 4.8). Comparison between samples that underwent this process (3rd fabrication batch) 

(a) (b) 
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and the ones that did not (4th fabrication batch) showed an increase in delamination rate from 
5.5% to 58.7%. However, a subsequent sample batch made using the same method (5th 
fabrication batch) yielded to a higher delamination rate (44.4%). Since this process was done 
manually, it is possible it could be operator dependent. 
 
 

 
 
 

Figure 4.8. Illustration of a method used to increase the contact quality between the plate and 
the base. After the micro-masonry process, the plate was pressed along the circumference of 
the cavity with a single-tip PDMS stamp. It was shown that although this method might 
reduce plate delamination, it is still dependent on the operator’s skill. 
 

4.1.3 Yield of the micro-masonry process 
 
The summary of the failure mechanisms and yields for all fabrication batches is summarized 
in Table 4.1. A structure or device is considered to be buckled if the plate is determined to be 
intact using optical microscopy and if no resonant peak is detected using the Fabry-Perot 
setup. A structure or device is determined to be delaminated if the plate is torn or peeled off 
during processing, or if multiple spurious peaks are detected on the plate. For devices or 
structures with multiple plates, the device is classified as delaminated if multiple spurious 
peaks are detected on one or more of the cavities. As such, the total number of cavities that 
showed good characteristics is higher than the yield shown in the Table 4.1. The data 
presented do not include samples with thick plates (t = 1.3 µm), samples that were used for 
optimization of the process parameters (4 chips) along with samples that were damaged 
during delivery (1 chip). 
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Table 4.1: Summary of yield information for all fabrication batches of this study, including 
passive structures and active devices 
 
Batch 

no. chips 
plates/ 
chip 

plates, 
total delamination buckling 

total 
failures yield 

1 4 16 64 0 (0%) 6 (9.3%) 6 (9.3 %) 58 (90.7 %) 
2 5 16 80 55 (68.7%) 10 (12.5%) 65 (81.2 %) 15 (18.8 %) 
3 5 6 30 17 (58.7%) 4 (13.3%) 21 (72 %) 9 (28 %) 
4 3 6 18 1 (5.5 %) 3 (16.7%) 4 (22.2 %) 18 (77.8 %) 
5 3 6 18 8 (44.4 %) 0 (0%) 8 (44.4 %) 10 (55.6 %) 

Total 20   210 81 (38.6%) 23 (9.13 %) 104 (49.5 %) 106 (50.5 %) 

 
 
The overall yield of the micro-masonry process involving the bonding of 210 plate-base 
structures is determined to be 50.5%. This figure is low compared to typical yield figure 
above 90% for MEMS [6] and wafer bonding techniques [7], although not unusual for newly 
developed processing techniques. Observation of the yield per processing batch showed that 
the first and fourth processing batch hold the highest yield (90.7% and 77.8% respectively), 
while the second and the third processing batch hold the lowest yield (18.8% and 28.8% 
respectively). It is notable that this difference of yield corresponds to a change in tool operator 
doing the micro-masonry procedure, with a first operator carrying out the 1st, 4th, and 5th 
batches and a second one taking care of the 2nd and 3rd batches. This strongly emphasizes the 
influence of tacit skills that an operator has on the yield. It shows that a skilled operator can 
possibly achieve a yield value comparable to other MEMS fabrication techniques. Closer look 
into the failure mode of the devices showed that delamination is more dominant compared to 
buckling. On average, device failure by delamination (38.6 %) is more than 4 times likely to 
happen than failure by buckling (9.13%). Thus, future work should focus on eliminating 
delamination, i.e. improving the plate/base bonding strength in the micro-masonry technique. 
 

4.2 Measurement results for passive structures 
 
In this subchapter, we present and discuss the measurement results of the passive structures 
issued from the first and second fabrication batches. We first focus on the measurement 
results of single cavities under vacuum, which provide information about the intrinsic Q 
factor of the device and, indirectly, about the plate internal stress from measurement of the 
resonant frequency f0. We will first describe the measurement results and analysis for a 
representative device before presenting the results and analysis for a batch of devices. Next, 
we focus our discussion on the measurement results of single cavities under varying air 
pressures, including atmospheric pressure that is of interest for practical applications. Finally, 
we present the measurement results of passive structures with multiple cavities, both in air 
and in vacuum, with a specific focus on Q factor and stress variation and mechanical crosstalk 
between the cavities. 
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4.2.1 Characterization of single cavities in vacuum 
 
The Fabry-Perot optical characterization of the first fabricated batch was done in vacuum 
conditions using piezo actuation. An example of the frequency response of a device (r = 10 
µm, no air vents) at primary (P = 0.1 mbar) and secondary (P = 10-6 mbar) vacuum is shown 
in Figure 4.9.a and 4.9.b, respectively. A Lorentzian peak can be clearly observed around f0 = 
9.31 MHz, which corresponds to the resonance of the device. The Q factor of the device was 
determined by curve fitting to be 13 793 and 14 062 in primary and secondary vacuums, 
respectively, which is not significantly different. This suggests that at both vacuum levels, the 
device operates in an intrinsic damping regime. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Frequency response optical measurement of a device with a single circular cavity 
of r= 10 µm in both (a) primary (P = 0.1 mbar) and (b) secondary (P = 10-6 mbar) vacuum. 
The Q factor exhibited in both pressure (around 14 000) is similar, which suggest that the 
device is operating in intrinsic damping regime at this vacuum level. 
 
It was found that this high Q factor value, typically found in the first fabrication batch (Figure 
4.9), was difficult to reproduce during subsequent fabrication batches. The frequency 
response that are more representative for a structure fabricated after the first batch (r = 20 µm 
radius, t = 0.34 µm plate thickness and h =1.25 µm gap height) is shown in Figure 4.10. 
Thermomechanical actuation method was used to obtain this measurement data, due to the 
nonflat response of the piezo disc as described in chapter 3. Typical Q factor is here in the 
order of 3 000. 
 
 
 
 
 

P = 0.1 mbar 
f0 = 9.310 MHz 
Q = 13 793 

P = 0.1 mbar 
f0 = 9.310 MHz 
Q = 14 052 

(a) 
(b) 
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 P = 0.16 mbar 
f0 = 2.798 MHz 
Q = 3 000 

 
 
 
 
 
 
 
 
 
 
Figure 4.10. Vibrational noise spectra for a device with plate radius r = 20 µm, plate 
thickness t = 0.34 µm, and gap height h = 1.25 µm. in primary vacuum (P = 10-2 mbar), 
measured using only thermal noise.  
 
 
The experimental resonant frequency f0 in vacuum is 2.798 MHz, which can be compared 
with the analytical resonant frequency fanalytical for a circular plate ideally clamped on the 
edges as derived in chapter 2, Equation 2.33 [8]: 
 

 𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  �5
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with 𝑟 = plate radius, 𝑡 = plate thickness, 𝜌 = density of material, 𝑣 = Poisson’s ratio, 𝐸 = 
Young’s modulus, and 𝜎0 = in-plane stress in the plate. Substituting silicon mechanical 
properties for plate bending (E = 170 GPa; v = 0.064) and r = 20 µm, t = 0.34 µm into 
Equation (4.1) yields fanalytical value of 3.455 MHz. It should be noted that equation (4.1) is 
valid for isotropic materials, while single-crystal silicon has different mechanical properties 
depending on its crystal orientation. 
 
More accurate values of resonant frequencies were obtained by using anisotropic and 
orthotropic models in a finite element method (FEM) program. Implementation was done 
using COMSOL 3D modeling, using extra fine meshing for both models while the mechanical 
properties were taken from literature [9]. The resonant frequency obtained using these FEM 
models fFEM is 3.261 MHz for the structure under consideration. Identical fFEM value is 
obtained using both anisotropic and orthotropic model, assuming zero internal stress (𝜎0 = 0). 
 
This discrepancy between experimental (f0) and theoretical (fanalytical, fFEM) resonant frequency 
values led to the conclusion that the fabricated nanoplate displays some internal stress. The 
in-plane stress changes the resonant frequency, which is shifted to a higher frequency for 
tensile stress (+ sign) and lower frequency for compressive stress (- sign). Assuming the 
geometry and the material properties are known, the in-plane stress 𝜎0 can be determined by 
the difference between f0 and fFEM: 
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Substituting f0 = 2.798 MHz (see Figure 4.9) and plate geometry in Equation (4.2) yields an 
in-plane stress of 𝜎0 = -15 MPa. 
 
The Fabry-Perot measurement results conducted in vacuum for the passive structures of the 
2nd fabrication batch, along with the fanalytical assuming zero stress and perfect geometry, is 
presented in Table 4.2. The measured Q factor (which can be assumed as the intrinsic Q factor 
of the structure) is observed to vary widely between the devices, with the average value of 4 
510, highest value of 9 080 and the lowest value of 1 433. No correlation was found between 
the measured Q factor and the radius of the cavity, the presence of air vents connecting the 
cavity and the environment, and the size of the gap below the plate. This fact indirectly 
implies that the seal between the plate and the base structure for this batch is not airtight, 
since the closed structure is thermally annealed under atmospheric pressure, and would result 
in lower Q factor when measured under vacuum environment due to air damping on one side 
of the plates; no such characteristic was observed. It can also be observed that for all passive 
structures, the measured resonant frequency is lower than the analytical value obtained by 
assuming perfect geometry and zero stress. While this implies the presence of compressive 
stress within the plates as shown in the example above, assuming the difference in all resonant 
frequencies is caused by stress leads to unlikely stress values. As an example, using Equation 
4.2 for structure with r = 8 µm as shown in Table 4.2 yields a compressive stress value of 𝜎0 
= -156 MPa, which is about one order higher than the values observed for r = 20 µm (𝜎0 = -15 
MPa). This is unlikely, and a more realistic assumption is to assume that difference in radius 
Δr between the ideal and fabricated structures plays also a significant role in the discrepancy 
between the theoretical and measured resonant frequency. As an assumption, it is reasonable 
to expect a positive value of Δr due to the imperfect clamping among the edge of the cavity. 
 
Calculations of analytical resonant frequency using Equation 4.1 with different values of 
stress σ0 and variation in radius Δr is shown in Table 4.2. As can be observed, the analytical 
resonant frequency value assuming zero stress and no differences in radius is always larger 
than the experimental value. The effect of compressive stress and difference in radius depend 
on the radius of the cavity. For example, by adding a compressive stress of σ = -40MPa, the 
fanalytical of devices with r = 20 µm drops from 3.45 MHz to 2.16 MHz (37% decrease); in 
comparison, devices with r = 8 µm sees its fanalytical changing from 21.58 MHz to 20.50 MHz 
(5% decrease). Conversely, by adding a positive variation in radius of Δr = 1 µm, the fanalytical 

of devices with r = 20 µm changes from 3.45 MHz to 3.35 MHz (3% decrease); in 
comparison, devices with r = 8 µm changes its fanalytical from 21.58 MHz to 20.04 MHz (7% 
decrease). Thus, the increase of compressive stress mainly reduces the resonant frequency of 
devices with less structural rigidity (i.e. with larger cavity radius), while the variation in 
radius mainly affects the resonant frequency of devices with small radius. 
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Table 4.2. Q factor and resonant frequency measured in vacuum for functional passive 
structures of the 2nd fabrication batch, sorted by cavity size, the presence of air vents, and gap 
size. 
 

r (µm) air vent gap size (µm) Qvacuum 
fexperimental 

(MHz) fanalytical (MHz) 
8 open 1.2 3031 17,048 21,52 

10 

closed 2.5 4805 11,11 

13,77 

closed 2.5 2250 11,24 
closed 1.2 3629 10,20 
open 1.2 7279 10,91 

closed 1.2 7199 11,24 
open 1.2 5303 10,93 

closed 2.5 1463 11,06 
open 1.2 6259 10,95 
open 1.2 3500 10,06 
open 1.2 2961 10,73 
open 0.66 1742 8,49 
open 0.66 7199 11,69 

12 
closed 1.2 6027 7,91 

9,56 open 0.66 3361 7,77 
open 0.66 6227 7,78 

15 

closed 2.5 6147 4,99 

6,12 

open 2.5 9080 4,82 
closed 2.5 6147 4,99 
open 2.5 9080 4,82 
open 1.2 6752 4,43 

closed 1.2 2110 4,22 
open 1.2 5464 4,44 
open 1.2 2507 3,44 
open 0.66 5592 4,19 

closed 0.66 4818 4,81 

18 
closed 0.66 3741 3,04 

4,25 
open 0.66 1433 2,41 

20 

closed 1.2 1672 2,29 

3,44 
closed 2.5 2610 1,63 
closed 0.66 3194 2,19 
open 0.66 1746 2,01 
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By trial and error, the fanalytical  given by stress value of σ = 36.7 MPa and Δr = 0.73 µm fits 
the average fexperimental value relatively well, and can be taken as the average stress and increase 
in radius for this fabrication batch. As stated before, this might result from imperfection of 
clamping among the edge of the cavity, or imperfection of etching process, creating a slightly 
larger diameter cavity than designed. However, it should be noted that this is an averaged 
value and individual structures have different stress and differences of radius due to process 
variation. 
 
 
Table 4.3.  Analytical resonant frequency calculated for different stress values and variation 
of radius. 
 

r (µm) 

fanalytical (MHz) fexperimental (MHz) 

σ = 0 σ = 0 
σ = -40 
MPa  

σ = -40 
MPa  

σ = -36.7 
MPa  (mean value) 

  Δr = 
0 

Δr = +1 
µm Δr = 0 µm Δr = +1 µm 

Δr = +0.73 
µm   

8 21,58 20,04 20,50 15,96 17,05 17,048 
10 13,81 13,02 12,72 10,31 10,94 10,723 
12 9,59 9,13 8,48 7,04 7,47 7,822 
15 6,14 5,90 4,98 4,22 4,50 4,5184 
18 4,26 4,12 3,04 2,57 2,80 2,7295 
20 3,45 3,35 2,16 1,80 2,03 2,03625 

 
 
Equation 4.1 also shows that at a given critical compressive stress 𝜎𝑐𝑐𝑐𝑐, the plate buckles and 
its resonant frequency drops to zero. Rearranging the terms gives us the maximum radius rmax 
for a given plate thickness which can be fabricated without experiencing buckling: 
 

 𝑟𝑚𝑚𝑚 = ��4
3

 𝐸
1−𝑣2

𝑡2

(−𝜎𝑐𝑐𝑐𝑐)
�         (4.3) 

 
Putting in t = 0.34 µm and σcrit = - 36.7 MPa into Equation (4.3) leads to a value of r = 26.8 
µm. While this limits our fabrication technique in fabricating large and thin plate resonators, 
strain control techniques [10,11] might be explored in future studies to counterbalance the 
stress induced by micro-masonry. It should also be noted that the stress value used for σcrit is 
the average value, and thus devices fabricated with r = 26.8 µm will have a yield of around 
50% assuming only buckling as the failure mode. 
 
 
A review of works related to mechanical resonators revealed that it is common to refer to 
resonators that are clamped all around their vibrating element as a “membranes” [12-18]. 
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Other works, however, make a distinction between “plate” and “membrane” type structures, 
or between “thick plates” and “thin plates” [8,19]. The distinction between plates and 
membranes lies on the dominant origin of the restoring force of the resonator. In a plate, the 
bending moment of the resonator is the dominant origin of the restoring force; while in a 
membrane, the internal tensile stress of the resonator is the dominant origin of the restoring 
force. 
 
In terms of resonant frequency, the difference between the two can be observed by evaluating 
equation 4.1, which has two terms inside the square root. The first term corresponds to the 
bending moment of the resonator, while the second term corresponds to the stress within the 
resonator. The resonator can be considered as a plate when the first term dominates over the 
second one and as a membrane when the second term dominates over the first one. This 
implies that for a circular structure, the resonant frequency of a membrane is proportional to 
1/r while the resonant frequency of a circular plate is proportional to 1/r2. The devices 
fabricated during the course of this study can be considered to be a plate and not a membrane 
for several reasons. Firstly, it has been observed that the device can still operate while 
experiencing compressive stress, which is only possible with plates and not membranes. 
Secondly, the variation of resonant frequency with cavity radius corresponds closely to the 
plate model rather than the membrane model. The measured resonant frequencies of the 
devices given in Table 4.1 as a function of 1/r and 1/r2 are respectively plotted in Figure 4.11 
.a and 4.11.b, with the lines indicating the linear regression fit using the least-square method. 
It can be observed that the linear fitting line intercepts the origin for the 1/r2 plot, unlike the 
one from the 1/r plot. Thus, it is more appropriate to consider resonators fabricated in this 
study as a “plate” or “thick plates” instead of “thin plates” or ”membranes”. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. Plot of measured resonant frequency of devices with t = 0.34 µm from the 
second fabrication batch vs. (a) 1/r and (b) 1/r2. The black line represents a least-square 
linear fit of the data points. It can be observed that the linear fit of resonant frequency vs 1/r2 
plot intersects at the origin, and the devices are better modeled as a plate compared to a 
membrane. 
 
 

(a) (b) 
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4.2.2 Characterization of single cavities in varying air pressure 
 
Estimated values of the quality factor of the fabricated nanoplates were then used to study the 
damping mechanisms related to energy losses in the resonator. Air damping has a large 
impact on device performances such as mass sensitivity, and is an important consideration for 
designing mass sensors. This is more so considering practical applications of plate resonators 
often requiring them to operate under atmospheric pressure, or even liquid. While frequency 
response measurement in vacuum is straightforward, the measurement using piezo disc 
actuation in atmospheric pressure proves to be more difficult to interpret. Figure 4.12 shows a 
typical measurement result of a device (r = 15 µm, open cavity) in both primary vacuum 
(Figure 4.12.a, P = 0.1 mbar) and atmospheric pressure (Figure 4.12.b, P = 1 012 mbar). 
While the measurement in primary vacuum produces the typical result as previously 
presented, the one in atmospheric pressure consists of multiple peaks, which are indistinct and 
in general do not exhibit a lorentzian behavior. The presence of these multiple peaks was 
observed in general when the devices were actuated using the piezo disc in atmospheric 
pressure, and renders the determination of Q factor difficult. Fitting of some of the peaks was 
attempted, but it was then difficult to determine which peak was representative of the device’s 
own resonance (or if even there was any). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. Frequency response optical measurement of a circular device with a single 
cavity of r = 15 µm in both (a) primary vacuum (P = 0.1 mbar) and (b) atmospheric pressure 
(P = 1 012 mbar). The unclear peak shape causes difficulties in the determination of the Q 
factor in atmospheric pressure.  
 
 
 
 
 

(a) (b) 
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The reason behind the multiple peaks observed during the measurement in air became clear 
when the frequency response of the device with circular cavity (r = 20 µm) was observed 
under varying air pressure (from 0.01 mbar to 1 012 mbar) on a large frequency spectrum. 
This response is plotted in Figure 4.13.a with a logarithmic scale. The most important fact 
uncovered by this measurement is that the baseline signal of the device is not flat, but varies 
with frequency. This behavior was not observed during measurements conducted on the 
devices with integrated actuation schemes, and it can thus be inferred to the piezo disc used 
for actuation (it does not have a flat response with respect to the frequency). This explains 
what really happened during previous measurements using piezo disc in air as shown in 
Figure 4.12.b: as the air pressure increased, the resonance peak of the device became wider 
and wide enough that when combined with the nonflat actuation of the piezo, it produced 
multiple peaks with different heights (depending on the position of the resonant peak). 
Devices measured in vacuum had a relatively high Q factor, which means that the resonant 
peak of the device was sufficiently high and narrow so that the non-flat actuation response of 
the piezo disc was not noticeable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13. (a) Frequency response of a device (r = 20 µm) under varying pressure (P = 
0.01 mbar – 1 012 mbar), plotted with a logarithmic scale. The resonant peak, along with the 
non-flat frequency response of the piezo, can be observed. (b) The data set of (a), subtracted 
with the data at P = 1 012 mbar. The decrease of vibration amplitude and the increase of 
resonant frequency with increasing air pressure can clearly be observed.  
 
 
To obtain a clearer picture of the device’s frequency response under varying air pressure with 
piezo actuation, the following method was used. The frequency response of the device at 
atmospheric pressure (P = 1 012 mbar) was used as a reference. At this pressure, we assume 
that the vibration amplitude of the device is small compared to the one at higher vacuum 
levels and that the response curve consists almost entirely of the contribution of the varying 
piezo actuation at the range of frequencies of interest. As a result, the data showing the 

(a) (b) 
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response of the device in the case of a flat piezo actuation was obtained by dividing the 
original data set with the reference set (or subtracted if logarithmic scale was used, as shown 
in Figure 4.13.a). The result of this process for the data set used in Figure 4.13.a is shown in 
Figure 4.13.b. 
 
It was observed that as the air pressure P increased from 0.01 mbar to 1 012 mbar, the 
resonance frequency increased by 20 kHz and the vibration amplitude decreased. The increase 
in resonant frequency was opposite to what would be normally expected in such resonators, 
which typically experience a decrease in the resonant frequency due to an increase in effective 
mass from the air surrounding the device. It is likely that this unexpected result was caused by 
the presence of an air pocket within the cavity under the resonator: due to its confined nature, 
this air pocket can be considered to be a spring as well as a damper [20]. This also suggests 
that the passive devices do not exhibit an airtight cavity, since this result indicates that the air 
pressure inside the cavity increases with the surrounding air pressure. While this data 
subtraction method can be useful to evaluate the device frequency response at low pressure, it 
can be seen from Figure 4.13 (b) that it cannot be used to evaluate the device behavior at 
atmospheric pressure. This is unfortunate because the nanoplate resonator was initially 
designed to operate as a mass sensor in liquid and air. 
 
We have thus fully characterized the resonator in atmospheric pressure by using the 
thermomechanical noise as an actuation force, which is constant for the frequency range 
under interest. Since the displacement due to the thermomechanical noise is very small, the 
Fabry-Perot setup was upgraded as discussed in the previous chapter. This enabled us to 
measure the response of the devices with large cavity radius (r = 20 µm). Unfortunately the 
displacements of the devices with small cavity radius were too small in that case, and no 
resonance curve could be detected in atmospheric pressure. 
 
Under varying air pressure, the frequency response of the device can be divided into intrinsic, 
molecular, and viscous regime, depending on the Knudsen number Kn [21]: 
 

 𝐾𝐾 = 𝑘𝐵𝑇
√2𝜋𝑑𝑎𝑎𝑎2𝑃𝑙𝑟𝑟𝑟

       (4.4) 

 
with kB as the Boltzmann’s constant, T as the temperature, dair as air collision diameter, P as 
the air pressure, and lres as the resonator’s characteristic length (diameter in the present case). 
Even in perfect vacuum, energy dissipation occurs by intrinsic mechanisms such as phonon-
phonon scattering, phonon-electron scattering, thermoelastic damping, support dissipation, 
and surface defect dissipation [22].  
 
 
When the surrounding gas pressure increases, the increased dissipation causes a decrease of 
the total measured Q factor, Qtotal: 
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 𝑄𝑡𝑡𝑡𝑡𝑡−1 = ∑𝑄𝑖−1      (4.5) 

 
where Qi is the Q factor corresponding to distinct dissipation mechanisms (intrinsic, air, fluid, 
etc). Measurement in the intrinsic regime (for Kn > 100) is directly influenced by the material 
property and process variations. Measurement in the molecular and viscous regime is useful 
to identify the damping model which applies to our resonator, and can be used when 
designing devices operating in practical conditions. 
 
Q vs P measurement results for the devices characterized in Figure 4.10 (r = 20 µm) are 
shown in Figure 4.14. In the intrinsic regime, the device exhibits a Q factor of around 3 000, 
which is typical for most of the devices we fabricated. As the pressure increases, the device 
enters the molecular regime (100 > Kn > 0.01), where the momentum transfer between the air 
molecules and the resonator becomes dominant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14. Q vs. P profile for structure with radius r = 20 µm, plate thickness t = 0.34 µm, 
and gap height h = 1.25 µm. Blue markers indicate measurement data, while the red line 
corresponds to Q factor obtained by substituting Qintrinsic = 3000 and Qmol from Equation 4.6 
into Equation 4.5. The vertical blue lines indicate boundaries between different damping 
regimes (Kn = 100 for intrinsic to molecular and Kn = 0.01 for molecular to viscous). Q 
factor values are extracted from the vibrational noise spectra of the device. 
 
 
 
Here, it was observed that similar to other MEMS devices, the Q factor is inversely 
proportional to the air pressure [21]: 
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 𝑄𝑚𝑚𝑚 =  �𝜋
2
�
1.5 �𝑅𝑅/𝑀𝑎𝑎𝑎

𝑃
𝑡𝑡𝑡      (4.6) 

 
with R the gas constant (R = 8.317 J.mol-1.K-1), T the absolute temperature (K), Mair the molar 
mass of air (29 g.mol-1), P the air pressure (Pa), t the resonator plate thickness, ρ the density 
of the resonator material (for Si ρ = 2 329 kg.m-3), and f the vibration frequency of the 
resonator. While a narrow gap between a resonator and the substrate commonly produces 
additional damping due to squeeze film effect [23] for cantilevers, this is not the case for 
enclosed plate structures (as in our case), since there is no air flowing between the gap and the 
environment. 
 
The red line in Figure 4.14 corresponds to Q factor obtained by substituting Qintrinsic = 3 000 
(which was obtained experimentally at high vacuum) and Qmol from equation 4.6 into 
Equation 4.5. It can be seen that this model adequately describes the experimental results, 
even in viscous regime up to atmospheric pressure, where a quality factor of Q = 13 was 
observed for devices with r = 20 µm (Figure 4.15). It has to be noted that the low quality 
factor observed at atmospheric pressure was related to the geometry of the device, and it was 
not due to the nature of the transfer printing process. In fact, it should be possible to get 
devices with higher Q factor in air by increasing the plate thickness and the device resonance 
frequency. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15. Vibrational noise spectra for a device with plate radius r = 20 µm, plate 
thickness t = 0.34 µm, and gap height h = 1.25 µm. in atmospheric pressure (P =10-2 mbar), 
measured using only thermal noise. 
 
 
The shift of resonance frequency relative to the resonance frequency in vacuum (f0 – fv)/fv,, 
with fv = 2.798 MHz the resonant frequency measured in vacuum using thermomechanical 
actuation is shown in Figure 4.16. Analogously to the results shown in Figure 4.13, negligible 
shift of f0 was observed until the device entered the molecular regime, where the frequency of 
the device increased with pressure. At 1 012 mbar, i.e. at atmospheric pressure, the resonant 
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frequency of the device is 3.106 MHz, compared to 2.798 MHz in the intrinsic regime. Most 
of the f0 increase can be attributed to the air below the closed gap, which acts as an added 
stiffness and increases the effective spring constant keff of the device. The influence of 
possible temperature variations on f0 is negligible, with typical value for frequency drift of the 
order of -30 ppm / °C [24]. This is to be compared to the 10% shift observed here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16. Relative shift of the resonance frequency (f0 – fv)/ fv vs. pressure for structure 
with diameter r = 20 µm, plate thickness t = 0.34 µm and gap height h = 1.25 µm. Resonance 
frequency values are extracted from the vibrational noise spectra of the device. 
 
 

4.2.3 Characterization of multiple cavities in vacuum 
 
Figure 4.17 shows measurement results conducted in primary vacuum for a structure with 
four identical square cavities (20 µm side length). Lorentzian peaks corresponding to 
mechanical resonances were observed on plates above the cavities, with no observable sign of 
mechanical crosstalk between the plates.  It was observed that while a single plate was shared 
by the four cavities, they produced different resonant frequencies (7.77, 8.82, 8.17, and 7.51 
MHz) and intrinsic Q factor (11 508, 2 467, 4 246, and 5 090). This variation suggests a non-
uniform internal plate stress and a difference of clamping quality between the base and the 
plate. On the other hand, this proves that the micro-masonry technique is flexible enough to 
be used on varying cavity sizes and shapes. 
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Figure 4.17. Optically measured frequency responses of a device with four identical square 
cavities, each with side length of 20 µm. The variation of Q factor and resonant frequencies 
suggest a non-uniform internal plate stress and a variation of clamping quality between the 
base and the plate. 
 
 

4.2.4 Characterization of multiple cavities in atmospheric pressure 
 
Figure 4.18 shows the frequency response of a passive structure with multiple cavities in 
atmospheric pressure exited with the external piezo actuator. In this case, the passive structure 
contains 4 square-shaped cavities with side length r = 20 µm. As in the case of single cavity 
devices excited the same way (see subsection 4.2.2), the response of the piezo creates 
multiple non-lorentzian peaks. Moreover, since all cavities are of identical size, we did not 
know if we could resolve each cavity response and if the response shown in Figure 4.18 was 
not due to cross talk. Unfortunately, because of the small size of the cavities, we could not 
apply the thermomechanical displacement approach used to observe the frequency response of 
single cavity devices, which would have answered the previous question. 
 
As a result, a second multiple cavities device was designed and fabricated, as shown in Figure 
4.19. These devices consisted of three circular cavities with different radius, which produced 
different resonant frequencies. To study the effect of cavity size on crosstalk, we designed 
two devices with different sets of cavity. To study the effect of distance between the cavities 
on crosstalk, we also included devices with various separation distances between the cavities. 
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Figure 4.18. Frequency response of devices with 4 square cavities of side length r = 20 µm 
for two cavities in atmospheric pressure (P = 1 012 mbar). The unclear peak shape causes 
difficulty in determination of the Q factor in atmospheric pressure. The inset shows the cavity 
which frequency response is shown. 
 
 

 
 
 
Figure 4.19. The second multiple cavity device design. Dimensions of each device from left to 
right: First device (r= 8, 10, 12 µm; 40µm spacing between the cavities), second device (r= 
8, 10, 12 µm; 20µm spacing between the cavities), and third device (r= 15, 18, 20 µm; 20µm 
spacing between the cavities). 
 
 
A typical measurement result for the second multiple cavities device is shown in Figure 4.20. 
Here, the piezo disc actuation was used to induce high vibration amplitudes and the 
measurement was done in atmospheric pressure. No resonance peak from neighboring plates 
was observed when one of the plates was measured, which suggest minimal, if any, 
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mechanical crosstalk between the suspended structures. This means that device anchoring 
strength is rigid enough to diminish acoustic radiation between adjacent suspended structures, 
and micro-masonry thus allows the fabrication of devices with separate responses within a 
single base structure in a single step. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20. Frequency response obtained in air of a multiple cavity device with plate 
thickness t = 0.34 µm and radius (a) r = 8 µm (green, 18.8 MHz peak) (b) r = 10 µm (blue, 
10.9 MHz peak), and (c) r = 12 µm (red, 7.7 MHz peak). Arrows indicate the location of 
resonance peaks. The curves for (a) and (b) are vertically shifted by 0.4 and 0.2 respectively 
for clarity. It can be seen that no crosstalk between cavities is observed. Inset: schematic top 
view of the device. 
 
 

4.3 Characterization of active devices 
 
In this subchapter, we discuss the characterization results of active devices. The focus of this 
discussion is an active device with two identical cavities (r = 14 µm), as shown in Figure 
4.20. First, results obtained using the Fabry-Perot interferometer (optical sensing) and 
capacitive actuation are presented. Afterwards, we focus on the results obtained with 
electrostatic actuation and capacitive sensing. Discussions concerning the displacement of the 
device and shift of the resonant frequency with respect to DC bias then follow. Finally, 
comparison of device performances at atmospheric pressure and primary vacuum are detailed. 
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Figure 4.21. Optical microscope image of fabricated nanoplate resonators. The device of 
interest is the one on the right hand side, with double cavities of r = 14 µm. The device on the 
left hand side functioned as a reference capacitor. 
 
 

4.3.1 Optical characterization of active devices 
 
The optical characterization of the active devices was carried out using the integrated 
electrostatic actuation in order to avoid the influence of the erratic response of the external 
piezo actuator (subsection 4.2.2) and because actuation by thermomechanical noise was too 
small for adequate optical detection. The optical measurement was carried out separately on 
both resonators of the same plate while varying the VDC, and the resulting frequency response 
was normalized with respect to the highest peak. Figure 4.22 shows the frequency response of 
the two resonators of the active device shown in Figure 4.21 under VDC ranging from 0 to 3.5 
V at atmospheric pressure (P = 1 012 mbar). It can be observed that although both cavities 
share the same design (circular with r = 14 µm), they produce resonant peaks at slightly 
different frequencies. This is consistent with the variations observed in passive structures with 
multiple cavities (subsection 4.2.3). Both peak heights, which are proportional to the plate 
displacement in the case of optical characterizations, appear to vary linearly with VDC (Figure 
4.24). It was observed that resonant peaks are detected even at VDC = 0 V, which should not 
happen in idealized device, as described in chapter 3. This behavior is due to the DC offset 
inside the device that is made of highly-doped silicon. The value of this DC offset is Voffset = 
0.32 V: this value was determined by adjusting the DC bias until the peak value fell down 
under the noise level of the measurement device. 
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Figure 4.22: Frequency response of the device obtained using optical Fabry-Perot sensing 
and electrostatic actuation method, for VDC = 0.5 to 3.5 V. The figure was created by 
combining optical measurement results obtained for each resonator of the same plate at 
different VDC levels. 
 
 

4.3.2 Capacitive characterization of active devices 
 
Figure 4.23 shows frequency response of the active device shown in Figure 4.21 under VDC 
ranging from 0 to 3.5 V, obtained using capacitive detection and actuation in atmospheric 
pressure (P = 1 012 mbar). Similar to optical characterization results described previously, 
two resonant peaks corresponding to the two resonators can be observed. Since the plate 
above the two cavities are electrically connected, both peaks can be observed simultaneously 
in the same measurement acquisition. The peak height (corresponding to the measured 
current) does not appear to vary linearly with VDC (Figure 4.24). In contrast to optical sensing, 
distinct peaks can only be distinguished starting at VDC = 1.5 V; below this dc voltage bias, no 
clear resonant peaks can be observed. 
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Figure 4.23.  Frequency response of the device obtained using capacitive actuation and 
sensing method, for VDC = 0.5 to 3.5 V. The frequency response of both cavities can be 
observed simultaneously using capacitive sensing. 
 

4.3.3 Variation of peak height and resonant frequency with respect to VDC 

 
The normalized mechanical displacement and the normalized output current for one of the 
resonators are plotted in Figure 4.24 as a function of VDC. While in general the amplitude of 
the circular plate capacitor is a nonlinear function of VDC [25], the displacement of the device 
is small enough so that the experimentally measured amplitude is observed to be linear up to 
DC bias value of 3.5 V. However, the output current is observed to vary with the square of 
VDC. Looking back into equation 3.4, it can be observed that Itotal(t) is proportional to VDC

2 
only if ΔC is proportional to VDC, which, similarly to the case of the amplitude vibration, is 
true only for small displacements. Thus, both optical and capacitive measurements show that 
the device behavior is consistent with what is expected for parallel plate capacitors in the 
linear regime for VDC values between 0.5 to 3.5 Volts. 
 
The variation of resonant frequency with VDC for the first resonator is shown in Figure 4.21 
for both optical (empty blue circle) and capacitive (filled blue circle) sensing. Comparison 
between the two sensing methods shows that optical sensing results in lower resonant 
frequency values (around 45 kHz lower) compared to the ones measured with capacitive 
sensing. This can be attributed to heating of the device by the sensing laser beam, which 
causes compressive thermal stress that reduces the resonant frequency (see next subsection for 
more details). For both sensing methods, it can be observed that the resonant frequency 
linearly decreases as the VDC increases. The optical sensing method shows that between VDC = 
0.5 V and VDC = 3.5 V the resonant frequency is reduced by 27.5 kHz while the capacitive 
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sensing method shows that the resonant frequency is reduced by 12.5 kHz when VDC increases 
from 1.5 V to 3.5 V. These results are consistent with spring softening effect observed in 
capacitive devices [26]. 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 4.24. Graph describing the variation of peak height (red) and resonant frequency 
(blue) with VDC using both optical (empty circles) and capacitive (filled circle) sensing 
methods. The guiding lines are plotted using a linear curve fit, with the exception of the solid 
red line which uses a quadratic curve fit .The graph corresponds to the response given by the 
first resonator of the device, with f0 value of around 6.44 MHz.  
 

4.3.4 Stress in active devices 
 
Similar to the case for passive structures, assuming no stress and substituting r = 14 µm and t 
= 0.34 µm into Equation 4.1 yields an analytical resonant frequency value of fanalytical = 7.05 
MHz, which is consistent with the value obtained from the optical and capacitive 
measurements. The lower experimental resonant frequency values still indicate the presence 
of tensile stress within the plate, just as in the case of passive structures. Substituting 
fexperimental = 6.44 MHz and 6.96 MHz for the first and second devices into Equation 4.2 yields 
the in-plane stress values of σ0 = -22.2 MPa and -3.4 MPa, respectively. These values are 
slightly lower than the average values obtained for passive structures, although it is not clear 
whether the altered fabrication process is responsible for these lower stress values. 
 

4.3.5 Q factor of active devices in atmospheric pressure and in vacuum 
 
Figure 4.25 shows the frequency response of one of the devices both in atmospheric pressure 
(P = 1012 mbar) and in vacuum (P = 1.2 mbar) obtained using optical sensing. The Q factor 
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of the device at atmospheric pressure is determined to be Qair = 33. Using f = fanalytical into 
Equation 4.6 yields Qmol = 29, which is consistent with the experimental results. In vacuum, 
the Q factor is measured to be only Qvacuum = 77, which is much lower compared to the values 
obtained for similar passive structures in vacuum (Table 4.2). This result indicates that a 
pocket of air exists in the gap between the plate and the substrate even when the measurement 
chamber is under vacuum, and the seal between the plate and the base structure thus is 
hermetic. For information, our previous structures exhibited vents within the base structure, 
thus allowing pressure under the plate to equilibrate the working pressure. While this results 
in lower Qvacuum, this does not significantly affect operation in air, and the tight seal can prove 
advantageous in liquid environment. This also means that our presented process that relies on 
micro-masonry for the fabrication of nanoplate structures could also be used for obtaining 
devices with vacuum pockets, which might find applications for pressure sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25. Frequency response of the first cavity in vacuum (blue line, P = 1.2 mbar, 
Qvacuum = 77) and in atmospheric pressure (red, P = 1 012 mbar, Qair= 33). The amplitude of 
both curves has been normalized due to differences in optical measurement setup. 
 

4.4 Other Results 
 
The following subchapter contains some experimental results that do not directly relate to the 
results presented in the previous subchapters, but that are discussed here since they are 
considered relevant for future works. Three of the following subsections discuss the 
fabrication of devices with alterative materials, while two subsections are concerned with 
some aspects of the measurement method. 
 

4.4.1 Base structure fabrication using PECVD and thermal oxide 
 
Samples of the 1st fabrication batch were fabricated using both PECVD and thermal SiO2 for 
the base in order to study the difference of vibration behavior between the two materials. 
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Figure 4.26.a and 4.26.b show typical measurement results in vacuum for a passive structures 
with bases made out of PECVD and thermal oxide respectively. In both cases, a peak 
corresponding to the structure resonance can be observed. While some slight differences of Q 
factor (9 932 vs 11 507) and resonant frequency (7.45 MHz vs 7.77 MHz) exist, these 
discrepancies are within typical ranges of process variation observed in other structures. Thus 
no significant difference was observed between base structures made out of PECVD SiO2 and 
thermal SiO2. For this reason, structures from the 2nd batch onwards utilized a PECVD 
structure due to its better compatibility with the process flow and the use of highly doped 
substrates. 
 

 
 
Figure 4.26.  frequency response in vacuum (P = 10-6 mbar) for devices with circular cavities 
(r = 12 µm) and base structures fabricated using (a) PECVD SiO2 and (b) Thermal SiO2. No 
significant difference in term of intrinsic Q factor and resonant frequency exist between the 
two. 
 

4.4.2 Passive structure fabrication with thick plates 
 
While the majority of structures and devices were fabricated using 0.34 µm thick plates, 
several passive structures were also made with 1.3 µm thick plates using a thicker SOI donor 
wafer. This approach was taken to prevent the buckling of resonators with large radius 
cavities (r > 20 µm). Measurement results of a typical device (r =18 µm) with plate thickness 
t = 1.3 µm in secondary vacuum (10-6 mbar) using external piezo actuation is shown in Figure 
4.27. Similar to measurement results for t = 0.34 µm, a lorentzian curve can be seen at 
resonance. However, there are several notable differences in resonant frequency and Q factor 
between the devices of different thicknesses. 
 
On average, it was found that devices with thicker plates have larger deviation between the 
analytical and experimentally measured resonant frequencies. As an example, the 
experimentally measured resonant frequency of the device which response is presented in 
Figure 4.27 is fexperimental = 7.35 MHz. Using the analytical formula for resonant frequency 
(Equation 4.1, assuming zero radial stress), we found an analytical resonant frequency value 

(a) (b) 
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of fanalytical = 16.3 MHz. Thus, the measured frequency of the device is less than half the 
theoretical frequency. Calculating the radial stress with Equation 4.2 yields a compressive 
stress value of 950 MPa, which is much larger than the one observed for devices with thinner 
plates. While we were unable to determine the cause of this result, it is possibly related to the 
difference of heat transfer characteristics between thick and thin plates during the thermal 
anneal process. Additionally, it was also found that devices with thicker plates have lower Q 
factors. As an example, the experimentally measured intrinsic Q factor of the device which 
response is presented in Figure 4.27 is Q = 1 589. Of all the measured samples with t = 1.3 
µm, none had an intrinsic Q factor exceeding 2 000, a value which is considered low for 
devices with t = 0.34 µm. 
 
In terms of the original goal of avoiding buckling, the use of thicker plates can be considered 
successful. Out of 21 passive structures that were fabricated using 1.3 µm thick plates, none 
were found to buckle when observed using an optical microscope. However, delamination 
was found to be the dominant failure mode for the 2nd sample batch. A total of 17 devices 
with 1.3 µm plates were found to be delaminated (totally and partially), which correspond to a 
device yield of only 28.6%: this figure is barely any better compared to the 29.2% yield for 
0.34 µm thick plates from the same batch. Additionally, using thicker plates meant lower 
device sensitivity as a mass sensor and lower mechanical displacement for the same amount 
of driving voltage, which would render capacitive sensing more difficult. Thus, it was decided 
that active devices would not be fabricated using thick plates. However, this work 
demonstrated the possibility of using the micro-masonry technique for the fabrication of 
mechanical resonators of different thicknesses. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27. Frequency response of a device with thicker plates (r = 18 µm, t = 1.3 µm) 
actuated using the piezo disc in secondary vacuum (P = 10-6 mbar). The observed resonant 
frequency is much lower than the one predicted using the analytical formula, and the Q factor 
is lower compared to devices with thinner plates. 
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4.4.3 Transfer printing of silicon plates onto gold surface 
 
During the course of this study, a new design for device with integrated actuation and sensing 
was proposed, as shown in Figure 4.28. In this design, the metallization layer (Au) acts both 
as an electrical interconnect for the resonator plate and as an adhesion layer, which contacts 
the bottom surface of the Si nanoplate. Au/Si layer has been shown to produce eutectic 
bonding [27] at lower anneal temperature than the one used for the Si-SiO2 interface (340 vs 
900 °C), which might reduce the thermal stress in the nanoplate. Additionally, this design 
enables a fully planar interconnect for both top and bottom electrodes, which is easy to 
achieve with evaporation techniques since it does not require a conformal coating. The Au 
layer is also used to create the bottom electrode of the device. Compared to the use of the 
highly-doped silicon substrate, the Au electrode has a lower RC time constant which enables 
it to be driven at higher frequencies. It also enables the usage of complex bottom electrode 
geometries, which might be interesting for actuating higher vibration modes. Additionally, the 
gold layer acts as an optical reflective layer, which gives higher S/N ratio for Fabry-Perot 
measurements. However, the resonator shape is then changed due to the necessity of getting 
an interconnect layer in the center of the cavity: because of the resolution of the 
photolithography process, we must leave a gap of at least 2 µm between the edge of the gold 
layer and that of the cavity. While not significant for circular cavities with large diameter (r = 
30-20 µm), it alters the cross section of smaller cavities significantly. However, this does not 
affect the ability of the device to be actuated and sensed at its resonant frequency. 
 
 

 
 
 
Figure 4.28. Schematics of the new device. The green surface represents the SiO2 base 
structure; the red surface represents the Au interconnect/adhesion layer, and the blue crossed 
surface represents the Si nanoplate. 
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The primary challenge of this approach was to obtain an adequate adhesion between the 
silicon nanoplate and the Au surface from the micro-masonry process. Unfortunately the 
adhesion between the silicon and gold surface was found to be unsatisfactory, and 
delamination between the plate and the base structure was very frequent (see Figure 4.29). 
This result was unexpected, since previous works showed the successful transfer-printing of 
Au inks onto silicon surfaces [28]. It is possible that the poor adhesion problem might be 
solved by using some proper surface treatment or other metals as a welding material. 
However, this device was not developed further due to time limitation and minimal 
improvement to the performance of the finished device in atmospheric pressure; further study 
should be conducted if wishing to realize this type of devices. 
 
 

 
 
 

Figure 4.29. Optical Microscope image of delamination of the silicon plate from a base 
structure covered with Au. 
 
 

4.4.4 Modelling of laser heating using COMSOL 
 
During the dynamic measurements, we also observed that the value of f0 depended on the 
intensity of the laser used for the measurement. Figure 4.30.a shows a typical effect of laser 
intensity to the measured f0. In general, f0 increased as the laser intensity was lowered. This 
was caused by the effect of laser heating up the membrane. Adsorption of the laser power and 
temperature increase within the membrane resulted in the built up of compressive thermal 
stress, which thus lowered the resonance frequency. 
 
This was modeled in COMSOL, with results shown in Figure 4.30.b. The laser was modeled 
as a heat source with gaussian distribution in the membrane. The model itself was taken from 
COMSOL database, originally used for glass defect repair using laser [29]. As for the 
geometry, only the Si membrane and SiO2 base were included, while the Si substrate was not 
considered. For temperature boundary condition, we did not include any convection effects 
(vacuum condition), and the bottom of the SiO2 base was used as a heat sink with a fixed 
temperature of 27 °C. The effect of Si/SiO2 contact resistance was determined to be 
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insignificant in this case [30]. The device was mechanically constrained at the bottom of the 
SiO2 base, and free to move otherwise. The model first calculated the steady-state temperature 
of the system, then calculated the resulting stress, and finally the eigenfrequency of the 
stressed system. The results using full and half laser intensity were compared with the 
experimental measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.30. Effect of laser heating on the resonatn frequency. (a) measurement results of a 
square, open cavity under full (large curve) and half (small curve) laser intensity. Note the 
shift to higher frequency as the intensity is lowered. (b) temperature distribution of a square, 
open cavity sample heated by laser modeled using comsol.  
 
 
Table 4.5. Comparison between experimental and modeling results of frequency shift due to 
laser heating. The experimental measurements were done on 4 samples (square resonators 
with closed cavities) which were made using thermally-grown SiO2 bases. 
 

Experimental Comsol 
∆f ∆f 

(Khz) (Khz) 
2.3   
2.15 2.63 
1.08   
2.65   

 
 
The results (Figure 4.30 and Table 4.5) show a reasonable agreement between the model and 
the experiments, both in magnitude and in trend, thus supporting our hypothesis. 
 

(a) (b) 
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4.4.5 Effective parameter determination using Fabry-perot setup 
 
This subchapter describes the experimental determination of effective parameters using 
harmonics as described in subchapter 3.3. A commercial silicon nitride AFM probe with a 
reflective layer (SNL – 10 from Bruker [31]) was used as the device under test, as shown in 
Figure 4.31.  The AFM probe has a dimension of 120 µm, 20 µm and 0.6 µm respectively for 
length, width, and thickness.  The specification ranges given by the manufacturer are as 
follows: resonance frequency f0 between 40 – 75 kHz, effective spring constant Keff between 
0.12 – 0.48 N/m, and effective mass Meff of 1.94 ± 0.75 ng. The AFM probe chip was glued 
using cyanoacrylate onto a 1 cm × 1 cm silicon base, which was diced from a standard 100 
mm wafer.  This gives a gap value of around 300 µm between the probe and the base.  The 
probe and base assembly was then attached to the piezo disc for actuation. 
 

 
 
Figure 4.31. Optical microscope images of the AFM probe under study.  The cantilever’s 
dimensions are 120µm × 20 µm × 0.6 µm respectively for length, width and thickness.  The 
red dot corresponds to the laser beam location during measurement.  The AFM probe is glued 
to a piece of silicon substrate, which forms a Fabry-Perot cavity. 
 
The 1st, 2nd, and 3rd resonance peaks obtained using piezo actuation at f0 = 63.33 kHz 
(mechanical resonance frequency), 2×f0 = 126.67 kHz and 3×f0 = 190 kHz, are shown in 
Figure 4.32.a. The signal magnitudes of the 1st and 3rd peak are -56.9 dBm and -93.3 dBm 
respectively, with a noise floor at around -120 dBm.  From these values, the ratio L3/ L1 is 
determined to be -36.4 dB. Using this ratio and the value of λ = 632 nm in Equation 3.17 
(Chapter 3) yields the value of xpk = 30.4 nm, corresponding to a signal magnitude of the 
fundamental line L1 = -56.9 dBm. 
 
Figure 4.32.b shows the measurement of the resonance peak at f0 caused by 
thermomechanical noise acquired using a resolution bandwidth (RBW) of 3 Hz.  The data 
were averaged over 100 times to reduce the effect of noise, and a lorentzian curve was fitted 
to extract the noise spectral density at resonance Lnoise = -117 dBm with a noise floor of -123 
dBm (RBW=3 Hz) and quality factor Q = 870. Substituting these values into Equation 3.12 
yields displacement noise spectral density xnoise =10.5 pm/√Hz at resonance, effective spring 
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constant and effective mass values of Keff = 0.324 N/m and Meff  = 2.05 ng respectively for the 
AFM probe. These values are consistent with the one obtained from the manufacturer’s 
specifications, as can be summarized in Table 4.4, which takes into account error bars caused 
by measurement uncertainties related to the linearity and the flatness of the photodiode and 
analyzer response. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32: (a) Frequency spectrum of the interferometer signal of DUT when forced into 
vibration at the fundamental resonant frequency. An external piezo-shaker is used to drive the 
DUT vibration. (b) Thermomechanical noise spectrum of the DUT obtained at room 
temperature and in vacuum (0.5 mbar) using a resolution bandwidth of 3 Hz without any 
actuation signal. 
 
Table 4.4: Comparison between theoretical values and measurement results obtained for the 
AFM cantilever shown in Figure 4.31. Fundamental mode of resonance of the DUT is 
studied. Nominal values are given with extrema values in brackets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝑱𝟑 𝑱𝟏⁄  ratio 0.0152 ± 0.0019 
𝒙𝒑𝒑𝒑𝒑  (nm) 30.4 ± 1.8 
SA calib.  (V/m) 10 503 ± 622 
Q-factor 870 ± 35 
𝒙𝒏𝒏𝒏𝒏𝒏  (pm/√Hz) 10.5 ± 0.36 
 Theory Experiment 
𝒇𝟎 (kHz) 56 [40-75] 63.354 ± 0.001 
𝑲𝒆𝒆𝒆 (N/m) 0.24 [0.12-0.48] 0.324 ± 0.024 
𝑴𝒆𝒆𝒆 (ng) 1.94 ± 0.75 2.05 ± 0.15 

(a) (b) 
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It should be noted that in the present work, modeling and calculations presented in subchapter 
3.3 assume that only one optical reflection occurs in the Fabry-Perot cavity. This is a 
reasonable approach for the device under test because of the low precision involved in 
preparing and assembling the AFM probe for measurement. In the case of released MEMS 
devices, especially fabricated from silicon-on-insulator substrates, the Fabry-Perot cavity will 
consist of 2 low-roughness single-crystal silicon surfaces and multiple optical reflections may 
be expected, leading to discrepancies between the present modeling and the actual effective 
parameters. In general, it was observed that our method overestimates the displacement 
spectrum of these devices by a factor of 2 to 4, leading to the underestimate of the effective 
spring constant Keff and effective mass Meff.  
 

4.5 Summary 
 
This chapter describes the major experimental results obtained in this study. These include the 
analysis of failure modes of the structures and devices, the dynamic mechanical properties of 
both active and passive structures in various vacuum conditions, plus other results relevant to 
the study of nanoplate resonators fabricated with the micro-masonry technique. Buckling and 
delamination of the plates were found to be the major failure modes of micro-masonry plate 
resonator fabrication, delamination being more severe. Characterization of passive structures 
with Fabry-Perot method in vacuum showed an average intrinsic Q factor of around Qintrinsic = 
4 500 and an average compressive stress level of around 36.7 MPa, which limits the 
maximum radius of fabricated resonators. In atmospheric pressure, the Q factor of the passive 
structures was observed to obey molecular damping model, while the resonant frequency 
increased due to the presence of air below the resonating plate. Frequency responses of 
structures with multiple cavities showed no sign of mechanical crosstalk, indicating good 
clamping between the base and the plate. Active device was observed to produce resonant 
peaks that were detectable using both optical and capacitive sensing techniques, and 
simultaneous detection of several cavities was possible with capacitive sensing. Similar to the 
passive structures, the estimated compressive stress in the plate was determined to be around 
22 MPa and the Q factor in atmospheric pressure was observed to be well described with the 
molecular damping model. However, comparison of Q factor of active devices in primary 
vacuum and atmospheric pressure was not consistent with what has been observed in passive 
structures, suggesting that the seal between the plate and base structure is airtight. 
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Chapter 5 
Conclusion and Perspectives 

 
This final chapter summarizes the important discoveries of this study and recommendations 
for future research work. 
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5.1 Conclusion 
 

This study focused on the fabrication of suspended plates for their use as MEMS resonators 
by micro-masonry. Micro-masonry is a form of transfer-printing, where silicon elements (in 
our case nanoplates) that are fabricated from a donnor SOI wafer, are picked up using 
microtip polymeric stamps, and released onto another substrate that contains base structures 
with cavities. Sealing the nanoplate with the base using a thermal annealing process results in 
suspended structures that can be used as resonators. From this general fabrication method, we 
have realized two generations of devices: passive structures that were used to study the 
influence of micro-masonry onto the performances of the resonating device and active devices 
with integrated actuation and sensing schemes that were used as proof-of-concept of our 
approach for the fabrication of fully integrated MEMS resonating plates with sealed cavities. 
The devices were characterized using optical and infrared microscopy, Fabry-Perot 
interferometry, and capacitive actuation and sensing techniques. 

The passive structures and active devices exhibited behaviors consistent with theoretical 
predictions. The passive structures acted as suspended plates (not as membranes), and the 
active devices were found to behave as parallel plate capacitive devices. For passive 
structures, the variation of Q factor under different pressures was adequately explained by 
molecular damping mechanisms. For active structures, the Q factor did not show significant 
variations between operation in atmospheric pressure and in vacuum, indicating a sealed air 
cavity between the plate and the substrate. The tested devices and structures exhibited 
intrinsic Q factors between 3 000 – 14 000, e.g. modest values compared to similar devices 
fabricated with conventional fabrication methods. When used as mass sensors in vacuum, this 
implies comparable or lower sensitivity. When used as mass sensors in air or liquid, the 
damping is dominated by the surrounding fluid instead of the intrinsic damping, and in this 
regard, our fabricated resonators are not better or worse than resonators of similar dimensions 
and materials. In atmospheric pressure, the devices studied showed Q factors in range of 10 – 
100, depending on the dimensions and in accordance with the molecular damping model. 

The tight bond between the silicon nanoplate and the silicon dioxide base offers several 
advantages. No mechanical crosstalk was observed between different parts of a single plate 
suspended under different cavities, which enables the fabrication of device arrays with a 
single plate. The bond was also found to be strong enough to withstand post-processing 
fabrication steps, including photolithography, metallization with sputtering, and lift-off 
processes. Finally, the airtight nature of the cavity of the resonators allow their operation in 
liquid environment, thus rendering them suitable for mass sensing applications in liquid, e.g. 
for real-time biosensing. 

The current largest limitation of the micro-masonry technique is the low and inconsistent 
yield. Several approaches such as the use of plasma treatment before bonding and the 
application of a pressure along the circumference of the cavities after plate transfer were 
investigated and turned out to be quite successful, thus showing the way to possible 
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improvements of the micro-masonry technique. Examination of the process yield per 
fabrication batch showed that it was possible to obtain high yields (above 80%). The vast 
majority of the yield problems were caused by the delamination of the plates. Another 
limitation of the micro-masonry technique was found to be the compressive stress introduced 
into the suspended plate as a result of the thermal annealing step. Compressive stress in the 
range of 20 MPa induced mechanical constraints in the fabrication of suspended plates with 
large span and small thickness, because of plate buckling. 

In summary, we have demonstrated in this thesis work that suspended plates and active 
mechanical resonators can be fabricated with the micro-masonry technique. The main 
advantages of this fabrication technique compared to more conventional approaches lie in its 
simplicity and the possibility to obtain fully sealed cavities in a single step, making this 
alternative fabrication method attractive for specific applications. 

 

5.2 Perspectives for Future Work 
 

In order to ensure that micro-masonry can be reliably used to deliver devices for specific 
applications, the first task would be to proceed with the refinement of this fabrication 
technique. The focus would be the increase of device yield by minimizing plate delamination. 
In addition to the improvements proposed in this study, one could also work on adding a tilt 
control system into the micro-masonry set-up to ensure a better control of the contact during 
the transfer-printing process. Another related direction of study would focus on transferring 
other materials than those related to silicon, especially metal layers, which would open up 
new possibilities in device design and processing. 

The second implementation would concern the use of fabricated resonators for dedicated 
applications: the possibility to obtain sealed cavities using micro-masonry offers a direct 
advantage for fabricated devices to operate in liquid environment, and thus to act as 
biosensors. To this aim, the devices presented in this work would still require to see additional 
process steps. Indeed, operation in liquid would require the insulation of the metal lines and 
the encapsulation of the conductive silicon plate: in fact, preliminary results not discussed 
here have shown that this is feasible. Other applications of MEMS devices that operate at 
quasistatic conditions and require sealed cavities could also be investigated, such as pressure 
sensors or peristaltic microfluidic pumps.  
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Appendix A 
Experimental Setup for Optical Measurements 

 
The experimental setup used for Fabry-Perot characterization used in this study is shown in 
Figure A.1.a, while the schematic is shown in Figure A.1.b. When compared with idealized 
scheme shown in Figure 3.3.a, the actual experimental setup is more complicated and requires 
more components. For the detailed description purposes, the setup is subdivided into five 
components: 
1. The electrical components of the interferometer, which include the laser source, the 

diode, and the network analyser. 
2. The optical components of the interferometer, which include the beam expander, the 

quarter wavelength filter, beam splitters, and a microscope objective. 
3. The illumination and imaging components, which include the camera with its 

objective lenses and the illumination diode. 
4. The vacuum chamber. 
5. The vacuum system, which include the vacuum pumps, pressure sensors, and valves. 
 
 
Each of these components will be described in more detail below. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) 
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Figure A.1. (a) Photograph and (b) schematics of the optical bench (Fabry-Perot 
interferometer) used in this study. Note the difference with Figure 3.3.a, which is a simplified 
view of the setup. 
 
Electrical components 
 
The laser used as a light source in this study is a 05-LHP-845 model by Melles Griot (Figure 
A.2, foreground). This laser is a helium-neon laser typically used in optical experiments, and 
produces 632.8 nm wavelength light (red color) with a minimum rated output power of 30 
mW (class IIIb). This laser is linearly polarized to facilitate interferometry. As the laser beam 
passes through the optical elements, the light is adsorbed and loses its intensity. As a result, 
measurements carried out with a calibration photodiode showed that only a total light power 
of around 5 mW reaches the sample. The laser source is clamped tightly to the optical table 
for stability, and along its light path a beam expander and a microscope lens are installed in 
front of and behind the beam splitter respectively to facilitate a sharp focus on the sample. A 
polarizing filter was placed in front of the beam expander to control the intensity of the laser.  
 
In addition to the He-Ne Laser mentioned above, a solid-state laser with the same wavelength 
(627 nm) is also available as an alternative light source (Figure A.2, background). This laser 
is a MRL-III-627 produced by CNI. This laser is set beside the He-Ne laser, with its own 
magnifying lenses and a mirror that joined the beam path on the first beam splitter.  Although 
this laser has higher optical power (100 mW), it was not used during the course of this study 
due to fluctuations of laser power output. 
 
 

(b) 
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Figure A.2. Laser used as a light source for Fabry-Perot interferometry (05-LHP-845 He-Ne 
laser by Melles Griot). The black boxes in the background are the power source for both 
lasers. Note the adjustable clamp of the laser, and the beam expander attached to the front of 
the laser. 
 
A measurement diode (New Focus 1601) is positioned on the output of the 3rd beam splitter 
(in order to obtain the maximum measurement signal), with a focusing lens on the optical 
path, as can be seen in Figure 6.3. This diode exhibits DC and AC output signals; the DC 
output is connected to an oscilloscope for control of laser intensity, while the AC output 
(relevant for frequency characterization) is connected to the spectrum/network analyzer 
(Agilent 4395 A). This diode is powered by its own DC power supply. For signal 
amplification, a low-noise amplifier (40 dB amplification from mini-circuits) and a low-pass 
filter are installed between the AC output of the diode and the spectrum network analyzer. 
The cables are shielded using aluminum foil to minimize electrical disturbance and crosstalk. 
The diode is mounted on a support with micrometer screw for fine-tuning and optimization of 
the measurement signal.  
 
 
 
 
 
 
 
 
 
 
Figure A.3. (a) Front view of the diode. The micrometer support of the diode is adjusted so 
that the beam falls inside the circular glass window at the front of the diode. (b) Back view of 
the diode. The micrometer support, the amplifier, the power supply, and the coaxial cable 
carrying the AC and DC signal can be seen.  

(a) (b) 
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The analyzer used in this study is an Agilent 4395A (Figure A.4). This analyzer is capable of 
being used either in network or spectrum analyzer mode, depending on the requirements. In 
the network analyzer mode, the analyzer sends an RF signal at a certain frequency as an 
output and receives the response signal at the same frequency as an input; a scan in the 
desired frequency range is then done, resulting in the amplitude and phase information of the 
device’s frequency response. This mode is used for observing the frequency response of the 
device when its actuation is connected to the driving signal by means of e.g. a piezo disc or 
capacitive actuation. In the spectrum analyzer mode, the analyzer records the response of the 
device at the desired frequency range, without sending an output or driving signal on its own 
to the device. This mode is used for detecting resonant peaks using thermomechanical 
actuation, or observing the device harmonics when driven at a specific frequency (such as 
using a signal generator). Data acquisition is done by connecting the spectrum/network 
analyzer to a PC that tabulates the data in an Excel format. The analyzer is connected to the 
piezo disc or device and the measurement diode by coaxial cables with BNC connectors. 
Specifications of the analyzer are presented in Table A.1. 
 

 
 
 

Figure A.4. The spectrum/network analyzer used to process the measurement signal from the 
photodiode (Agilent 4395A). 
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Table A.1. Specifications for Agilent 4395A in both network analyzer and spectrum analyzer 
modes, from the data sheet of the analyzer manual.  
 

Optical components 
 
Starting from the beginning of the optical path, a 10 × beam expander is installed in front of 
the laser tube. This beam expander has a function of increasing the laser beam waist size 
before it passes through the rest of the optical elements. While this seems contradictory to the 
requirement of small and tightly focused beam required to probe the surface of the MEMS 
device, this step is necessary since a laser beam diverges due to diffraction, with divergence θ 
proportional to laser wavelength λ and beam waist size w: 
 

𝜃 =  𝜆
𝜋𝜋

       (A.1) 

Thus, a beam with waist size of 1 mm diverges 10 times more that an identical beam with 
waist size of 1 cm. Increasing the beam waist size thus reduces the divergence of the beam as 
it passes through the optical elements, which facilitates final focusing on the device. 
 
A rotating frame holding a quarter wavelength filter (Melles Griot) is installed after the beam 
expander. Its function is to control the intensity of the laser beam that reaches the sample: by 
varying the orientation of the filter, the light intensity can be adjusted from maximum power 
to zero intensity. Then, the beam passes through three beam splitters (see Figure A.5). Unlike 
what is required for a theoretical setup, which includes only 1 beam splitter, here we need to 
add two beam splitters in order to enable MEMS device observation and alignment (by using 
a CCD camera and an illumination diode). This has the effect of cutting the light intensity by 
75%, since each splitter cut the light intensity by half. 
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Figure A.5. Three beam splitters are used in the experimental setup. Two beam splitters are 
used to provide sample illumination with blue LED (middle splitter) and sample imaging with 
CCD camera (far right splitter). The third beam splitter (far left) is used to direct the 
interferometry signal to the photodiode.  
 
Finally, the laser beam goes through a 20x microscope objective lens (Mitutoyo) for focusing 
purposes (see Figure A.6). Indeed, the beam that has been enlarged into 1 cm diameter by the 
beam expander needs to downsize to a spot size of few µm on the sample surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.6. Microscope lens used to focus the laser beam onto the sample (placed inside the 
measurement chamber). The lens is mounted on a micrometer holder for fine-tuning. Note the 
measurement chamber on the right side, with the optical window and kapton tape holding the 
heating elements used for chamber cleaning. 

Illumination and Imaging Components 
 
The CCD camera used in the setup is a GUPPY by Allied Vision (see Figure A.7). The 
camera is powered and connected to a PC with a firewire interface and is capable of taking 
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pictures and videos of the MEMS sample surface. A magnifying lens and a UV mirror are 
installed between the CCD camera and the beam splitter, and the magnifying lens is 
interchangeable in order to enable appropriate magnification for different purposes: small 
magnification for locating a specific sample in a chip and large magnification for beam 
positioning and focusing on that sample surface. Due to the different focal length of these 
lenses, the CCD camera is not permanently fixed to the optical bench, and is movable. A 
dielectric UV mirror aligned to the beam splitter provides an optical path between the CCD 
camera and the sample. 
 
A blue diode (470 nm) is positioned before the 2nd beam splitter, with a focusing lens in 
between (Figure A.8). The diode has a maximum current rating of 400 mA, although a value 
of around 300 mA is typical used in our experiment for the current source. This diode acts as 
an illumination source for the sample, so that it can be imaged with the CCD camera. The 
wavelength of the diode is chosen so that it does not interfere with the measurement signal 
(the measurement diode responses to red light). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.7. The CCD camera used for sample imaging and beam focusing, GUPPY from 
Allied Vision. The cable is connected directly to the PC using firewire interface, which also 
acts as the power line. The stand is not fixed to the optical table to accommodate different 
focus length of magnifying lenses in front of it. 
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Figure A.8. The LED used for sample illumination, along with the focusing lens.  

The vacuum chamber 
 
The most conspicuous part of the experimental setup is the vacuum chamber that allows 
dynamic MEMS measurements under high and low vacuum conditions. While most optical 
measurements do not inherently require the presence of vacuum environment, it is critical for 
performance evaluation of MEMS devices. The typical scale and size of a MEMS device is 
such that vibration damping due to air dominates over the intrinsic damping of the device 
itself. As an example, a typical nanostructure fabricated in this study has Q factor in vacuum 
Qvacuum around 3 000; the same device measured in atmospheric pressure has a quality (Q)  
factor Qair around 10-30. A vacuum chamber is therefore necessary in order to evaluate the 
device’s Q factor under various pressure environments (which represents different practical 
operating conditions), and extract the instrinsic Q factor of the device. In addition, the 
chamber might also be used for the calibration of MEMS pressure sensors. 
 
In addition to the components additionally required to create a vacuum chamber (such as 
vacuum pumps, purging lines, and pressure sensors), additional features are required to carry 
out optical interferometry experiments: 
 
1. An optical window for the laser beam and the imaging light to reach the sample inside 

the chamber. 
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2. A sample stage that can move the chip in x, y, and z directions for the purpose of 
selecting different devices within the same chip and of focusing of the laser beam onto 
the selected device. 

3. An ability to maintain the vacuum without any mechanical vibrations, as normally 
expected from vacuum pumps. 

4. An electrical connection to the sample for piezo or electrical actuation and capacitive 
sensing.   

 
The vacuum chamber used in this study (commissioned for previous NBS group projects) is 
manufactured by MECA 2000 division of Vinci Technologies (Figure A.9.a and b). It has one 
optical window on the front, a plug door held by air pressure on one side, 5 ports for electrical 
connections and sensors on another side, 1 port for vacuum pumping and 1 for purging on the 
back, and 1 port located at the top of the chamber to plug an ion pump. Inside the chamber 
sits a sliding sample stage equipped with a stepper motor for laser beam alignment and 
focusing. The chamber is positioned at the edge of the optical table in order to accommodate 
the vacuum and nitrogen purging lines. Unlike the optical components, the chamber’s four 
support pillars are clamped fixed into the optical table. A simple resistance heater is wrapped 
around the chamber exterior and held using pieces of kapton tape for purpose of chamber 
heating and cleaning. 
 
 
 
 
 
 
 

 
 
 

 
 
Figure A.9. (a) Side view of the vacuum chamber, showing the plug door when it is closed. (b) 
Side view opposite of the door, showing the multiple ports used for pressure sensors and 
electrical connections. Note the turbo pump on the back, and ion pump on top of the chamber. 
 
 
The sample stage located inside the chamber is shown in Figure A.10. It can be divided into 3 
components: 
1. The base. 
2. The motorized stage, which can be controlled and actuated for laser beam alignment. 
3. The sample holder, which holds the sample chip itself. 
 

(a) (b) 

(b) 
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Figure A.10. The sample stage located inside the vacuum chamber. (a) Base pushed 
completely towards the optical window, ready for optical measurement. (b) Base retracted for 
sample placement. 
 
The base is designed so that it can be moved in the z axis, parallel to the direction of the laser 
beam. It is guided by two cylindrical rails. The base is to be moved completely forward in the 
direction of the optical window for measurement (Figure A.10.a) and backwards in the 
direction of the vacuum port (Figure A.10.b) for sample placement. During the measurement, 
the base is fastened to the rails by an allen screw located on the base. 
 
The motorized stage has three linear piezo motors integrated into it, each for x, y, and z axis 
displacement (Figure A.11.a). The cables connecting the motors run through a port on the side 
using an DE-9 plug interface, only 3 of which are connected. The wires are then connected to 
a piezo control box outside the chamber (Figure A.11.b), which can be directly used to move 
the stage or remotely operated from the PC. Three movement speeds are available directly 
through the control box (fast, slow, and step), and controlling the stage through the PC 
enables definition of the step movements from 0.3 µm to 200 µm nominal value. However, in 
practice the step size is neither accurate nor symmetrical, and should only be used as a 
guideline. The stage is designed to accept the sample holder by sliding it into place. 
 

 
 
 
 
 
 
 
 
 

 
 

(a) 

(a) (b) 
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Figure A.11. (a) Details of the motorized stage, without the sample holder attached. The piezo 
stepper motor with the wrings can be clearly seen. (b) Piezo -control box connected to the 
motorized stage. The piezo stepper motor can be controlled by pressing the buttons on the 
control box directly, or using a PC connected to the control box via the RS 232 interface. 
 
 
The sample holder is a metal frame with a metal clamp on each side, which can be fastened by 
4 screws (Figure A.12.a). The side of the holder is designed with a screw hole to 
accommodate a detachable metal handle to pull out the holder from the motorized stage. It is 
designed to host samples of 2 cm × 2 cm in size, with 1-2 mm thickness. In practice, it is 
common to use printed circuit board (PCB) of 2 cm × 2 cm in size on which the sample chip 
is fixed. For passive structures, a PCB with piezo disc (PI ceramics) is used for actuation and 
a carbon tab is used as an adhesive between the chip and the piezo. Experience has shown that 
sample size of 1 cm × 1 cm or less is ideal for actuation using piezo disc; larger samples have 
shown tendencies to produce non-lorentzian resonance peaks, which might be caused by bad 
coupling between the sample and the piezo. It is recommended that large samples be cut to fit 
the piezo disc. For active structures with integrated sensing and detection schemes, the chip is 
glued to a PCB of the same size, which has metal leads, and gold wire bonding is used to 
connect the chip and the PCB. An example of appropriate samples, as well as the way the 
sample are attached to the sample holder, are shown in Figure A.12. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.12. (a) Sample holder without any sample, and detachable metal handle on its right. 
(b) Sample holder with the PCB holding the piezo disc and the metal handle attached. (c) 
Sample holder with the PCB with piezo disc and a sample containing passive structures on 
top of it. This sample holder is ready to be put on the motorized stage and measured. (d) An 
example of samples suitable for the holder: an active device wire-bonded to a PCB with metal 
leads (left), and a PCB with piezo disc attached. The black surface of the piezo disc is a 
carbon tab, which is used as adhesive. 

(a) (b) 

(c) (d) 
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The complete steps taken to mount the sample inside the chamber are as follows. First, nitrile 
gloves are worn to prevent contamination of the vacuum chamber. Afterwards, the sample is 
attached into the piezo assembly at the backside using a carbon tab. When the carbon tab has 
lost its adhesive properties, it is strongly recommended to replace both the carbon tab and the 
piezo assembly entirely. Attempts to peel the carbon tab from the piezo most likely peels off 
the upper piezo electrode and results in some parasitic mechanical responses. The wiring of 
the assembly is then plugged to the connector of the chamber. This requires the wiring port of 
the chamber to be opened, and the plugs to be connected outside of the chamber. The 
connection is tested by doing a frequency sweep using the analyzer between 1-20 kHz at 15 
dBm. The piezo disc vibrates at an auditory frequency range, and an increasing ringing noise 
can be heard if the connection is working properly. The sample holder is then slid fully into 
the piezo stage until it reaches the end of the stage and cannot be pushed anymore; the handle 
of the sample holder is then unscrewed. The piezo stage is then pushed completely to the 
measurement window until it reaches a stopper (Figure A.12. b), and the fastening bolt is 
tightened using the Allen key. Care has to be taken not to let the wirings obstructing the 
sample before the chamber is closed. 

The vacuum system 
 
The vacuum chamber is equipped with three pumps, each fulfilling a different purpose. The 
primary or the coarser pump is used to achieve low vacuum, which enables the secondary 
pump to start operating without stalling. The secondary pump is used to achieve high vacuum, 
which is suitable for measurement of intrinsic Q factor of MEMS devices. To enable 
measurements without any mechanical vibration from the primary and secondary pumps, an 
ion pump is used while the two other pumps are turned off. IDP-3 from Varian (Figure 
A.13.a) is used as the primary pump: it can achieve a maximum vacuum level of 0.33 mbar. V 
81-M from Agilent Technologies (Figure A.13.b) is used as the secondary pump. This pump 
is a turbomolecular pump that can achieve vacuum level around 10-7 mbar. A custom-built ion 
pump from MECA 2000 (Figure A.13.c) is then used to maintain the vacuum level after the 
primary and secondary pumps are turned off. When the chamber is relatively clean of 
contaminants, this pump maintains the chamber’s vacuum level at around 10-6 mbar. 
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Figure A.13. Vacuum pumps used to create vacuum in the chamber: (a) The primary pump 
(IDP-3, Varian), (b) the secondary pump (V 81-M, Agilent Technologies) with the cooling fan 
and vent valve visible, (c) the ion pump (custom made, MECA 2000). The primary pump is 
activated by a switch on the pump, while the primary and secondary pumps are operated from 
(d) the control box, which contains controller for both ion pump (left hand-side) and turbo 
pump (right hand-side). 
 
The primary and secondary pumps are connected in series to the back of the vacuum chamber, 
and the ion pump is connected to a port on top of the vacuum chamber. A cooler fan is 
attached to the top of the secondary pump, and is plugged manually during its operation. The 
primary pump is activated by a switch on the pump itself, while the secondary and ion pump 
is operated via a pump control box (Figure A.13.d). 
 
Since the different pumps operate under very different vacuum regimes, pressure sensors that 
measure various vacuum ranges are necessary in order to ensure proper pump operation. 
Three pressure sensors were used to measure the air pressure inside the vacuum chamber: 
 
1. A piezoresistive pressure sensor (VD-8) by Thyracont (Figure A.13.a) that is rated at 

3% error and is used for measurements at relatively higher pressures (low vacuum) 
between 1 mbar and 1 012 mbar. This sensor is particularly useful during 
measurements of Q factor vs. pressure, since this pressure range is where the 
molecular damping model of the resonator applies. 

(a) (b) 

(c) (d) 
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2. A combined Pirani and cold cathode pressure sensor (FRG-700) by Agilent 
technologies (Figure A.13.b), which is rated at 30% error and can be used for 
measurements between 1 012 mbar and 10-8 mbar. In practice, this sensor is used to 
check whether the vacuum level is good enough for switching to the ion pump, which 
is normally done around 10-7 mbar. 

3. The pressure sensor located in the ion pump. This sensor indicates the vacuum level in 
the vicinity of the ion pump, and is only active when the ion pump itself is activated. 
The sensor gives pressure values around 1 order of magnitude lower compared to the 
FRG-700. 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure A.14. (a) The display of the piezoresistive pressure sensor, with a resolution of 1 mbar 
and a measurement range between 1-1012 mbar. (b) The combined Pirani gauge / cold 
cathode sensor,FRG-700. 
 
The VD-8 has its own portable digital display, while the FRG-700 and the ion pump pressure 
sensor displays are located in the control box shown in Figure A.14.d. 
 
A series of valves is installed to regulate the air flow between the vacuum chamber and the 
pumps and the nitrogen purging lines. The access between the chamber and the primary and 
secondary vacuum pumps is controlled by one gate valve, while the nitrogen flow for purging 
the chamber is controlled by a diaphragm valve and a leak valve (Figure A.15). The gate 
valve is operated by moving the handle to the top and bottom position to open and close the 
valve respectively. The diaphragm valve and the leak valve give a coarse and fine control 
respectively over the nitrogen flow used for purging. Additionally, a vent valve is located on 
top of the secondary pump for exposing the vacuum lines between the secondary pump and 
the primary pump to atmospheric pressure after the gate valve is closed. 
 
 
 

(a) (b) 
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Figure A.15. Valves connected to the vacuum chamber. The gate valve (a) controls the 
connection between the vacuum pumps and the chamber, and is equipped with a large handle 
for opening and closing (shown here in closed position). The diaphragm valve (b) and the 
leak valve (c) controls the connection between the nitrogen purging lines and the chamber.  
 
 
When unused, the vacuum chamber is normally kept under primary vacuum (0.1 mbar) or 
secondary vacuum (10-6 mbar) and the gate valve is closed. Opening the vacuum chamber is 
done by following these steps. First, all of the vacuum pumps are turned off in the following 
order: first, the ion pump, second, the secondary pump, and finally the primary pump. Special 
attention has to be given to ensure that the ion pump is turned off, since it does not emit any 
sound when operating. After the turbo pump has stopped operating (around 30 minutes after it 
is shut down), the vent valve located at the turbo pump is opened to let air enter the turbo 
pump, and closed again. Afterwards, the leak and the diaphragm valves are opened until an 
increase in pressure can be observed on the piezoresistive pressure sensor. At the same time, 
the sound of nitrogen entering the chamber should be heard. When the chamber pressure is 
equal to 1 atm (P = 1000 mbar), the door of the chamber opens naturally. While the door is 
open, the nitrogen flow should be kept open to prevent contamination from entering the 
chamber. 
 
Closing the chamber for measurement under vacuum or for shutting down the system is done 
by following these steps. First, the chamber door is closed and the locking handle lowered 

(a) 

(b) 
(c) 
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after making sure that the diaphragm, leak, and the vent valve are closed and the gate valve is 
opened (handle should be on the top). This is important since the chamber is not designed to 
handle overpressure. Afterwards, the primary pump is turned on to bring the chamber into 
primary vacuum (in the order of 0.1 mbar). In case of unusual/loud noise, the pump is to be 
stopped as soon as possible. In normal operation, it is possible to bring the chamber pressure 
under 0.3 mbar within 10 minutes. To bring the chamber into secondary vacuum, the turbo 
pump is turned on after the Pirani sensor indicates that the pressure has reached around 10-2 
mbar. The pumping can be continued until the vacuum level saturates around 10-7 mbar.  
 
To do measurements with minimum mechanical vibrations at secondary vacuum (10-6 mbar), 
only the ion pump should be used. This is done by turning the ion pump on, followed by 
closing off the gate valve and shutting down the secondary and primary pumps. If the 
chamber is clean and free of contamination, the ion pump will maintain the chamber pressure 
level at around 10-6 mbar. An increasing vacuum pressure while the ion pump is turned on is a 
sign of either a leak or chamber contamination. In this case, it might prove necessary to clean 
the chamber to enable the ion pump to maintain the secondary vacuum.  
 
The procedure taken to clean the chamber of contaminants is described as follows. First, the 
chamber is closed and bought into the secondary vacuum level as described in the previous 
paragraphs. Afterwards, the ion pump is turned on without shutting down the primary and 
secondary vacuum pumps. The heating element of the vacuum chamber is then plugged on; 
this will cause an increase of pressure due to the evaporation of volatile contaminants. This 
configuration is kept for at least 48 hours or as required if the contamination is particularly 
heavy. To test the cleanliness of the chamber after the procedure, the heating element is 
unplugged and the vacuum chamber is left until it reached room temperature. Afterwards, the 
gate valve is closed and the primary and the secondary pumps are shut down while only the 
ion pump is kept in operation. If the chamber is clean and free of contamination, the ion pump 
will maintain a vacuum at around 10-6 mbar. 
 
Protocol for Fabry-Perot measurement 

 
After the sample is mounted as described, the sample is ready for measurement in 
atmospheric pressure. For measurement under vacuum, the procedure for putting the chamber 
under vacuum described previously needs to be followed before the measurement can begin. 
In both cases, the first step of sample measurement is getting the laser spot focused and 
positioned in the desired location on the sample. This is done by first moving coarsely the 
piezo stage in z direction until a bright laser dot is clearly observed on the camera. In case 
where a glaring reflection is observed at the surface of the sample, a protective google might 
be used and placed in front of the camera to give a clear picture of the laser spot shape. 
Afterwards, the stage is moved in the x-y plane until the device under interest appears and the 
laser spot falls onto the area where the maximum amplitude is expected. As an example: for 
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the 1st vibration mode of a cantilever, this area is the edge opposite of the clamping side, 
while for the 1st vibration mode of a circular plate resonator, this area is in the center of the 
circle.  
 
The second step of the measurement is to locate the resonant peak of the device. A wide 
frequency span is set around the expected resonant frequency; for the case of this study, a 
frequency span between 1 MHz-30 MHz is typical. For initial sweep, a measurement 
bandwidth of 1 kHz and a number of points of 801 provide a good compromise between 
measurement speed and signal-to-noise ratio. The output power of the device is set to 
maximum (15 dBm for the Agilent 4395 A) to facilitate the identification of the peak. A well-
functioning device will produce a Lorentzian peak close (between 1-3 MHz) to the theoretical 
resonant frequency. Defective devices will produce multiple peaks at low frequencies 
(delaminated device) or no peaks at all (buckled device). 
 
The third step of the measurement is the optimization of the measurement signal. This is be 
done by monitoring the diode signal at the resonant peak with sweep width set to 1 Hz, or by 
simply observing the diode DC output on the oscilloscope. Afterwards, the piezo stage is 
moved in step mode in x, y, and z direction until the maximum signal amplitude is achieved. 
The diode position is adjusted using the micrometer screw until the DC signal measured at the 
oscilloscope is at maximum. Amplifiers might be used between the diode and the 
spectrum/network analyzer for detection of very weak signals, such as thermomechanical 
noise in atmospheric pressure.  
 
The final step of the measurement is the data acquisition using the analyzer. For 
measurements with actuation signals such as passive device with piezo disc attached or active 
devices, the analyzer is set to the network analyzer mode. In the network analyzer mode, an 
attempt should be made to observe the frequency response at power level as low as possible to 
avoid nonlinear effects. For measurements of thermomechanical noise, the analyzer is set to 
the spectrum analyzer mode. In this mode, averaging and low measurement bandwidth is 
commonly used due to the low signal-to-noise ratio of thermomechanical measurement, with 
typical averaging value of 200 times and 3-10 Hz bandwidth. In both cases, the acquired data 
is saved to a PC in an Excel file format and analyzed. 
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Appendix B 
Experimental setup for Capacitive Measurements 

 
The main equipment used for capacitive measurements is a custom-made measurement card 
built at LAAS shown in Figure B.1. The card has two AC output ports (corresponding to VAC1 
and VAC2 in Figure 3.4) with minimum voltage step of 0.1 mV, and maximum amplitude of 
800 mV. The input port is connected to a charge amplifier, and has bandwidth filter of 4 kHz 
and noise magnitude of 25 µV. The card is not designed with a DC bias port, and VDC is 
provided by a DC power source. Control and measurement using the card is done via a PC 
linked using a USB interface. The charge amplifier connected to the input port has a 
bandwidth of 15 MHz and a reference capacitor of 1 pF, which gives a transduction factor of 
1 pC/Volt. 
 
Measurement of the sample using capacitive detection is as follows. The two output ports are 
connected to the two metal leads of the paired devices’ top electrodes. The output port of the 
device to be measured is connected to a DC power source using a T-connector; the VDC is set 
at 0 Volt at this stage. If one of the paired devices is not functional due to buckling or short 
circuit, an external capacitor with similar capacitance (1 pF) can be substituted at the other 
output port for compensation. The charge amplifier is then connected to the middle pin of the 
device and plugged into a voltage source.  
 
 

 
 
 
Figure B.1. Measurement card used for capacitive detection. The card has two outputs for 
VAC1 and VAC2 , and one input to measure the voltage from the charge amplifier. 

Out  
VAC1 

Out  
VAC2 

In 
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From the PC, the AC voltage is then applied to both output ports, with a phase difference of 
180° between the outputs. On the input port, frequency span is adjusted close (around 1 MHz 
span) to the expected resonant frequency value of the device obtained either through 
analytical method or optical measurements. The amplitude of VAC1 and VAC2 are then adjusted 
so that the output signals around the expected resonant frequency cancel out. The VDC from 
the voltage source is then increased slowly, taking care not to exceed the pull-in voltage of the 
device, which varies between 5 to 20 Volts depending on the diameter of the device. Due to 
the fact that the total parasitic impedance (especially resistance and capacitance) of the device 
is a function of frequency, this compensation scheme typically does not produce perfectly flat 
response when viewed in the frequency domain. While the peak response of the device can be 
clearly seen, it is noted that it is located in a slope. To make the results easier to interpret, the 
data is subtracted with the background signal at VDC = 0 V, and filtered using the moving 
average method to remove the noise. This process is illustrated in Figure B.2. 
 
 

 
 
Figure B.2. Illustration of the process used to extract the frequency response from the raw 
capacitance measurement data. The data obtained at a certain VDC bias (in this case 3.5 V for 
the active plate device with integrated actuation and sensing) showed some resonant peaks 
(as showcased with arrows), although it is not very clear due to existence of a background 
current. This data is then subtracted with the data at VDC = 0 V, which provides the 
background current of the structure. Thus a clearer peak data can be found. The shape of the 
background current is different at different VDC due to the existence of parasitic resistance, 
and thus the resulting peak after subtraction is not leveled. The subtraction, as well as 
leveling and smoothing of the data is done using Matlab 
.
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Summary 

Lately, transfer printing, a technique that is used to transfer diverse materials such as DNA 

molecules, photoresist, or semiconductor nanowires, has been proven useful for the 

fabrication of various static silicon structures under the name micro-masonry. The present 

study explores the suitability of the micro-masonry technique to fabricate MEMS resonators. 

To this aim, silicon microplates were transfer-printed by microtip polymer stamps onto 

dedicated oxide bases with integrated cavities in order to create suspended plate structures. 

The dynamic behavior of fabricated passive structures was studied under atmospheric 

pressure and vacuum using both external piezo-actuation and thermomechanical noise. Then, 

active MEMS resonators with integrated electrostatic actuation and capacitive sensing were 

fabricated using additional post-processing steps. These devices were fully characterized 

under atmospheric pressure. The intrinsic Q factor of fabricated devices is in the range of 

3000, which is sufficient for practical sensing applications in atmospheric pressure and liquid. 

We have demonstrated that since the bonding between the plate and the device is rigid enough 

to prevent mechanical crosstalk between different cavities in the same base, multiple 

resonators can be conveniently realized in a single printing step. This thesis work shows that 

micro-masonry is a powerful technique for the simple fabrication of sealed MEMS plate 

resonators. 
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Résumé 

L'impression par transfert, une technique utilisée pour transférer divers matériaux tels que des 

molécules d'ADN, de la résine photosensible ou des nanofils semi-conducteurs, s’est 

dernièrement révélée utile pour la réalisation de structures de silicium statiques sous le nom 

de micro-maçonnerie. L’étude présentée ici explore le potentiel de la technique de micro-

maçonnerie pour la fabrication de résonateurs MEMS. Dans ce but, des microplaques de 

silicium ont été transférées sur des couches d'oxyde avec cavités intégrées à l’aide de timbres 

de polymère afin de créer des structures de type plaques suspendues. Le comportement 

dynamique de ces structures passives a été étudié sous pression atmosphérique et sous vide en 

utilisant une excitation externe par pastille piézo-électrique mais aussi le bruit 

thermomécanique. Par la suite, des résonateurs MEMS actifs, à actionnement électrostatique 

et détection capacitive intégrés, ont été fabriqués en utilisant des étapes supplémentaires de 

fabrication après impression. Ces dispositifs ont été caractérisés sous pression atmosphérique. 

Les facteurs de qualité intrinsèques des dispositifs fabriqués ont été évalués à 3000, ce qui est 

suffisant pour les applications de mesure à pression atmosphérique et en milieu liquide. Nous 

avons démontré que, puisque l’adhérence entre la plaque et l’oxyde est suffisamment forte 

pour empêcher une diaphonie mécanique entre les différentes cavités d’une même base, 

plusieurs résonateurs peuvent être facilement réalisés en une seule étape d'impression. Ce 

travail de thèse montre que la micro-maçonnerie est une technique simple et efficace pour la 

réalisation de résonateurs MEMS actifs de type plaque à cavité scellée. 
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