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Abstract 

This work proposes a new structure allowing characterization of graphene monolayer properties 

under precisely specified conditions. It combines MEMS piezoelectric resonator with Hall Bar/FET 

structure. This approach allows changing graphene properties separately or together via two 

methods. The mechanical way is based on induced strain from the resonator which is graphene 

monolayer situated on. It brings the opportunity to measure graphene properties induced by the 

changes of mechanical strain and frequency of forced vibrations without the influence from external 

electric field. The second way uses FET structure to influence graphene monolayer using an electric 

field from bottom gate. There is no limit to measure concentration in units of ppb in terms of 

structure design. This approach of fabrication CMOS-compatible and biocompatible tunable 

frequency-modulated piezoelectric MEMS resonators with graphene monolayer can be very useful 

in many fields for molecule level detection. 

Abstrakt 

Práce je zaměřena na výzkum nové struktury umožňující charakterizaci fyzikálních vlastností 

grafenu při přesně řízených podmínkách. Návrh spojuje MEMS piezoelektrický rezonátor spolu 

s Hall Bar/FET strukturou. Tento přístup umožňuje měnit vlastnosti grafenu odděleně nebo společně 

dvěma metodami. Mechanický způsob je založen na relativní deformaci způsobené rezonátorem, na 

kterém je umístěna grafenová monovrstva. Navrhovaná struktura umožňuje měřit vlastnosti grafenu 

vyvolané pouze změnou mechanického pnutí a frekvencí nucených kmitů bez vlivu vnějšího 

elektrického pole. Druhý přístup přidává možnost ovládat fyzikální vlastnosti grafenu pomocí 

elektrického pole FET struktury. Tato technika využívá grafenovou monovrstvu jako laditelný 

sensor pro molekulární detekci. Měření koncentrace v jednotkách ppb není konstrukčně ničím 

limitováno. Realizované frekvenčně laditelné piezoelektrické MEMS rezonátory s monovrstvou 

grafenu budou využitelné v mnoha oblastech pro detekci na molekulové úrovni. Výsledné struktury 

budou vyrobeny v souladu s požadavky na bio- a CMOS kompatibilitu. 
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Introduction 

Present day’s requirements for devices dimensions, their accuracy, speed, low fabrication and 

operating costs, reliability and lifetime are more demanding. These reasons make 

microelectromechanical systems (MEMS) very important in not only technical fields. As the 

miniaturization of electronic devices is increasing the MEMS devices decreasing their 

dimensions into units or tens of micrometers. Some applications need smaller structures which 

belong to category of nanoelectromechanical systems (NEMS) having better accuracy and 

smaller dimensions than MEMS. On the other side, the fabrication is much more difficult, 

longer and more expensive which is not desirable for using in ordinary devices around us. 

Therefore, the MEMS technology is still used and developed for applications such as sensors 

(gravimetric, acoustics, thermal, pressure, position, acceleration), waveguides, optical or 

electronic circuit switches, labs on a chip, energy harvesters, resonators, and many more. These 

miniaturized systems are often used in common modern electronic devices to power or control 

them and/or to monitor their environment. 

High sensitive molecular sensors are very important in large field of applications such as health 

care for measuring and monitoring of cells, enzymes, amino acids or to monitor toxic (CO), 

greenhouse (CO2) and explosive gases (CH4, C4H10, etc.) and many other gasses in environment 

and industry. These factors lead research and development to fabrication of more precise, 

reliable and low-power consumption sensors with very fast response. 

Combination of well-defined MEMS structure with graphene monolayer brings the opportunity 

how to get molecular sensor with high sensitivity and fast response. Its sensitivity is usually 

dependent on a detection principle. The electric readout of active layer properties implemented 

on the MEMS resonator offers different approach how to detect adsorbed molecules instead of 

conventional gravimetric method with the possibility to mechanically modulate active layer 

properties.    

This work is focused on fabrication of CMOS-compatible and biocompatible tunable 

frequency-modulated piezoelectric MEMS resonators including Field-effect transistor (FET) 

structure for graphene monolayer utilization. Idea of this sophisticated structure is based on 

simple piezoelectric cantilever beam which is suitable for strain inducing of 2D materials. Such 

structure can be used for molecular detection.  
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1 State of the art 

MEMS is a process technology used to create small integrated systems that combines 

mechanical and electrical components. The dimensions of MEMS can vary from units of 

micrometers up to units of millimeters. For instance, the width of human hair is usually from 

70 µm to 100 µm. In general, MEMS consist of mechanical microstructures, microsensors, 

microactuators and microelectronics which are integrated onto the one silicon chip (see Figure 

1) [1]. 

 

Figure 1: Schematic overview of MEMS components. 

The fabrication of MEMS uses standard integrated circuit (IC) techniques. The most of MEMS 

devices are prepared using low temperature physical vapor deposition (PVD) [2] and/or 

chemical vapor deposition (CVD) [3,4] techniques with consequent dry or wet etching 

processing. Wet etching usually employs various solutions while dry etching uses etchant gases 

or plasmas to remove materials.  The MEMS are mostly created on silicon wafer and released 

using surface and/or bulk micromachining techniques which make these devices mechanically 

sensitive. Surface micromachining is realized as etching of sacrificial layer on top of the 

substrate (see Figure 2A) and the bulk micromachining is direct etching of substrate (see 

Figure 2B) [5]. 

 

Figure 2: Microfabrication techniques: A) Surface; B) Bulk. 
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MEMS technology is growing multidisciplinary field in last few decades. It provides utilization 

for many devices such as electrostatic, magnetic, electromagnetic, pneumatic and thermal 

actuators, motors, valves, gears, cantilevers, diaphragms, and tweezers. These devices are used 

for sensing of many physical and chemical phenomena such as pressure, temperature, mass 

flow, velocity, sound and chemical composition. They are also used as actuators for linear and 

angular motions or as simple components which take part in microfluidics, lab on a chip 

devices, droplet generators, heat engines and micro pumps (see Figure 3) [6,7]. 

 

Figure 3: MEMS devices: A) Microbolometer array with carbon nanotubes for thermal imaging; B) 
Vibratory gyroscope [8]; C) Rotary bearing surfaces and interlocking gears [9]. 

Cantilevers are one of many the groups of devices that belong to MEMS technology. They are 

mainly used for mass sensitive detection. In general, the cantilever with smaller dimensions is 

more sensitive to small changes. It leads to development of NEMS but the fabrication of such 

device is still difficult and cannot be utilized for commercial fabrication [10]. Cantilevers are 

sensitive to physical, chemical and biological effects which cause the cantilever bending or 

change in vibration frequency [11]. 

One of the principal of the sensing mechanism of cantilever is static mode. Cantilever bends 

due to external influence which can be chemical or physical effect (see Figure 4). These effects 

take place on the surface of cantilever with active layer which can adsorb various types of 

molecules. Adsorption of molecules on the active layer results in production of compressive 

stress due to the increase of mass and cantilever deflects down. A good example can be a thin 

polymer coating on the surface of cantilever which can swell after absorption of molecules from 

surrounding environment. Such change of surface results in downward deflection of cantilever, 

as well. This type of cantilever sensing can be also used for molecular detection in liquid or 

biochemical environment [12,13]. Another possibility of measurement is detection of 

contractions of adsorbed material on cantilever surface which cause upward bending [14]. 

 

Figure 4: Schematic view of cantilever in static mode. 
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Deflection of cantilever in static mode is usually evaluated by using one of the three detection 

principles, namely optical, piezoresistive and capacitive. Common case of optical detection uses 

laser and position sensing photodetector or interferometer which monitor the displacement of 

cantilever. Piezoresistive method is based on piezoresistive material which forms piezoresistor 

embedded in cantilever. Maximal sensitivity can be reached when piezorezistor is located close 

to one of the surface of cantilever. Since the strain is caused by the deflection of cantilever, then 

the resistance of piezoresistor changes and it can be measured. Capacitive evaluation is often 

used for devices with gap between two electrodes. Deflection of cantilever or membrane 

changes distance between these electrodes which results in change of capacity value that can be 

measured [13,15,16]. 

Another principal of sensing mechanism of cantilever is dynamic mode. Cantilever is driven at 

its resonance frequency in this mode. When any quantity of mass is added or removed from 

oscillating cantilever, its resonance frequency changes. In general, increasing mass of 

microstructure causes downshifting of resonance frequency (see Figure 5). Changes of mass 

can be directly derived from shifts in resonance frequency using simple electrical circuit. It is 

possible to determine exact amount of mass from frequency shift if mass was added on known 

position of microstructure [17]. Cantilever can be considered as a microbalance with ability to 

detect mass lower than one picogram [12]. In some cases, the detection limit can be in tens of 

attograms [18].  

 

Figure 5: Schematic view of cantilever in dynamic mode. 

One of the often used group of devices working in dynamic mode are piezoelectric cantilever 

resonators. These devices are commonly used for mass sensing [19]. They can be utilized as 

well as actuators [20]. Methods mentioned above in this chapter can also be used for detection 

of changes in resonance frequency and phase. Next determination method is impedance 

measurement. Microcantilever is excited by tracking generator of the spectrum analyzer in 

demanded frequency range. Impedance is measured as a function of the frequency. Advantage 

of this method is that the excitation electrical signal is directly used also for detection at the 

same time. This measurement gives a possibility to determine the electrical parameters of 

resonator such as capacitance, conductance, phase etc. These parameters depend on actuating 
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voltage and frequency. Significant changes of these parameters mostly occur at frequencies 

corresponding to the resonant modes [21]. Since the gravimetric sensors evince high sensitivity 

and relatively easy handling, many researches are dedicated to their functionalization with 

various modern materials. One of these materials are graphene and other 2D materials such as 

silicene, germanene, stanene, phosphorene, arsenene and antimonene [22-24]. Properties of 

these materials can be utilized for various sensors or can be modified by several electrical or 

mechanical effects [25,26]. 

The graphene as a unique material is used to sense physical and chemical properties of 

materials. Several types of nanosensors employing graphene were reported for gas and vapor 

sensing. Graphene is often employed in applications such as resistive sensors [27], FETs [28], 

surface acoustic wave (SAW) sensors [29], quartz crystal microbalance (QCM) sensors [30], 

MEMS or NEMS gravimetric sensors [31], MEMS or NEMS infrared (IR) detectors [32] and 

semiconductor modified hybrid sensors [33]. 

 

Figure 6: Graphene-AlN NEMS resonant infrared detector: A) Schematic view;  
B) Colored scanning electron microscope image of fabricated device [32]. 

A single layer of carbon atoms in the sp2 hybridization arranged in a honeycomb lattice called 

graphene (see Figure 7) was proposed by Wallace in 1946 [34] and prepared by Geim and 

Novoselov in 2004 [35]. It was an extensively studied material with numerous interesting 

properties [36-38]. This material has unique features such as exceptional thermal, mechanical, 

and optical properties. As a monoatomic layer, it also possesses unusual mechanical flexibility 

and ambipolar electrical charge transport [38]. 
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Figure 7: Graphene honeycomb structure [39]. 

Nowadays, sensors based on carbon nanotubes (CNTs) or graphene evince the highest 

resolution of all nanosensors. Nanosensors based on graphene give a possibility to detect 

individual molecules that adsorb or desorb from the surface. Graphene´s exceptional sensitivity 

was promoted by Andre Geim: “Graphene has the ultimate sensitivity because, in principle, it 

cannot be beaten, you cannot get more sensitive than a single molecule” [40]. Every atom of 

the graphene can be considered as a surface atom, thus there is a possibility of interaction with 

one molecule of the target substance [27]. Free electron concentration of graphene changes with 

attaching or detaching molecules. Such molecules change electrical conductivity based on fact 

whether they are donors or acceptors. The detection of the concentration of adsorbed molecules 

is feasible through this change of the conductivity. 

Electronic properties such as electrical charge mobility of graphene can be greatly influenced 

by induced strain. Graphene stretching results in changes of the bond length between 

neighboring atoms in its lattice. This has a strong effect on the electronic and transport 

properties of graphene. This influence is not yet completely understood and it is an interesting 

avenue with many options [41]. Measurement of graphene properties as a function of the 

controlled induced strain can be used for determination of the strain influence on the electrical 

graphene properties. Electron mobility is the most essential part of any electronic device and 

altering it means that we can tailor the device parameters. The electrical conductivity and 

mechanical strength of graphene in the in-plane direction are much higher than those in the out-

plane direction. Thus, the anisotropy in physical properties can be obtained by the orientation 

of graphene [42].  

Uniaxial strain on graphene was experimentally studied by bending of graphene on a 

deformable substrate (see Figure 8) and using Raman spectroscopy to probe its phonon modes 

[43,44]. The uniaxial strain moves the relative positions of the Dirac cones and has a significant 

influence in the intervalley double-resonance processes (D and 2D peaks). 
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Figure 8:  Schematic of uniaxial straining of graphene on a flexible substrate. 

The biaxial strain is more suited to study the strain effects on the double-resonance processes 

due to mimicking the realistic experimental conditions where the graphene is supported by a 

planar substrate. Biaxial strain in the graphene can be intentionally induced and controlled by 

three commonly used methods: 

1. The graphene is clamped across a hole in a substrate and it is mechanically stretched by 

pushing the graphene into the hole using an atomic force microscopy (AFM) tip 

(see Figure 9) [45] or electrostatically [46]. 

 

Figure 9: Schematic of suspended graphene membrane nanoindentation. 

2. The graphene is placed on a material with different thermal coefficient of expansion and 

it is subject of temperature changes causing graphene to stretch (see Figure 10) [47]. 

 

Figure 10: Schematic of thermal expansion and contraction of graphene on thermally  
heated or cooled SiO2 substrate. 

3. The graphene can be transferred onto a piezoelectric substrate which is controllably 

shrank or elongated by applying a bias voltage. It results in graphene having a uniform 

biaxial strain (see Figure 11) [48]. 

 

Figure 11: Schematic of the electro-mechanical device for in-plane biaxial strain inducing  
to the graphene. 
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Graphene is known as an excellent material capable to sustain reversible elastic tensile strain as 

large as 25 % [49].  

This feature can be used to control of graphene electrical properties either statically or 

dynamically by integrating them with resonators. It can lead to the novel applications of 

graphene [49]. These resonators based on MEMS or NEMS can be made of various materials. 

They can significantly impact the final structural properties, such as residual stress, stiffness, 

strain, resonance frequency, and quality factor. Electrically controlled resonators allow 

adjustment of forced vibrations frequency and its amplitude. The structure should be fabricated 

by planar technology as it is a standard MEMS/NEMS process. The planar process 

compatibility offers the monolithic integration of a sensing part and readout circuits [50]. 

Biocompatibility would further increase its attractiveness as it can be used in health care to 

measure and detect cells, enzymes, amino acids, deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), etc. [51].  

Resonators based on piezoelectric materials such as AlN can be prepared by planar technology 

and they can be also biocompatible. AlN has desirable properties, such as good mechanical 

stiffness, high elasticity, and low thermal coefficient of expansion. Its crystal orientation and 

low misorientation of individual crystallites can be improved by Ti underlayer. These features 

are the most important factors influencing the quality of thin film and the value of AlN 

piezoelectric coefficients. The key piezoelectric coefficient d33 achievable with common PVD 

techniques is usually up to 6 pC·N−1 which is sufficient for MEMS/NEMS applications  [52]. 
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2 Aims of doctoral thesis 

This doctoral thesis will be focused on design and fabrication of structure allowing 

characterization of graphene monolayer properties under precisely specified conditions. 

Structure will be realized as tunable MEMS piezoelectric resonator with Hall Bar/FET 

structure. The entire structure will be fabricated on a Si wafer substrate using 

CMOS-compatible processes. This structure allows modulation of graphene electronic 

properties. It can be achieved by controlling of gate voltage of FET structure and mechanical 

strain induced by piezoelectric resonator. Proposed unique geometry decouples the electric field 

effects on the graphene monolayer from the piezoelectric resonator. Such device gives a 

possibility how to modulate the frequency of forced vibrations and the displacement without 

directly applying an electric field on the graphene, contrariety to graphene-based sensors on 

membranes. The strain from resonator displacement and the applied electric field between the 

sensing electrodes and the gate electrode will change the electrical properties of graphene. This 

approach leads to tuning of sensing properties of the graphene monolayer (see Figure 12). 

 

Figure 12: Fundamental concept and principle of proposed structure (not to scale): A) Complete 
structure that allows modification of 2D material using electrical field and mechanical strain; B) Detail 
of mechanically stretchable part with Hall Bar/FET structure shows position where 2D material will be 

situated. 

The piezoelectric resonator will be fabricated on a Si wafer covered with the low-stress SiO2. 

Ti serves as a bottom electrode and also as an excellent seed layer for deposition of piezoelectric 

AlN layer. Top electrode is made of Al. These materials were chosen because of their significant 

properties and CMOS compatibility which are suitable for desired application. The part for 

graphene monolayer properties modulation including gate, source, drain, and sensing electrodes 

will be realized with CMOS-compatible materials and processing. Gate electrode will be 

fabricated from Al due to its good mechanical and electrical properties. Gate insulating layer 

will be made of low-stress SiO2. Sensing electrodes must be fabricated of material that is 

compatible with XeF2 etching process. Thus, Au cannot be used and must be replaced with 

other materials that guarantee good electrical contact to graphene. It is possible to use Pt or Ni, 

etc. The whole structure will be released by removal of bulk Si by a dry isotropic XeF2 etching 

method. 
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3 Crystallography of underlayer for piezoelectric thin film 

 Motivation of the article 

One of the most important step in device design and its fabrication is to select the ideal 

underlayer for piezoelectric layer. It must fulfill certain necessities. Very important is also good 

conductivity because it must serve as a bottom electrode. The similar lattice parameters, 

crystallographic orientation, misorientation of individual crystallites and surface roughness are 

no less crucial for consequent growth of AlN piezoelectric layer. The next important is CMOS 

and biocompatibility of materials which allow wider integration to other devices or systems 

realized in silicon technology. 

I chose the Ti because it meets above mentioned criteria. I realized this deposition using radio 

frequency inductive-coupled plasma (RFICP) Kaufman ion-beam source which is not 

conventional method in comparison to magnetron sputtering or evaporation techniques. This 

machine was also the only one available instrument which allows to deposit thin films in well-

controlled conditions. It brings the opportunity how to fabricate high quality layers but the 

optimization is more problematic then for previously mentioned techniques. I started the 

optimization process which was focused on preparation of (001) preferentially oriented Ti thin 

films on SiO2 which is the most used material for MEMS applications where the Si bulk etching 

is realized using XeF2 vapor.   

  Conclusion on the article 

In this part of my research, I optimized the sputtering process to achieve (001) preferentially 

oriented Ti on SiO2 which was important for preparation of consequently deposited AlN 

piezoelectric layer. The optimized layer with demanded crystallographic orientation had also 

smoother surface than 1 nm which is excellent and the value of ≈ 5° of misorientation of 

individual crystallites was also good. It is also well-known that the deposition of AlN requires 

higher deposition temperatures up to ≈ 300 °C. Therefore, I investigated the influence of 

increased temperature in vacuum furnace to prove that there are no changes after thermal 

treatment. The residual stress which have to be controlled in MEMS applications, was not 

solved in this paper but the following paper was aimed to it.  

 Contribution 

I performed all depositions and thermal treatment processes. I did X-ray diffraction (XRD) 

measurements in Bragg-Brentano setup and AFM surface roughness analyses. I also contributed 

to the analysis of the results and to the writing of the manuscript. 

 Article 1 

The article Preparation of (001) preferentially oriented titanium thin films by ion-beam 

sputtering deposition on thermal silicon dioxide [53] was published in Journal of materials 

science (2014 IF 2.371) in December 2015.  
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4 Residual stress in titanium removing 

 Motivation of the article 

The most important factor in MEMS fabrication is the value of residual stress in thin films. If 

the value is higher than 1 GPa it can even cause cracking and buckling of the layer so it is very 

important to control and reduce value of residual stress. Ti belongs to the group of materials 

which naturally suffer from compressive residual stress and the controlling is moderate. Here 

plays a role the main disadvantage of RFICP Kaufman ion beam source deposition which is 

higher kinetic energy of deposited material in comparison to magnetron sputtering or 

evaporation. High kinetic energy of sputtered material also increases the value of compressive 

stress. 

After the study of stress removal, the only possible way how to reduce it was the controlling of 

deposition temperature. It was not possible to use secondary RFICP Kaufman ion-beam source 

to direct substrate bombardment which provides continual cleaning since the Ti is good oxygen 

getter and there is also present ultra-low O2 concentration in 7N Ar gas. I controlled the 

deposition temperature in range from ≈ 100 °C to ≈ 300 °C to achieve the stress-free (001) 

preferentially oriented Ti layer. This temperature is acceptable in terms of CMOS compatibility 

because the lowest possible value of upper limit is ≈ 450 °C which is given by Si-metal interface 

(e.g. ≈ 450 °C for Si-AlSiCu, ≈ 475 °C for Si-Al, etc.). Increased temperature has significant 

influence on residual stress after the deposition process is complete and the sample is cooled 

down due to thermal expansion. 

 Conclusion on the article 

In this part of my research, I found optimal deposition conditions where layer has no residual 

stress and also the crystallographic quality of (001) preferentially oriented Ti on SiO2 was 

improved. The misorientation was even the best for the stress-free sample with a value of 4.4°. 

This sample has the lowest roughness over all deposited Ti samples I prepared during my 

research. Value of lowest roughness was of only 0.58 nm. Such a thin film is ideal for 

consequent deposition of AlN piezoelectric layer. As prepared Ti layer can be used for various 

MEMS application where above mentioned properties are required.  

 Contribution 

I performed all depositions. I also did XRD measurements in Bragg-Brentano and Parallel beam 

setup and all AFM analyses. I also contributed to the analysis of the results and to the writing 

of the manuscript. 

 Article 2  

The article Stress-free deposition of [001] preferentially oriented titanium thin film by 

Kaufman ion-beam source [54] was published in Thin Solid Films (2016 IF 1.879) in 

September 2017.  
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5 Electrical properties of titanium thin film 

 Motivation of the article 

Ti also plays a role of bottom electrode in piezoelectric resonator and it is important to know 

the fundamental electrical properties of metal such as resistivity (ρ) and thermal coefficient of 

resistivity (α). Knowledge of these parameters should be useful for different applications where 

the increased device working temperature or monitoring of temperature changing are required.  

This paper was realized as the summary of previous two articles with additional measurement 

of the important electrical parameters. All electrical measurements were done using 4-probe 

method to achieve high precision results. Therefore, the ρ and α were determined from measured 

voltage-current curves.  

 Conclusion on the article 

Obtained results prove high quality of Ti layers because the measured ρ and α of 80 nm thick 

layer nearly correspond to bulk material constants. This proves the quality and purity of Ti 

because impurities reduce the ρ and mainly the α. Additionally, the XPS analyses were not 

successful but the presence of oxygen and carbon impurities can be also estimated from XRD 

as peak shifts and also as presence of (100) and (101) along the (001) orientation or even from 

presence of TiOx diffractions. All these results prove that the content of impurities is marginal. 

This optimized Ti layer was also used for another application such as IR microbolometer or 

device for cells temperature measurement prepared by our group. Ti was used as heater up to 

≈ 850 °C to direct CVD grown on membranes with substrate at ambient temperature in IR 

microbolometer. This Ti layer was subsequently used for temperature change measurement as 

well. We also published few papers where we used optimized Ti. These articles which have 

certain similarity to fabrication processing of device are described below in this work. 

 Contribution 

This article is summary of two previous publications but extended of electrical measurements 

and evaluation of them. I performed all electrical measurements and results evaluation. I also 

contributed to the writing of the manuscript. 

 Article 3 

The article Preparation of [001] oriented titanium thin film for MEMS applications by 

Kaufman ion-beam source [55] was published in proceedings of the international WOS 

indexed conference NANOCON 2017 in October 2017. 
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6 Influence of underlayer on aluminum nitride quality 

 Motivation of the article 

Motivation for this article was based on previously studied literature where was mainly 

described the influence of underlayer on AlN growth. Since the Ti was chosen I wanted to 

compare and prove the influence of different underlayers such as (001) preferentially oriented 

Ti underlayer, (100) Si substrate and amorphous SiO2 on (100) Si substrate. 

Deposition of AlN is much complicated than deposition of other metals because it consists of 

aluminum and nitrogen which must be bind in good ratio. The deposition was provided by 

reactive sputtering using the same deposition source as before and 5N Al target. There are much 

more parameters than only ion-beam energy and deposition temperature which must be 

controlled and optimized. Therefore, I was working on the Ti layer optimization and 

simultaneously I started with simple experiments on influence of underlayer on AlN quality.  

 Conclusion on the article 

This paper proves that underlayer has an important role and the underlayer for AlN must be 

selected carefully which was the main aim. The best results from the view of crystallography 

and roughness were observed on AlN deposited on Ti underlayer. This paper was basis for next 

complex manuscript about AlN preparation. These results were not taken account residual stress 

which is described later. 

 Contribution 

I did all depositions and measurements. I also contributed to the analysis of the results and to 

the writing of the manuscript. 

 Article 4  

The article Influence of underlayer on crystallography and roughness of aluminum nitride 

thin film reactively sputtered by ion-beam Kaufman source [56] was published in 

proceedings of the international WOS indexed conference NANOCON 2015 in October 2015. 
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7 Preparation of aluminum nitride piezoelectric layer 

 Motivation of the article 

This article forms the main part of my research because high quality AlN is necessary for correct 

function of fabricated devices. AlN or AlN-based material is practically the only one material 

which can be prepared using PVD method and possess the utilization for applications where 

CMOS and biocompatibility are desirable. AlN is very modern material due to previously 

mentioned properties despite of its low value of d33 piezoelectric coefficient in comparison to 

other materials such as ZnO or PZT which are not compatible with CMOS technology. 

Fabrication of these materials often requires high temperatures and/or they are not compatible 

with a lot of instruments due to a risk of contamination. 

In general, deposition parameters must be monitored and controlled because they have influence 

on several parameters such as the crystal orientation, misorientation of individual crystallites 

and average size of coherently diffracting domains which directly affect the value of d33 

piezoelectric coefficient. On the other side, there are more important parameters such as residual 

stress, band-gap and surface roughness which are also important for functionality of fabricated 

device.   

 Conclusion on the article 

This manuscript complexly describes preparation of AlN using dual RFICP Kaufman ion-beam 

source setup. Obtained results show influence of most significant parameters during deposition 

such as underlayer, ion-beam energy, deposition temperature, Ar : N2 gas ratio in both ion-beam 

sources, pre- and in situ cleaning using secondary RFICP Kaufman ion-beam source. All these 

parameters were analyzed and it was described how to prepare high quality stress-free AlN for 

MEMS applications which is the most crucial part in this doctoral thesis. Furthermore, such 

prepared and optimized layer using PVD technique has higher quality in comparison to other 

layers mentioned in other literature. Fabricated diamond ring structure for optical display of 

stress is shown at the end of the manuscript. This suspended structure is ≈ 1 mm long and there 

is no evident buckling which proves the excellent quality of deposited AlN thin films.   

 Contribution 

I deposited all thin films. I also did XRD measurements in Bragg-Brentano and Parallel beam 

setups and all AFM analyses. I measured d33 piezoelectric coefficient. I also did few 

ellipsometry measurements and scanning electron microscope (SEM) images and contributed 

to the writing of the manuscript. 

 Article 5  

Article Preparation of high-quality stress-free (001) aluminum nitride thin film using dual 

Kaufman ion-beam source setup is under review in Thin Solid Films (2017 IF 1.939). 
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8 Fabrication of piezoelectric MEMS resonator with Hall 

Bar/FET structure 

The device was fabricated using standard surface and bulk micromachining techniques. All 

materials and processes were compatible to CMOS technology. Fabrication of whole device 

consists of 10 lithography steps including 2D material shaping. The device was created on 

535 µm thick 100 mm in diameter Si (100) wafer covered by 200 nm thick plasma-enhanced 

chemical vapor deposition (PECVD) low-stress (<0.3 GPa) SiO2. 

Ti (001) of 80 nm thickness was deposited in the first step. It combines the function of seed 

layer for AlN growth and bottom electrode of piezoelectric resonator. The next step was 

deposition of 1 μm thick piezoelectric AlN (001) layer. It was followed by deposition of 15 nm 

thick Ti (001) which serve as the protection of AlN to chemicals and oxidation and provides 

adhesion for top electrode material with higher elasticity. These deposition steps were followed 

by spin-coating of 3.5 µm thick positive photoresist (PR) AR-P 3540. Such a thickness was 

required for etching of 1 µm AlN due to poor selectivity to photoresist. The top Ti and AlN 

were etched in reactive-ion etching (RIE) machine using Cl2 and BCl3 plasma. The etching was 

stopped on bottom Ti layer using optical endpoint detection. This step formed the shape of 

piezoelectric resonator part (see Figure 13). 

 

Figure 13: Shape of piezoelectric resonator. 

The next fabrication step was forming of Ti (001) bottom piezoelectric resonator´s electrode 

and its leadout (see Figure 14). It was used PR AR-P 3540 with thickness of 1.4 µm. Then the 

Ti was etched in RIE tool using Cl2 plasma. The etching was stopped on SiO2 using optical 

endpoint detection.  

 

Figure 14: Shape of bottom electrode and its leadout of piezoelectric resonator. 
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The third step of device fabrication was conducted to deposition of 80 nm thick Al (111). It 

forms the top electrode and protects the uncovered Ti from bottom electrode to XeF2 etching 

which takes a part in the last fabrication step. It also forms the gate electrode of Hall Bar/FET 

structure. Only the pattern of gate electrode was etched during this step. The rest Al is used as 

stop-layer for consecutive SiO2 etching on Hall Bar/FET part. This Al stop-layer is not visible 

in following three figures to improve clarity of the model. The 1.4 µm thick PR AR-P 3540 was 

used. The etching of Al was done in the RIE machine using Cl2 and BCl3 plasma. The 

piezoelectric resonator (excluding the SiO2 etching) is formed (see Figure 15) after this 

fabrication step. 

 

Figure 15: Shape of gate electrode of Hall Bar/FET stretchable part. 

Two following fabrication steps are aimed at Hall Bar/FET structure creation. At first, low-

stress SiO2 was deposited to form gate oxide with thickness of 100 nm. It was followed by 

deposition of 50 nm thick Al (111) for source, drain and Hall bar electrode connections. The 

next lithography step was etching of Al covered by PR AR-P 3540 with thickness of 1.0 µm. 

The etching of Al was done using the same instrument and plasma as mentioned above. The 

fabricated electrode connections have width of 4.0 µm with spacing of 4.0 µm (see Figure 16). 

 

Figure 16: Shape of source, drain and Hall bar electrodes of stretchable part. 

Next step was etching of SiO2 gate. It was used the same PR with thickness of 1.4 µm. The SiO2 

was etched in RIE instrument using CHF3, SF6 and Ar plasma. The etching was stopped on the 

Al (see Figure 17).  There was no endpoint detection which is not important since the Al and 

SiO2 etching selectivity is very high. 
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Figure 17: Shape of gate insulator layer. 

The 80 nm thick Al (111) stop-layer is etched in this step to form top electrode and bottom 

electrode leadout protection (see Figure 18). This step also involves the fabrication of marks 

for wafer cutting/dicing. It was used the same PR with identical thickness as before. The Al was 

etched using the same RIE instrument with Cl and BCl3 plasma. 

 

Figure 18: Shape of top electrode of piezoelectric resonator. 

The whole structure of piezoelectric resonator with Hall Bar/FET structure is fabricated. The 

following steps are conducted to structure releasing and coating of pads with sufficient 

thickness which enables wire-bonding and the pads of Hall Bar/FET structure where 2D 

material is located. 

The next fabrication step is 200 nm thick SiO2 etching which reveals the Si for the last 

fabrication step in whole process (see Figure 19). The identical PR was used as before. The 

SiO2 was etched in the same machine at the same conditions as mentioned above in this chapter. 

 

Figure 19: SiO2 etching to open the underneath Si. 

It was also important to make pads suitable for wire-bonding method of Al (see Figure 20). 



71 

 

The combination of 3.0 µm thick PR AR-BR 5460 and 1.4 µm PR AR-3540 was used to achieve 

positive lift-off. This technique must be used due to 700 nm Al deposition on pads which is not 

possible to etch on wafer with fabricated structure. The surface of Al was sputtered using 

Kaufman ion-beam source for a short time (<30 s) before 700 nm thick Al deposition to avoid 

bad contact due to Al surface oxidation. 

 

Figure 20: Creating of pads for wire-bonding. 

It was important to make coating of Hall Bar/FET electrodes as the Al is not good material 

under graphene or other 2D materials. The Al suffers with surface oxidation which disallows 

forming of ohmic contact between electrode and 2D material. The same lift-off procedure was 

used in previous step. Only the sputtered material was Pt which can be exchanged with other 

materials suitable for ohmic contact guarantee (see Figure 21). All these materials must be 

compatible with XeF2 etching which is done in the last fabrication step. The Au cannot be used 

due to the incompatibility with XeF2 etching. 

 

Figure 21: Metallization of source, drain and Hall Bar electrodes in position of electrical contact 
between electrodes and 2D material. 

Last lithography is focused on graphene or another 2D material shaping (see Figure 22). These 

materials can be deposited using fishing technology, direct printing or drying of drops. Thin PR 

allowing to achieve more accurate resolution of pattern can be used in this step. It can be also 

used the standard PR AR-P 3540 with the thickness of 1 µm. The most important factor in this 

fabrication step is good adhesion between 2D material and substrate. The graphene or graphene 

oxide is then etched in O2 plasma and the PR can be removed only by wet PR remover solution. 
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Figure 22: Shaping of graphene or another 2D material. 

The last fabrication step is structure releasing using XeF2 etching to remove underneath Si (see 

Figure 23). The Si etching is often done in mixture of XeF2 and N2. The ratio between XeF2 

and N2 allows to control the etching speed and the presence of N2 can improve the selectivity 

between Si and SiO2 or SiN.   

 

Figure 23: Releasing of piezoelectric resonator with Hall Bar/FET stretchable part using XeF2 vapors. 
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9 Chip level packaging 

The chip was fastened with a wax to the leadless carrier chip with 68 leadouts (LCC 68). 

LCC 68 was then placed in a printed circuit board (PCB) socket with SMA terminals (see 

Figure 24). Such mounted PCB was used for electrical and/or mechanical characterization of 

piezoelectric resonators. 

The electrical interconnection of the structures was accomplished by wire-bonding using Au 

wire with diameter of 25 μm. The wire-bonding was utilized by thermosonic principle in which 

the substrate is subjected to pressure, temperature, and ultrasound, thereby ensuring that the 

wire is connected to the contact surface.  

Firstly, a bond was formed on the top electrode on the chip and then on the LCC 68 pad. A very 

small pressure on the top electrode has to be chosen, because of the very thin layers, to avoid 

mechanical damage through AlN interlayer and thus shorten the electrodes. The compressive 

force for the first bond was chosen to 200 μN with ultrasound for 1 s. For the second bond, the 

compressive force was 350 μN with ultrasound for 250 ms. 

 

Figure 24: Fabricated chip with piezoelectric resonators with Hall Bar/FET structure mounted into the 
LCC 68 package placed in the PCB socket with SMA terminals for electromechanical characterization. 
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10 Verification of piezoelectric resonator model and function 

Simple piezoelectric resonator was simulated and fabricated in this part. It was designed as one-

clamped cantilever beam. The main aim was to compare the modelling using finite element 

method (FEM) and real fabricated structure. All physical simulations were done in ANSYS® 

Workbench 19.1. which uses FEM. The simulation software was also equipped with MEMS 

and piezoelectric add-on which is important for harmonic analyses. 

The simple resonator (see Figure 25) which was fabricated and compared to FEM simulation 

consist of 5 layers: 200 nm SiO2 / 80 nm Ti / 800 nm AlN / 15 nm Ti / 50 nm Al. The length (l) 

and width (w) which were used for comparison between fabricated resonator and simulation 

was 500 μm and 50 μm, respectively.  

 

Figure 25: Scheme and SEM image of fabricated and simulated simple piezoelectric resonator.  

 FEM analyses 

Firstly, the modal simulation was done. This simulation was used to find resonant modes 

without applied electrical or mechanical force. The one-clamped beam with above mentioned 

dimensions has the first resonant frequency (fr) of 5361 Hz (see Figure 26). The resonator is 

fixed on the right side. The face was fixed as displacement with 0 value in all axes.   

 

Figure 26: One-clamped beam piezoelectric resonator with first natural frequency of 5361 Hz.  
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Resonance frequencies (fn) can be also described mathematically [57]. Consider a one-clamped 

beam with certain number of layers N for constant l with corresponding thickness (hi), density 

(ρi) and Young´s modulus of elasticity (E) of each layer. The fn can be described with following 

equation: 

𝑓𝑛 =
(𝜆𝑛)2

2𝜋𝑙2
√

∫ 𝐸(𝑧−𝑧0)2𝑑𝑧
 

ℎ

∑ (ℎ𝑖𝜌𝑖)𝑁
𝑖=1

, 

where λn is very accurate simplified coefficient of modal parameter for one-clamped cantilever 

and z0 is the position of neutral axis. On the other side, this equation cannot be used for more 

complicated structures. Therefore, the FEM simulations take a part as major analytic solution 

of multilayered piezoelectric resonators with more sophisticated design.   

This simulation was also expanded on more dimensions such as w (see Figure 27A) and l (see 

Figure 27B) of piezoelectric resonators. These results are shown for the fr. This analysis is 

useful for design and fabrication of structures with requested resonance frequencies. 

 

Figure 27: Dependency of the fr on resonator dimensions:  
A) Different w; B) Different l. 

Performed simulations showed the expected dependency of resonance frequency on dimensions 

which corresponds with previously mentioned equation. It is obvious that the l of resonator has 

significant influence on value of fr.  

The next important is harmonic analysis which reveals the information about response of 

structure on harmonically applied load. The voltage with value of 1 V was applied across 

electrodes of piezoelectric resonator. The analysis was performed for frequency range from 

1 Hz to 0.2 MHz. Figure 28 shows the displacement in z-axis (Dz) at the loose end of cantilever.  
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Figure 28: Displacement (at the loose end of beam) dependence on frequency of applied voltage 
of 1 V in range from 1 Hz to 0.2 MHz. 

The FEM analyses show that displacement in resonance mode is higher than out of resonance 

frequency. This phenomenon is important for resonators aimed at strain inducing because the 

strain is a few orders higher then out of resonance. The strain results are described in chapter 17. 

 Characterization 

This section compares simulated and measured parameters. Attention is paid to the 

measurement of resonator parameters using the LCR meter and the vibrometric method [58]. 

The Keysight E4990A impedance analyzer was used for the measurement. However, this 

method was not very appropriate due to the small excitation voltage to measure the first resonant 

frequency. 

Therefore, an external mechanical excitation was used employing vibrometric measurements. 

Card generator NI-PXI 6259 generated signal (sine wave or white noise) which changed into 

vibrations in vibration exciter BK4809. This measurement was possible to perform only up to 

10 kHz due to the limitation of the test socket and vibration exciter BK4809. On the other side, 

such a range is suitable for the measurement of fr. The generated signal was changed to the 

vibrations which were measured on the socket housing by the PDV-100 laser vibrometer. The 

laser vibrometer measured the speed of the mechanical movement with a sensitivity of 

200 mV·(mm·s−1)−1. Output electrical signal from vibrometer was measured with card NI-6259. 

The generated charge on the resonator electrodes was measured at the same time. Its value was 

measured as the electric voltage via the IEPE100 electric charge amplifier. The LabVIEW 

application then used both spectral analyzes to calculate the ratio of the resonator signal and the 

signal from the vibrometer for each frequency (Q1, Q2) (see Figure 29). 
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Figure 29: Schematic of vibrometric measurement. 

The socket was initially loaded with white noise in the range from 1 kHz to 10 kHz to find the 

fr. Q1 and phase (φ) changes are depicted in Figure 30. The resonance peak was detected over 

time but suppressed by the surrounding environment. Since the resonator dimensions were 

several orders of magnitude smaller in comparison to the laser beam track, the exact resonator 

deflection value could not be measured. It would be necessary to focus the laser beam spot 

directly at the end of the resonator for exact determination of deflection in z-axis. 

 

Figure 30: Frequency response for resonator with dimensions (50 × 500) μm excited by white noise.  

The piezoelectric resonator was then excited by sine wave signal (see Figure 31) after the fr 

was found. This measurement confirms the values obtained in previous analysis with white 

noise. Both types of measurements show the same fr = 5263 Hz. 
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Figure 31: Dependence of the signal transmission on the frequency for a resonator of dimensions 
(50 × 500) μm with sine wave excitation. 

Signal spectra from 30 kHz to 9 MHz were measured using the impedance analyzer Keysight 

E4990A. The similar structures described in literature [58] show the sharp resonance peaks with 

high value of quality factor (Qf) in RLC measurement usually at units of MHz due to their 

dimensions. The resistance measurement of such resonator is shown in the Figure 32 which 

confirms the literature results. The most significant change in resistance lies at the frequency of 

4.23 MHz. The calculated value of Qf was ≈ 4550. 

 

Figure 32: Dependence of resonator resistance with dimensioins of (50 × 500) μm on frequency. 

The obtained values of resonance frequency by simulation (fs) and measurements (fm) are shown 

in Table 1. The calculated deviation of the measured values from the simulation is less than 
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≈ 3 % for all resonant frequencies. This simulation of model can be considered as reality 

corresponding, taking into account the number of parameters that may not be exactly 

determined. The values entered into the simulation such as thickness of each individual layer, 

interfaces formed during depositions and mechanical properties of individual materials, are 

almost impossible to determine with high precision. The third, sixth, and some higher resonant 

frequencies were not detected because of their toroidal movement or very low change of 

parameters.  

Table 1: Comparison of measured and simulated values for resonator size (50 × 500) for detected 
resonant frequencies. 

Resonance 

mode 
1. 2. 4. 5. 7. … 42. 43. 

fm [kHz] 5.26 32.11 91.21 178.33 295.72 … 3430 4230 

fs [kHz] 5.36 33.08 93.17 182.49 302.38 … 3530 4360 

 

Such precision and definition of model including the previously determined properties (such as 

stress-free layers and known value of d33 etc.) is sufficient for modeling of more complex 

structures fabricated using the same materials and their processing. 
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 Experimental resonator functionality verification 

The resonators were mechanically powered by the sine wave at the certain frequencies including 

the fr using the loudspeaker. This simple method should demonstrate the functionality of 

piezoelectric resonator and prove the eventual possibility of further using as audio filter bank 

which is often used in cochlear implant. The Keysight DSOX2014A oscilloscope was used to 

monitor the reaction of piezoelectric cantilever on loudspeaker. This reaction accompanied by 

generating of charge was measured as output voltage (V) since the piezoelectric resonator 

behaves in principle like an energy harvester. Figure 33 shows the dependency of generated 

voltage on the intensity of the excitation sound. The value of the output peak to peak voltage 

(VPP) corresponding to sound acoustic intensity of 74 dB was ≈ 998 μV. 

 

Figure 33: Voltage measured on piezoelectric cantilever beam resonator electrodes with dimensions 
of (500 × 50) μm at fr = 5263 Hz with different values of sound acoustic intensity generated by 

loudspeaker. 

The resonator was also excited with non-resonance frequency to compare the magnitude of 

output voltage on resonators electrodes. Figure 34 shows that the output voltage at  

non-resonance frequencies of 5000 Hz and 5600 Hz is ≈ 30 % lower than the output voltage at 

resonance frequency of 5263 Hz when the sound acoustic intensity was constant. 
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Figure 34: Voltage measured on resonator electrodes with dimensions of (500 × 50) μm at the  
non-resonance frequencies of 5000 Hz and 5600 Hz in comparison to voltage measured at fr 

of 5263 Hz with constant sound acoustic intensity of 74 dB generated by loudspeaker. 

Such results promise the possible utilization e.g. for cochlear implants in combination with 

sophisticated read-out circuits [59]. This simple fabrication technology allows to make the field 

of piezoelectric resonators with different dimensions on one chip. This possibility is important 

for coverage of whole spectrum of audibility. 
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11 Possible resonator functionalization  

 Motivation of the article 

This article has its own motivation, but I was invited as contributor because there were few 

critical microfabrication steps and I also have experiences in metals detection in solution using 

standard electrochemistry methods such as cyclic voltammetry. The main aim of this 

manuscript was to increase the active surface area with nanostructures. Fabricated nanostructure 

has ≈ 1440× larger surface area than standard thin film. There are a lot of toxic metals which 

presence must be detected in very short time because they are dangerous even in ppb or ppm 

concentrations. 

Fabrication of these structures has a few similarities to fabrication of piezoelectric resonators. 

This device contains the standardly used metal and dielectric materials which must be shaped. 

It was important to decide how to fabricate this structure. The major factors are the dimensions 

and etching chemistry compatibility of all materials. The etching of gold is also problematic 

mainly if it is on thin layer of some material which must be preserved undamaged after the gold 

is removed. 

 Conclusion on the article 

I did single mask lithography process where the wet etching is not possible due to small 

dimensions and the underetching must be eliminated. The only one possible way how to etch 

materials was to use ion-milling method using Kaufman ion-beam source because gold is not 

possible to etch using RIE method. Therefore, it was important to stop the etching when the 

underlayer is revealed. The mass spectrometer was used for this purpose which helped me to 

stop etching in the right time. This technology can be alternatively used during piezoelectric 

resonator fabrication. 

Final structure of this device can be modified by gold functionalization. This structure in 

combination with piezoelectric resonator can be used as gravimetric sensor. For example, thiol-

based crosslinker could be used for biomolecules (such as proteins) adsorption and their 

subsequent detection. 

 Contribution 

I did all lithography and microfabrication steps and SEM images. I also helped to solve a few 

issues of voltammetry measurements. 

 Article 6  

Article Nanostructured Gold Microelectrode Array for Ultrasensitive Detection of Heavy 

Metal Contamination [60] was published in Analytical Chemistry (2017 IF 6.042) in 

January 2018. 
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12 Resonator compatible microfluidics 

 Motivation of the article 

This work was created as the idea of buried channel for flow of liquids in Si. Such a closed 

channel can be integrated on piezoelectric resonator and device can be used in vacuum which 

also improves the sensitivity in case of gravimetric sensor. The dimensions of such channels 

can vary from units to thousands of micrometers which perfectly fits the size of MEMS 

piezoelectric resonators. 

There are a lot of possibilities how to make buried channels but none of them is compatible 

with technology for piezoelectric resonator fabrication. In many cases are used non-Si 

substrates or some materials and etching methods which cannot be combined with before 

fabricated structure on wafer. The very often problem is etching selectivity and risk of machine 

contamination with some materials. 

 Conclusion on the article 

I found the way how to fabricate buried microfluidic channels in Si substrate using only single 

mask lithography. It eliminates possible issues which rapidly increases with number of 

photolithography steps. All fabrication technology was realized using CMOS compatible 

materials, surface and bulk microfabrication methods. The channel is formed using parylene 

which is biocompatible material. Therefore, this buried channel could be also used for living 

cells examination. In combination with MEMS piezoelectric resonator it allows to detect some 

phenomena in cells which are accompanied with the change of temperature or weight.  

I also invented a method how to cleave a flexible material such as parylene at ambient 

temperature during this manuscript preparation. The sample was dipped in liquid nitrogen for a 

few seconds and immediately after the sample was pulled out it was possible to break it. This 

method was very useful for preparation of samples for SEM. 

 Contribution 

I did all fabrications steps except the femtosecond laser photo ablation. I also performed the 

external tubing connection and I did SEM images and liquid nitrogen channel  

cryo-cleaving. I also contributed to the analysis of the results and to the writing of the 

manuscript. 

 Article 7 

Article Fabrication of buried microfluidic channels with observation windows using 

femtosecond laser photo ablation and parylene-C coating [61] was accepted and will be 

published in Microfluidics and Nanofluidics (2017 IF 2.384) in Q4/2018. 
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13 Device with similar fabrication process 

 Motivation of the article 

Article is focused on modified MEMS IR microbolometer fabrication. This device is utilized 

with CNTs which make it original in the field of IR bolometer and can be used for real-time IR 

imaging. The novelty of this device is controlled growth of CNTs directly on the membrane. 

Growth is completely CMOS compatible because the rest of the substrate is kept at ambient 

temperature. There is no problem which could be caused by CNTs growth, because it is local 

process and mainly it is the last step in whole fabrication process. There is absolutely no heat 

or contamination risk to other materials or instruments used for fabrication.  

Additionally, this device has many similar fabrication steps to MEMS piezoelectric resonator. 

Firstly, it uses the Ti as resistor which is used for temperature measurement and also for CNTs 

growth. Microbolometer contains a lot of same materials and involve totally of 7 lithography 

steps which is similar to fabrication of piezoelectric resonators where are 10 lithography steps. 

The next similarity is using of XeF2 to etch underneath Si to release the structure. And the last 

similarity is that the bottom layer of suspended membrane is PECVD SiO2.   

 Conclusion on the article 

This work completely describes the fabrication and characterization of IR MEMS 

microbolometer and brings a lot of innovations to fabrication process of piezoelectric resonators 

due to process similarity. The next is Ti loading with high temperature which proves the Ti 

endurance. Other important aspect was the membrane releasing using XeF2 vapor which is 

identical to fabrication of piezoelectric resonators. The last important is the local growth of 

CNTs on the membrane. This process could be simply integrated into piezoelectric fabrication. 

All the materials and processes are compatible so it would only request one more lithography 

step.  

 Contribution 

I did some XeF2 etching for membrane releasing. I also performed optimization of local CVD 

growth of CNTs. Additionally, I did SEM images for manuscript. I also contributed to the 

analysis of the results and to the writing of the manuscript. 

 Article 8 

Article In situ observation of carbon nanotube layer growth on microbolometers with 

substrates at ambient temperature [62] was published in Journal of Applied Physics (2017 

IF 2.176) in March 2018. 
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14 Ultra-low resistance change measurement using lock-in 

amplifier 

 Motivation of the article 

This article is focused on description of electrical measuring method of microbolometer using 

lock-in amplifier in combination with pre-amplifier. This method should be suitable for precise 

and quick measurement allowing precise determination of the microbolometer parameters and 

also the temperature determination of objects which is function of absorbed irradiated power.  

This method uses the balanced Wheatstone bridge and allows to determine very low changes in 

microbolometer resistance. This setup can also be used to determine resistance changes in other 

materials. In this case, such method will be used on measurement of resistance changes in 2D 

materials. 

 Conclusion on the article 

This manuscript describes the using of measurement method for resistance changes 

determination. It allows to measure very low changes of resistance with high precision. Such 

advantage will be useful for measurement of 2D materials due to expectation of very low 

changes in electrical parameters when the strain will be lower than ≈ 0.5 %. This setup also 

offers the measurement on locked resonance frequency and phase which will improve the 

determination of 2D material parameters in time. 

 Contribution 

I participated on all measurements and on developing of measurement setup. I also participated 

on few steps of microbolometer fabrication process. The optimized Ti was also used for 

fabrication of this device. I also contributed to the analysis of the results and to the writing of 

the manuscript. 

 Article 9 

Article Precise determination of thermal parameters of a microbolometer [63] was 

published in Infrared Physics & Technology (2017 IF 1.851) in September 2018.  
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15 Review of possible future 2D functional materials 

 Motivation of the article 

Motivation of this article was to examine the other 2D materials than graphene. Few problems 

with graphene occurred during the fabrication process of MEMS piezoelectric resonator with 

Hall Bar/FET structure. The main problems were the poor quality of CVD-prepared graphene 

and its transfer with consequent shaping.  

Further, the graphene is relatively well described in many publications and there is not much 

space for others. As this work is mainly based on fabrication of MEMS piezoelectric resonator 

with Hall Bar/FET structure for modulation of graphene monolayer properties, this structure 

should be alternatively useful for examination of other 2D materials. These new materials offer 

space for publications about fundamental and applied research. 

 Conclusion on the article 

The possibilities of use of new 2D materials such as arsenene, antimonene, germanene, silicene 

and phosporene are summarized in this work. There are not much experimental papers 

describing their behavior due to their novelty. These manuscripts were mostly based on 

theoretical modelling. This review clearly states the possibilities of future practical applications 

for these materials. Next important is the broadening knowledge in field of 2D materials. The 

main insight is that these materials can be utilized for various applications thanks to their 

properties, just as graphene. It can be advantageous for using these 2D materials on piezoelectric 

structures and FETs, for instance gas sensors. 

 Contribution 

This is principally group work where we summarized the knowledge about new 2D materials. 

Each author added his expertise of every mentioned material. I also contributed to the writing 

of the manuscript. 

 Article 10 

Article Monoelemental 2D Materials-based Field Effect Transistors for Sensing and 

Biosensing: Phosphorene, Antimonene, Arsenene, Silicene, and Germanene go beyond 

Graphene [64] was published in TrAC- Trends in Analytical Chemistry (2017 IF 7.034) in 

August 2018. 
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16 FET structure for 2D material characterization 

Deposition and shaping of graphene is very time consuming and it is not a main aim of this 

doctoral thesis, thus planar electrodes for characterization of 2D material were fabricated. These 

NiCr/Au structures were made on conductive Si (100) substrate covered with 30 nm thick 

thermal SiO2 (see Figure 35). Thin SiO2 film with low dielectric strength did not allow to 

regulate the gate voltage. Distances between electrodes were (0.5, 1.0, 2.0 and 5.0) μm. 

Lithography of such small structures were realized in National Institute of Standards and 

Technologies (Gaithersburg - USA), using step and repeat camera with resolution of 280 nm. 

 

Figure 35: Fabricated chip for 2D materials electrical characterization.  

Graphene oxide with concentration of 1 mg∙ml−1 was drop-coated from water suspension. 

Samples were dried from ambient room temperature to ≈ 60 °C for 15 min with step of 

2 °C∙min−1. Process had to be realized with moderate changes of temperature to protect 

graphene oxide flakes from vaporized water. Subsequent annealing at pressure of ≈ 8·10−5 Pa 

and temperature of ≈ 120 °C during 6 hours at vacuum furnace improved the behavior of 

electrical contact between graphene oxide and electrodes. Graphene oxide flake does not have 

to always be positioned between electrodes, thus SEM analysis was provided (see Figure 36). 

 

Figure 36: SEM image of graphene oxide flakes on chip. 
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Graphene oxide electrical characterization was realized as current measurement (IM) on Cascade 

MPS150 probe station using Keithley 4200-SCS parameter analyzer for voltage (VB) range from 

−1 to +1 V. This method examined the possibility of deposition from suspension as one of the 

potential variants despite its inaccuracy. Samples can be purified with O2 plasma which removes 

impurities and etch graphene oxide, thus samples can be repeatedly used. Final resistivity of 

graphene is dependent on the distance between electrodes which can be from tenths to hundreds 

of micrometers. Graph shows nonlinear curves which point to Schottky contact between 

graphene oxide and electrodes (see Figure 37). Electrical contact can be further improved by 

annealing or choosing of another electrode material. This fact will be used for future 

optimization of sophisticated piezoelectric resonator with Hall Bar/FET structure for utilization 

of 2D materials. 

 

Figure 37: Current voltage curves of graphene oxide flakes drop-coated on electrodes with various 
gaps of (0.5, 1.0, 2.0 and 5.0) μm. 
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17 Structure for strain inducing 

 Motivation of the article 

Motivation of this article was to summarize progress in last 4 years of my PhD study as final 

result. It led to fabrication and simulation of final structure suitable for strain inducing. This 

article shows how strain can be induced in MEMS structure using piezoelectric resonator. The 

structure can be utilized with many other 2D materials than graphene, as they have been 

described in my review article (see chapter 15).     

 Conclusion on the article 

It summarizes the possible strain values based on simulations. It also shows the fabricated 

MEMS device consisting of 10 lithography steps which was greatly challenging. The shown 

model can be further optimized. It will be realized in GAČR project of me and my supervisor 

which started in January 2018. We will focus on geometry of whole structure which can 

improve the maximal induced value of strain over 2 %. These simulations are described below 

this article in addition simulations results section. We will also do the electrical characterization 

after the 2D materials will be placed and eventually shaped on top of Hall Bar/FET structure. 

Development and fabrication of this structure is very expensive and time consuming. Structures 

will be fully optimized using FEM analyses before the new chip generation allowing higher 

strain values, will be prepared. The 2D material such as graphene, arsenene, antimonene, 

silicene, and germanene will be characterized on these new structures. The testing will involve 

detection of gases and FET characterization.   

 Contribution 

I did each fabrication steps of whole device. I also did SEM images and FEM simulations with 

support of Jaroslav Klempa. I also contributed to the analysis of the results and to the writing 

of the manuscript. 

 Article 11 

The Article A new method for 2D materials properties modulation by controlled induced 

mechanical strain [65] was accepted in Eurosensors international conference in August 2018. 

This article will be then submitted in Sensors impacted journal which is possible output of 

conference paper. 
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 Additional analyses 

This chapter broaden results of published article. These results represent influence of resonator 

geometry on maximum value of strain where 2D material is positioned. Higher maximum value 

of strain allows better modulation of 2D material properties. Influence of other materials that 

can be possibly used on stretchable part will be subject of “GJ18-06498Y: Modulation of 

graphene physical properties due to controlled induced mechanical strain” project. Polymer 

materials enable to reach higher values of strain but it complicates the preparation procedure. 

Individual fabrication steps will have to exclude O2 plasma for purification and descum. 

Nevertheless, it will be possible to prepare such structures even if some parts of fabrication 

process are changed. Following simulation is pointed on change of length and width of 

resonator part but other parts of geometry stayed preserved (see Figure 38). 

 

Figure 38: Influence of resonator geometry on maximum value of strain on position where 2D material 
is deposited and shaped. 

Graph of first resonance mode depicted in Figure 38 shows the longer is the resonator, the 

highest strain occurs in area were graphene is placed. The opposite results are for the change of 

resonator width with preserved length. All simulations were realized at sine wave signal with 

amplitude of 30 V. Experiments proved that with increasing length of resonator, increased strain 

as well. The highest strain value of ≈ 1.7 % was achieved for resonator with dimensions of 

1000 × 100 with preserved materials and their thicknesses. 

Variable fabrication technology would allow preparing different structures, for example 

stretchable part between two cantilevers. If these cantilevers would work with opposite phase, 

it could lead to increasing strain, too. However, some theoretical models with larger dimensions 

need to be corrected with practice due to possible presence of low residual stress in layers. 

Residual stress becomes evident at devices with larger dimensions. Thus, it can cause cracking 

in the material which can lead to tearing of the stretchable part from one of the cantilevers. 
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18 Conclusion 

This dissertation work proposes the idea of strain inducing into 2D materials using MEMS 

piezoelectric resonator. Experimental part of research was focused on optimization of thin films 

deposition processes, FEM simulations, design and fabrication of testing device which was 

challenging due to 10 lithography steps. 

A lot of steps needed to be optimized because this device is sophisticated. Low-stress SiO2 can 

be easily prepared with PECVD processes, thus this work is not dedicated to its optimization. 

On the other side, optimization of other layers was necessary. All PVD depositions were 

provided using single or dual RFICP Kaufman ion-beam source setup. This method gives a 

possibility to achieve layers with better quality in comparison to other methods such as e-beam 

or thermal evaporation or magnetron sputtering. Layers prepared via RFICP Kaufman ion-beam 

source have usually better crystallography, lower roughness and higher purity which influence 

their mechanical and electrical properties. Unfortunately, this process is very often 

accompanied with compressive stress so optimization of this procedure was necessary. 

Ti layer was chosen as the bottom electrode of piezoelectric resonator [56] and its deposition 

process was optimized in the first step [53,54]. This layer plays also a role as a seed layer for 

subsequent deposition of piezoelectric AlN layer. After all optimization processes, layer with 

excellent crystallographic and electrical properties was achieved. As prepared layer had (001) 

preferential orientation, very low misorientation of ≈ 4.4°, stress-free with very low roughness 

of ≈ 0.58 nm and minimal average crystallite size of ≈ 30 nm. This layer had also excellent 

electrical properties, namely ρ = (9.2 ± 0.1)∙10−7 Ω∙m and α = (2.6 ± 0.2) K−1 which are very 

good values for layer with thickness of 80 nm. The resulting layer reached much better 

parameters in comparison to conventional PVD methods. Additionally, these layers were used 

for fabrication of microbolometer demanding stress-free thin film and good electrical 

properties, mostly α [55]. 

AlN piezoelectric layer was deposited on prepared Ti (001) layer. Properties and quality of AlN 

layer are highly dependent on underlayer. When AlN was deposited on another types of 

substrates than Ti (001) thin film, results of experiments confirmed that AlN layer quality and 

properties are dependent on underlayer. Deposition process of AlN layer was more difficult 

than deposition of Ti (001) thin film and it demanded utilization of dual RFICP Kaufman 

ion-beam source. This attitude allowed to reach stress-free layer with high quality 

crystallography and low roughness. AlN layer had (001) preferential orientation with significant 

recognition of K1 and K2 diffraction peaks from XRD analysis. Prepared layer with thickness 

of 1 μm evinced misorientation only ≈ 1.9°. Ellipsometric analysis of direct bandgap was 

provided with the result of 6.1 eV. The value of d33 coefficient is influenced by above mentioned 

parameters which was confirmed via quasi-static method. Measured value of d33 coefficient was 

(7.33 ± 0.08) pC·N−1. 
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As prepared materials were used for fabrication of simple piezoelectric cantilever beam and the 

goal was to match the simulation with real behavior of structure. Parameters of simulation were 

defined according to general table values, thickness measurements of layers and d33 value. 

Simulation results were different only of 3% in comparison to measured values of resonance 

frequencies. These resonant frequencies were measured mechanically using vibration shaker 

and electrically using impedance analyzer. 

A simple experiment to prove the functionality of resonator in practice was provided. Resonator 

was exhibited to sine wave signal from loudspeaker at resonance and non-resonance 

frequencies. Movement was measured via oscilloscope because resonator behaved as energy 

harvester and generated charge. This measurement proved the possibility that these structures 

can be utilized for fabrication of cantilever arrays which are used for development of cochlear 

implants. 

A final device that joined piezoelectric cantilever beam with stretchable part including Hall 

Bar/FET structure was produced and simulated. Fabricated structure was practically without 

stress. SEM images confirmed absence of bending structure without enclosed voltage on 

electrodes of resonator. Simulations of this structure showed maximum strain value 

of  ≈ 0.36 % which should be sufficient to change electrical properties of graphene or other 2D 

materials [64,65]. This value can be changed by modifying geometry, mostly proportions of 

piezoelectric resonator to stretchable part ratio. Simulation showed that the value of strain may 

reach ≈ 1.7 % if same materials would be used. The highest strain was achieved for resonant 

frequencies. Thus, it was a necessity to provide the measurement using lock-in amplifier. 

Method of this measurement was published in the article for measurement of microbolometer 

[62] via Wheatstone bridge [63]. 

Simple structures suitable for basic characterization of 2D materials were fabricated 

simultaneously with fabrication and characterization of FET resonator. Problematic preparation 

and transfer of graphene led to simple option of drop-coating graphene oxide from suspension 

with subsequent drying and annealing. Measured dependence of current on voltage correlated 

with results in literature. 

I participated on the fabrication of nanostructured gold microelectrode arrays which are suitable 

for functionalization of piezoelectric resonators [60]. These arrays have high sensitivity thanks 

to their active surface in comparison to gold thin film without modification. Another structure 

appropriate for functionalization of piezoelectric resonators are microfluidic channels with 

single-step lithography [61]. The main advantage of microfluidic channels is high variability 

which is possible due to their dimensions from units to hundreds of micrometers and they are 

also CMOS compatible. These structures can be used for mass sensing of living cells or physical 

and chemical phenomena inside cells which affect their mass or temperature change. 
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Benefit of this work lies in innovation of controlled stretching of 2D materials on a chip which 

allows modulation of their electrical properties. This phenomenon can be exploited for 

fabrication of highly sensitive sensors with increased selectivity. 

Solution proposed within this work opens the opportunity to make versatile devices integrated 

on a single chip with sensor arrays and sophisticated circuits for smart and wearable 

applications. The advantage of this structure is its potential applications at room temperature 

measuring and monitoring toxic, explosive, greenhouse gases, chemical vapors, cells, enzymes, 

amino acids, DNA, RNA, etc. 

Optimization of these structures with subsequent fabrication and characterization will be 

realized within project “GJ18-06498Y: Modulation of graphene physical properties due to 

controlled induced mechanical strain”. The first step will be devoted to optimization according 

to the simulations with consequent fabrication of final structures and deposition of 2D material 

on stretchable part with Hall Bar/FET. The most important step will be modification of 

geometry to achieve maximum possible strain. Concept of device design has to take into 

consideration that functionality of resonator must be preserved. High driving voltage can cause 

excessive mechanical strain of material which can lead to mechanical damage of structure. 

Another possibility how to increase the strain of stretchable part is to use another material such 

as high elastic polymers compatible with fabrication technology. A good example is parylene 

which evince high elasticity and is a very good electrical insulator. 
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