
 

 

 BRNO UNIVERSITY OF TECHNOLOGY 

  VYSOK£ UĻENĉ TECHNICK£ V BRNŉ 
 

 
 
 
 
 
 
 

 

 CENTRAL EUROPEAN INSTITUTE OF TECHNOLOGY 

  STřEDOEVROPSKħ TECHNOLOGICKħ INSTITUT 
 
 
 
 
 
 
 
 
 
 
 
 

CMOS COMPATIBLE PIEZOELECTRIC RESONATOR 

WITH FET STRUCTURE FOR GRAPHENE MONOLAYER 

PROPERTIES MODULATION 
CMOS KOMPATIBILNĉ PIEZOELEKTRICKħ REZONĆTOR S FET STRUKTUROU PRO 

řĉZENĉ VLASTNOSTĉ GRAFENOV£ MONOVRSTVY 
 

 

DOCTORAL THESIS 

DISERTAĻNĉ PRĆCE 
 

 
 
 
AUTHOR Ing. Imrich GABLECH 

AUTOR PRĆCE 

 

SUPERVISOR Ing. Jan PEKĆREK, Ph.D. 

VEDOUCĉ PRĆCE 

 

CO-SUPERVISOR prof. RNDr. Tom§ġ ĠIKOLA, CSc. 

ĠKOLITEL SPECIALISTA 

BRNO 2018 



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 

Pr§ce je zamŊŚena na vĨzkum nov® struktury umoģŔuj²c² charakterizaci fyzik§ln²ch vlastnost² 

grafenu pŚi pŚesnŊ Ś²zenĨch podm²nk§ch. N§vrh spojuje MEMS piezoelektrickĨ rezon§tor spolu 

s Hall Bar/FET strukturou. Tento pŚ²stup umoģŔuje mŊnit vlastnosti grafenu oddŊlenŊ nebo spoleļnŊ 

dvŊma metodami. MechanickĨ zpŢsob je zaloģen na relativn² deformaci zpŢsoben® rezon§torem, na 

kter®m je um²stŊna grafenov§ monovrstva. Navrhovan§ struktura umoģŔuje mŊŚit vlastnosti grafenu 

vyvolan® pouze zmŊnou mechanick®ho pnut² a frekvenc² nucenĨch kmitŢ bez vlivu vnŊjġ²ho 

elektrick®ho pole. DruhĨ pŚ²stup pŚid§v§ moģnost ovl§dat fyzik§ln² vlastnosti grafenu pomoc² 

elektrick®ho pole FET struktury. Tato technika vyuģ²v§ grafenovou monovrstvu jako laditelnĨ 

sensor pro molekul§rn² detekci. MŊŚen² koncentrace v jednotk§ch ppb nen² konstrukļnŊ niļ²m 

limitov§no. Realizovan® frekvenļnŊ laditeln® piezoelektrick® MEMS rezon§tory s monovrstvou 

grafenu budou vyuģiteln® v mnoha oblastech pro detekci na molekulov® ¼rovni. VĨsledn® struktury 

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

Present dayôs 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 Õm to 100 Õm. 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. GrapheneËs exceptional sensitivity 

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

cannot be beaten, you cannot get more sensitive than a single moleculeò [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 pCĿNī1 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 å 5Á of misorientation of 

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

higher deposition temperatures up to å 300 ÁC. 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. 

Af ter 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 å 100 ÁC to å 300 ÁC 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 å 450 ÁC which is given by Si-metal interface 

(e.g. å 450 ÁC for Si-AlSiCu, å 475 ÁC 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 4.4Á. 

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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