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RESUMEN 

El gran crecimiento de los sistemas MEMS (Micro Electro Mechanical Systems) así 

como su presencia en la mayoría de los dispositivos que usamos diariamente despertó 

nuestro interés. Paralelamente, la tecnología CMOS (Complementary Metal Oxide 

Semiconductor) es la tecnología más utilizada para la fabricación de circuitos integrados. 

Además de ventajas relacionadas con el funcionamiento electrónico del dispositivo final, 

la integración de sistemas MEMS en la tecnología CMOS reduce significantemente los 

costes de fabricación. 

Algunos de los dispositivos MEMS con mayor variedad de aplicaciones son los microflejes. 

Estos dispositivos pueden ser utilizados para la extracción de energía, en microscopios de 

fuerza atómica o en sensores, como por ejemplo, para biodetección. 

Los materiales piezoeléctricos más comúnmente utilizados en aplicaciones MEMS se 

sintetizan a altas temperaturas y por lo tanto no son compatibles con la tecnología CMOS. 

En nuestro caso hemos usado nitruro de alumino (AlN), que se deposita a temperatura 

ambiente y es compatible con la tecnología CMOS. Además, es biocompatible, y por tanto 

podría formar parte de un dispositivo que actúe como biosensor. 

A lo largo de esta tesis hemos prestado especial atención en desarrollar un proceso de 

fabricación rápido, reproducible y de bajo coste. Para ello, todos los pasos de fabricación 

han sido minuciosamente optimizados. Los parámetros de sputtering para depositar el 

AlN, las distintas técnicas y recetas de ataque, los materiales que actúan como electrodos 

o las capas sacrificiales para liberar los flejes son algunos de los factores clave estudiados 

en este trabajo. 

Una vez que la fabricación de los microflejes de AlN ha sido optimizada, fueron medidos 

para caracterizar sus propiedades piezoeléctricas y finalmente verificar positivamente su 

viabilidad como dispositivos piezoeléctricos. 
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ABSTRACT 

The huge growth of MEMS (Micro Electro Mechanical Systems) as well as their 

presence in most of our daily used devices aroused our interest on them. At the same 

time, CMOS (Complementary Metal Oxide Semiconductor) technology is the most popular 

technology for integrated circuits. In addition to advantages related with the electronics 

operation of the final device, the integration of MEMS with CMOS technology reduces the 

manufacturing costs significantly. 

Some of the MEMS devices with a wider variety of applications are the microcantilevers. 

These devices can be used for energy harvesting, in an atomic force microscopes or as 

sensors, as for example, for biodetection. 

Most of the piezoelectric materials used for these MEMS applications are synthesized at 

high temperature and consequently are not compatible with CMOS technology. In our 

case we have used aluminum nitride (AlN), which is deposited at room temperature and 

hence fully compatible with CMOS technology. Otherwise, it is biocompatible and and can 

be used to compose a biosensing device. 

During this thesis work we have specially focused our attention in developing a high 

throughput, reproducible and low cost fabrication process. All the manufacturing process 

steps of have been thoroughly optimized in order to achieve this goal. Sputtering 

parameters to synthesize AlN, different techniques and etching recipes, electrode 

material and sacrificial layers are some of the key factors studied in this work to develop 

the manufacturing process. 

Once the AlN microcantilevers fabrication was optimized, they were measured to 

characterize their piezoelectric properties and to successfully check their viability as 

piezoelectric devices. 
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The following diagram will be used along this thesis work to facilitate the reader’s 

understanding. 
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1. INTRODUCTION 

 This chapter describes the evolution of MEMS technology and their impact in the 

field of microelectronics. The importance of CMOS compatibility as well as the most 

relevant applications for piezoelectric microcantilevers are also highlighted. The chapter 

ends introducing the most relevant works in the state of the art. 
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1.1. MEMS 

 MEMS (Micro Electro Mechanical Systems) can be defined as a functional unit 

that contains electrical and/or mechanical components ranging in the micro scale. When 

the device scale is even smaller (from 1 to 100 nm) are officially included in the field of 

nanotechnology. On the contrary, when the device is made by components larger than 1 

mm, it is considered into the macro domain. Hence, in a MEMS device, at least one of its 

component’s size has to be in the 0.1 to 1000 µm range. 

Apart from the size criterion, other main requirements of MEMS reside in that there 

might be at least one element with some sort of mechanical functionality.  MEMS devices 

can vary from relatively simple structures having no moving elements to extremely 

complex electromechanical systems with multiple moving elements [1]. 

However, since the small components can perform tasks that large conventional systems 

cannot, the potential of MEMS devices resides in its multiple components, complex 

functions, system integration and the ability of mass production. MEMS devices are not 

just miniaturized devices; they are expected to be smaller, cheaper and finally better [2]. 

MEMS can act as sensors, receiving information from their environment, or as actuators, 

responding to a decision from the control system to change the environment. MEMS 

technology is based on techniques of microfabrication, such as those used in this work to 

develop the fabrication process of piezoelectric microcantilevers [3]. 

It is still too early to talk about MEMS history. Despite this acronym was first used in the 

80’s in the US, MEMS technology started to be used already in the 50’s [4]. In particular, 

the technological development began during World War II when the advances in the field 

of radars improved the research in pure semiconductor materials. These materials, 

especially silicon, became the lifeblood of the integrated circuits and modern MEMS 

technology. 

In the last 20 years, MEMS devices and their applications have been continually 

increasing, becoming significantly important in our daily lives. MEMS are present in 

automobiles, consumer electronic devices (smartphones, video games, etc.) and in 

emerging medical applications. MEMS are responsible for more than 60% of 

semiconductor sensor revenue (ICs built together with MEMS sensors) [5]. 
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Figure 1.1.  Illustration of the time evolution of consumer and mobile MEMS market by application 

from 2006 to 2017. Image courtesy of Consumer and mobile market 2013 report HIS Technology 

www.technology.ihs.com. 

 

Despite of the fact that during the 1990’s the MEMS market was dominated by 

automotive applications, the introduction of MEMS technology into game controllers and 

especially into smartphones in the last decade shifted the market toward consumer 

electronics applications (Figure 1.1. [6]). This evolution concluded into a change in the 

MEMS consumer applications, from primarily accelerometers and microphones to 

gyroscopes (angular rate sensors) and magnetometers (electronic compass). At the same 

time, the growth of these devices and the impact on our daily lives due to new 

applications is becoming more present and relevant, with its subsequent economic 

growth. One of the most representative data of the impact of MEMS in society is 

determined by Yole´s1 prediction showing how consumer applications will grow around 

20% between 2013- 2019, starting from a market size above $200M in 2013. 

                                                           
1
 Yole Development annual review March 2012 annual review. Yole Development is a research and 

strategy consulting company that provides MEMS, semiconductors and other devices application 
and research studies www.yole.fr. 
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Figure 1.2.  Evolution of the MEMS total market from 2011 to 2017 predicted in 2012 by Yole 

Développement. 

In terms of global market, the “Status of the MEMS Industry” Yole study of 2012 predicted 

“MEMS will continue to see steady, sustainable double digit growth for the next six years, 

with 20% compound average annual growth in units and 13% growth in revenues 

(Compound Annual Growth Rate) to become a $21 billion market by 2017” (figure 1.2). 

This strong growth establishes MEMS as the market leader in the field, one of the main 

reasons why we focused our work in this kind of promising and successful devices. 
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1.2. CMOS TECHNOLOGY 

 Complementary metal–oxide–semiconductor (CMOS) technology is the most 

important technology used in the field of microelectronics. It uses complementary and 

symmetrical pairs of p-type and n-type metal oxide semiconductor field effect transistors 

(MOSFETs) for logic functions. CMOS technology is used in microprocessors, 

microcontrollers, static random access memory (RAM), and other digital logic circuits. 

CMOS technology is also used for several analog circuits such as image sensors (CMOS 

sensor), data converters, and highly integrated transceivers for many types of 

communication. 

 

Figure 1.3. Exponential representation of the transistors evolution probing Moore`s Law. Image 

courtesy of AMD (Advanced Micro Devices) www.amd.com  

Since CMOS was developed in 1967 by Frank Wanlass [7], it has undergone a tremendous 

evolution, being employed nowadays in 95% of all integrated circuits fabrication in the 

world. In 1965, Intel Co-Founder Gordon Moore predicted by his law (known as Moore’s 

http://en.wikipedia.org/wiki/Microprocessor
http://en.wikipedia.org/wiki/Microcontroller
http://en.wikipedia.org/wiki/Static_Random_Access_Memory
http://en.wikipedia.org/wiki/Digital_logic
http://en.wikipedia.org/wiki/Image_sensor
http://en.wikipedia.org/wiki/CMOS_sensor
http://en.wikipedia.org/wiki/CMOS_sensor
http://en.wikipedia.org/wiki/Data_conversion
http://en.wikipedia.org/wiki/Transceiver
http://en.wikipedia.org/wiki/Frank_Wanlass
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law, figure 1.3) the evolution of CMOS technology [8]. This law established that "the 

number of transistors incorporated in a chip will approximately double every 24 months." 

As shown in Figure 1.3, for more than four decades, the semiconductor industry has 

delivered the challenge of Moore's Law: to double the transistor density, while increasing 

functionality and performance and decreasing costs. This relates directly to CMOS 

technology, which has fast developed in the last decades, having invested more than a 

trillion dollar in it during the last 40 years [9]. 

Some of the CMOS advantages that makes it superior than other integrated circuits 

fabrication technologies are: 

 Low power consumption 

 High noise immunity because of the metallic interconnection 

 CMOS circuits are easy to design 

 Highly developed fabrication technology; thus, it is easy to achieve higher 

integration densities than with other technologies 

Some of the inconvenients that this technology implies are: 

 The velocity of these circuits is smaller than with other technologies. 

 Due to the tiny transistor size, they are vulnerable to “latch-up”, meaning parasite 

currents entering the CMOS structure when the conduction current is higher than 

the supply current [10]. 

 

CMOS fabrication technology requires that both n-channel (nMOS) and p-channel (pMOS) 

transistors are built on the same chip substrate. To accommodate both nMOS and pMOS 

devices, special regions must be created in which the semiconductor type is opposite to 

the substrate type. These regions are called wells or tubs. A p-well is created in an n-type 

substrate or, alternatively, an n- well is created in a p-type substrate. In the simple n-well 

CMOS fabrication technology, the nMOS transistor is created in the p-type substrate, and 

the pMOS transistor is created in the n-well, which is built-in into the p-type substrate. 

Each processing step requires that certain areas are defined on chip by the appropriate 

masks. Hence, the integrated circuit (IC) may be viewed as a set of patterned layers of 

doped silicon, polysilicon (or silicides), metals (commonly Cu or Al) and insulating 

materials (silicon dioxide or silicon “oxinitrides”). In general, a layer must be patterned 

before the next layer of material is applied on chip. The processes used to transfer a 

pattern to a layer on the chip are the photolithography and a subsequent selective 

etching [11]. 

http://en.wikipedia.org/wiki/Electronic_noise
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The whole CMOS fabrication process is divided in two main areas; FEOL (front-end-of-line) 

and BEOL (back-end-of-line). FEOL corresponds to the first portion of IC fabrication where 

the individual devices (transistors) are patterned in the semiconductor (depicted in Figure 

1.4.a). FEOL generally covers everything up to the fabrication of metal interconnect layers. 

It contains all processes of CMOS fabrication needed to form fully isolated CMOS 

elements. Figure 1.4.a) shows the transistor and its gate (G) at left and the STI (shallow 

trench isolation), right. The STI main function is the prevention of electrical current 

leakage. The formation of the STI, the dry thermal oxidation or the post-implant annealing 

step to anneal out defects are the processes that imply the highest temperatures of the 

FEOL step reaching above 1000°C [12][13]. 

Back-end-of-line (BEOL) is the second portion of IC fabrication where the individual 

devices (transistors, capacitors, resistors, etc.) get interconnected with wiring on the 

wafer. BEOL generally begins when the first layer of metal is deposited on the wafer. It 

includes contacts, insulating layers (dielectrics), metal levels, and bonding sites for chip-

to-package connections (see figure 1.4.b)). The highest temperature can be reached 

during the silicon nitride deposition by LPCVD (Low Pressure Chemical Vapor Deposition) 

at around 800°C [14], but since this material can be deposited at lower temperatures [15], 

the highest temperature has been reduced in most CMOS processes to 550°C, reached 

during the deposition of the PSG (phosphosilicate glass) [16]. 

 

 

 

 

   

Figure 1.4.  a) First step of the device fabrication: FEOL. b)  Example of a device structure after the 

BEOL process.    

 

 

a) 

b) a) 

STI

G
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1.3. MEMS INTEGRATION INTO CMOS TECHNOLOGY 

 This thesis work deals with the finding of new procedures for low cost and high 

throughput fabrication of MEMS devices (microcantilevers) subject to being integrated 

into CMOS technology manufacturing standards. The main interests in CMOS-MEMS 

integration is the possibility of improving the performance of the MEMS while reducing 

total device cost. 

Regarding the performance aspect, co fabrication of MEMS structures with drive or sense 

capabilities with control electronics is advantageous to reduce parasitics, device power 

consumption, noise levels as well as allows for smaller packages. With MEMS and 

electronic circuits on separate chips, the parasitic capacitance and resistance of 

interconnects, bond pads, and bond wires can attenuate the signal and contribute 

significantly to increase the noise. Therefore, fabricating MEMS devices such as 

microcantilevers directly on top of CMOS metal interconnects will result in a reduction of 

the parasitics which will greatly improve system performance. 

From a financial point of view, an improvement in system performance of a MEMS device 

would generally result in an increase in device yield and density, which provides a 

reduction of the chip’s final cost. Moreover, eliminating wire bonds to interconnect 

MEMS and ICs could potentially result in reduced packaging complexities which will 

eventually lead to more reliable systems, and in lower manufacturing and 

instrumentation cost [17]. 

Integrating MEMS devices in state of the art CMOS processes, yielding a miniature system 

solution, can be done in several ways. In particular, we can distinguish three major 

principles schematically represented in figure 1.5: 

(1) “Pre CMOS”:  processing MEMS first,  CMOS manufacturing is carried out later on a 

wafer with the embedded MEMS devices [18][19]. 

(2) “Interleaved”:  where CMOS and MEMS devices are fabricated in a single process flow, 

mixing the fabrication of both [20] [21]. 

 (3) “Post CMOS”: where MEMS processing is carried out on a fully processed CMOS wafer 

processing the integrated circuit first and the MEMS last, typically on top of the circuitry 

[22][23]. 
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Figure 1.5. Schematic description of the three approaches to integrate MEMS devices with CMOS 

technology 

Due to the high temperatures during the CMOS process, especially during the FEOL step 

(above 1000°C), the Pre-CMOS integration process is not very common. The pre-CMOS 

fabricated MEMS device can easily be damaged during the subsequent CMOS fabrication 

process. However, in Post-CMOS integration processes, the thermal budget is reduced to 

450°C, what makes this form of integration the most commonly used by far. 

Figure 1.6 is an example of a “Post-CMOS” integration approach successfully 

demonstrated by Texas Instruments Inc. A DMD (Digital Micro- Mirror Device) uses an 

electrostatically controlled mirror to modulate light digitally, thus producing a stable high 

quality image on a screen (Figure 1.6.a). Each mirror corresponds to a single pixel 

programmed by an underlying SRAM cell (Figure 1.6.b) [24]. 

   

 

 

 

 

Figure 1.6. Top  (a) and tilted (b) views of the DMD (Digital Micro-Mirror) device developed by Texas 

Instruments Inc. Here, MEMS are fabricated using Al films after the CMOS electronics 

 

a) 
b) 
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However, in order to achieve high performance, reliable, and modularly integrated MEMS 

technology, many issues needed to be resolved. The main hurdle when using a Post-

CMOS integration approach is the temperature compatibility of both processes. A low 

temperature MEMS process is required to avoid damaging the CMOS interconnects. The 

condition of low temperature is sometimes referred to as “thermal budget”. Maximum 

MEMS post-processing temperature must be lower than 450⁰C [25][26][27]. 

This drawback motivated our research group to develop a new set of CMOS compatible 

process steps designed to fabricate piezoelectric MEMS. Most piezoelectric materials 

manufacturing processes [28][29][30][31] limit the compatibility with CMOS technology 

due to their high deposition temperatures. These high temperatures can damage the 

performance and reliability of the CMOS electronics processed before, affecting relevant 

physical properties such as polycrystallinity, growth rate, mechanical properties, dopant 

activation, electrical resistivity, etc [32]. This effect is especially noticeable in the 

degradation of interconnects, rather than transistor device [33].  In this thesis work, 

CMOS integration is made possible through the usage of a piezoelectric material that can 

be deposited at low temperature. Aluminum nitride (AlN) provides the desired material 

properties for MEMS applications at significantly lower deposition temperatures 

compared to the majority of piezoelectric materials. 

In this work, interleaved and Post-CMOS integration approaches are revised for the 

fabrication of AlN piezoelectric microcantilevers.  These two methodologies are proposed 

in chapter 3. Technologies used in all processing steps, including photolithography, 

deposition, etching and release of MEMS structures, have been investigated in detail. 
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1.4. PIEZOELECTRIC APPLICATIONS 

 Piezoelectric aluminum nitride (AlN) microcantilevers find many applications in 

the field of microsystems and optoelectronics. We will focus on three main areas of these 

applications, sensors, detectors and energy producers, since they are the most relevant 

for our devices. 

 Energy harvesting 

In recent years, energy harvesting using piezoelectric materials has become a very 

popular research topic making it one of the most interesting applications of these devices. 

The idea consists in absorbing the energy surrounding a system and converting it into a 

form of usable electrical energy. When the piezoelectric cantilever bends due to ambient 

vibrations an electric potential difference is produced. This may be stored through a DC 

voltage rectifier, a capacitor, or a battery that may be incorporated into an electrical 

harvesting circuit to supply the power required to another device. Because of their small 

size and relatively simple fabrication, microcantilever arrays are good candidates for 

energy harvesting systems [34]. 

 Sensor 

MEMS can act as sensors measuring physical quantities by utilizing a variation in the 

physical properties of the fabricated microstructures, in this case of piezoelectric 

microcantilevers. Specifically, these devices can be used as excellent biosensors because 

they can be operated under liquid. In 2000 [35] it was observed that motion was induced 

by the cantilever bending when the biomolecules bonded to it, but it was not  confirmed 

until the next year when the Oak Ridge National Laboratory [36] developed the use of 

microcantilevers for biodetection. From this moment different research lines have been 

developed to apply these devices for different kinds of biodetection, implying an 

important revolution in the field [37][38][39][40][41]. The most relevant are the detection 

of: DNA hybridization or proteins detection [42][43][44], glucose for detection [45],  

bacteria and specific  antibodies for early diagnosis [46] or cancerous cells detection 

[47][48][49]. 

The cantilever’s biodetection is based on the absorption of specific biomolecules by its 

surface (figure 1.7). To accomplish this absorption, the cantilever surface is coated with a 

receptor [50]. If the cantilever absorbs any molecule it will bend some nanometers and 
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increase its mass. There are different methods to detect these changes, developing the 

static and vibrational sensing. 

 

 

 

 

 

 

Figure 1.7. Detection example based in the reaction occurred in the cantilever beam of a specific 

antigen present in the patient’s blood with its respective antibody immobilized on the cantilever’s 

surface. After the reaction the union antigen-antibody leaves in the cantilever, changing its mass and 

making it bend. 

In static sensing when the absorbed molecule is coated to the cantilever, it generates a 

stress that concludes in bending. The deflection is proportional to the concentration of 

the biomolecule. This effect can be detected by an optical method, that consists on a laser 

beam focusing on a spot on the cantilever’s surface. As the cantilever bends, the beam 

position changes. These changes can be calculated and translated into the 

microcantilever’s bending with a precision of nanometers. 

In vibrational sensing, the microcantilever is vibrating by an external actuation. The 

amplitude and resonant frequency of this movement is measured. When the 

biomolecules are absorbed by the cantilever changing its mass, the decrease on the 

resonant frequency is also detected confirming the presence of these particles. 

Our microcantilever device is manufactured using biochemistry resistant materials that do 

not influence in the biochemical reactions studied (in vitro). Thanks to its piezoelectric 

properties, it can be adapted to a variety of biodetection applications. As mentioned, due 

to its high throughput fabrication process, it can also be part of a cost-effective portable 

platform for biodetection. 
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1.5.  STATE OF THE ART 

Several materials haven been investigated to be used in MEMS and NEMS structures 

such as piezoelectric wide bang gap materials (silicon carbide SiC, aluminum nitride AlN or 

gallium nitride GaN) as well as different technological processes such as bulk or surface 

micromachining and etching techniques. These aspects as well as the actuation principles 

are reviewed by Cimalla et al. [51]. 

AlN and other III nitrides growth techniques and applications have been studied since 

decades [52]. Researchers have compared the properties of the AlN synthesized by 

sputtering technique or by MOCVD (metal organic chemical vapor deposition) [53]. In our 

case, we have focused in the synthesis of AlN by reactive sputtering because this method 

is the best choice for high-throughput deposition at room temperature. Several studies 

relate the piezoelectric properties of this material with its substrate and the sputtering 

parameters used during the synthesis process [54][55][56][57]. 

AlN piezoelectric MEMS devices have been widely studied in the literature working as 

filters and resonators [58], using aluminum oxide as substrate [59] or bulk acoustic wave 

resonators [60], showing the possibilities of this material as actuator. 

Other workers have also studied microcantilevers based on other piezoelectric materials 

such as zinc oxide [61]. In our case, we have focused our attention in publications showing 

devices based on AlN deposited at higher temperatures than in this work [62][63], as well 

as devices manufactured at room temperature [64][65]. Researchers in the field have also 

reported how resonant frequency and quality factor are influenced by the pressure [66] 

or a viscous gases environment [67], comparing with simulations [68] or in 

microcantilevers acting as sensors [69]. 

Regarding the integration of microstructures with CMOS technology, we find AlN CMOS 

compatible resonators [70], accelerometers [71] or microcantilevers [72], but the 

integration process is not specified. Related with other materials, there are works in 

which the CMOS integration process is detailed, such as in Yang et al. [73], where silicon 

oxide based piezoresistive microcantilevers are used to detect the DNA hybridation. 

Consequently, to the author’s knowledge, piezoelectric MEMS fabrication, detailing a 

possible integration process with standard CMOS technology, has not been published so 

far. This speaks for the novelty of the present work, in which a CMOS compatible high 

throughput AlN based manufacturing process of microcantilevers as well as two 

integration paths (interleaved and Post-CMOS) are detailed.
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OUTLINE OF THE THESIS 

The principal aim of this research thesis work research is to develop CMOS 

compatible high throughput fabrication technology of piezoelectric microcantilevers. The 

first step consists in improving the quality of AlN layers synthesized on metallic substrates 

by reactive sputtering. Since the piezoelectric properties of this material are improved 

when it is oriented in the c-axis (perpendicular to the substrate surface), the optimization 

of the sputtering parameters in order to achieve this preferred crystallographic 

orientation is key. Lead zirconate titanate (PZT), lithium niobate (LiNbO3) or zinc oxide 

(ZnO) are materials widely used for piezoelectric applications, but we have focused our 

attention in aluminum nitride (AlN). Its excellent properties, such as thermal stability, 

chemical composition and specially its low deposition temperature (by reactive 

sputtering), and its subsequent compatibility with CMOS technology, makes it one of the 

best candidates for piezoelectric MEMS integration. 

Each step of the microcantilevers fabrication process has been carefully studied and 

optimized. Before device manufacture, the AlN thin films have been characterized by X-

Ray diffraction. The choices of electrode material as well as of sacrificial layer have been 

key points to achieve a high throughput process. The implementation of the process in a 

CMOS compatible technology has been detailed. Finally, these piezoelectric devices have 

been measured to determine their different vibration modes. 

The thesis is organized as follows. This first chapter briefly describes the evolution of 

MEMS devices, the CMOS technology relevance as well as some of the main applications 

of piezoelectric microcantilevers. Chapter 2 presents a brief introduction to 

piezoelectricity and aluminum nitride. In chapter 3, the methodology followed to 

fabricate CMOS compatible piezoelectric microcantilevers is described; the fabrication 

technology, characterization techniques and the technological steps to process these AlN 

based devices are presented. Finally, two options to implement the process with CMOS 

technology are also detailed. Chapter 4 contains all experimental results obtained during 

the optimization procedure followed to fabricate the AlN piezoelectric microcantilevers. 

The approaches studied to find the best sacrificial layer to release the microstructures are 

also presented in this chapter, which shows the results obtained after electro-optical 

characterization of the fabricated devices as well as a comparison with a modeled 

microcantilever system. Finally, in chapter 5, the principal conclusions of this thesis work 

as well as future work are presented. 
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2. BACKGROUND STUDIES 

After introducing general concepts of CMOS and MEMS technology and their 

applications, chapter 2 describes the basis of piezoelectricity as well as their equations. A 

slight comparison between aluminum nitride and the most common piezoelectric 

materials is also presented, underlining the key advantage of the AlN synthesis at room 

temperature. The chapter ends presenting the most important properties of this material. 
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2.1. PIEZOELECTRICITY 

Piezoelectricity was discovered in 1880 by the Curie brothers when they found that 

an external force applied to certain crystals could generate a charge on the surface of the 

crystal proportional to the applied mechanical stress [74]. Next year, in 1881, they 

observed the same effect in the opposite sense: an applied voltage generated a 

deformation of the crystal [75]. 

This interaction between electrical and mechanical systems is known as piezoelectricity. 

The word is derived from the greek word “piezien”, which means to squeeze or press. 

Thus, piezoelectricity is described as the ability of some materials to generate an electrical 

potential in response to an applied mechanical stress. Piezoelectric materials provide a 

direct transduction mechanism to convert signals from mechanical to electrical domains 

(direct piezoelectric effect) and vice versa (converse piezoelectric effect). 

Piezoelectricity is a fundamental property of all crystals in which asymmetry is big enough. 

A temporary re-alignment of molecules occurs when a force is applied to a piezoelectric 

material; this induced strain causes a potential difference in the unit cell. In particular, the 

mechanical deformation (stress) applied to the crystal generates electric dipoles due to 

changes in the distribution of charge of anions and cations which move in opposite 

directions developing a potential difference (Figure 2.1). Crystals exhibiting this direct 

piezoelectric effect always exhibit the converse effect as well. 

 

Figure 2.1. Piezoelectric effect in an ionic crystal 
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The reversible and linear piezoelectric effect manifests as the production of a charge 

(voltage) upon application of stress (direct effect) and/or as the production of strain 

(stress) upon application of an electric field (converse effect). 

The piezoelectric effect can be expressed using equations to describe the electric and 

structural behaviors of material. The components of the electric displacement field vector 

Di are: 

Di= εij εoEj  (1) 

Where εij are the elements of the relative permittivity tensor, ε0 is the permittivity of a free 

space and Ej are the components of the applied electric field vector. 

Hooke’s law for the elements of the mechanical strain tensor Sij is: 

Sij=sijkl σkl  (2) 

Where sijkl is the elastic compliance coefficient tensor and σkl is the mechanical stress 

tensor. The combination of these equations result in the following linear equations 

(coupled constituent equations), which describe the relations between electrical and 

mechanical variables 

𝐷𝑖 = 𝑑𝑖𝑗  σ𝑗 + 𝜀𝑖𝑖
𝑇𝐸𝑖    𝐷𝑖 = 𝑒𝑖𝑗  𝑆𝑗 + 𝜀𝑖𝑖

𝑆𝐸𝑖   (3) 

𝑆𝑗 = 𝑠𝑖𝑗
𝐸σ𝑗 + 𝑑𝑖𝑗𝐸𝑖   𝑇𝑗 =  cij

Eσ
𝑗

− 𝑒𝑖𝑗𝐸𝑖  (4) 

In the direct effect using equation (3), a mechanical stress σj or strain Sj causes a net 

electrical displacement, Di, on i faces of the material, the magnitude of which depends on 

dij and eij (the piezoelectric coefficients) respectively. Similarly, the converse effect 

expressed by equation (4) relates the induced normal and shear stress or strain to the 

applied electric field via the piezoelectric coefficient tensor, where cij is the elastic 

stiffness constant. The superscript E indicates a zero or constant electric field, and the 

superscript S indicates a zero or constant strain tensor, and the superscript T stands for 

transposition of a tensor. 

The piezoelectric coefficients, dij and eij are third rank tensors which in reduced tensor 

notation correspond to a 3x6 matrix [76]. Furthermore, the indices (i = 1…3) define 
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normal electric field or displacement orientation, (j = 1…3) define normal mechanical 

stresses or strains and (j = 4…6) represent shear strains or stresses. Stress is the ratio of 

applied force and cross section. It can be referred to normal stress when it is normal to 

the plane or shear when it is parallel to the plane. The strain is defined as deformation of 

a solid due to stress. 

Transducers using piezoelectric materials can be configured either as sensors or actuators. 

Actuators when the design of the device is optimized for generating strain or stress using 

the converse piezoelectric effect, and sensors when the design of the device is optimized 

for the generation of an electric signal, using the direct piezoelectric effect, in response to 

mechanical input. As a result, large piezoelectric coefficients dij are desired in actuator 

applications whereas sensor applications take advantage of large eij coefficients. 

In this work we have studied the coefficient d33 that defines the operation of the 

cantilevers investigated in this work. When this piezoelectric coefficient exhibits a positive 

value, the piezoelectric material expands when a positive voltage is applied to it. 

Conversely, it contracts when dik is negative [55][77]. 
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2.2. ALUMINUM NITRIDE PROPERTIES 

 The AlN is a wide band gap (6.2 eV) material that reveals high electrical resistivity 

r, high breakdown voltage (Ub > 800 kV/cm), low dielectric losses and high thermal 

conductivity and high phase velocity νs [78][79]. This makes AlN a perfect candidate for 

high-power and high-temperature microelectronics [80]. In table 1 some relevant 

properties of AlN are resumed [81]. 

Property Value 

Density 3.3 g/cm3 

Thermal conductivity 1.75 W/cm⁰C 

Thermal expansion coefficient 4.3x10-6(⁰C)-1 

Critical field strength Ec 6-15 MV/cm 

Refractive index n 2.15 

Melting point >2000 ⁰C 

Lattice constant a 3.112 Å 

Lattice constant c 4.982 Å 

Table 1: Most representative AlN properties 

Aluminum nitride has a very large volume resistivity. It is a hard material with bulk 

hardness similar to quartz, about 2xE3 Kg/mm2. Pure AlN is chemically stable to react with 

atmospheric gases at temperatures below 700°C. The combination of these physical and 

chemical properties has stirred considerable interest in several applications of AlN both in 

bulk and thin-film form. 

Aluminum nitride (AlN) has received considerable attention recently as a material 

potentially useful in different applications involving piezoelectric devices. Crystalline AlN 

can take a cubic zinc blende (3C) structure and a hexagonal wurtzite (2H). Both cubic and 

hexagonal polytypes differ in several ways, the most importantly resides in the 

piezoelectricity of the wurtzite structure, and thus only this polytype will be discussed 

here. 

The AlN wurtzite structure, with the crystallographic axes represented using Miller 

indexes (hkl), is shown in figure 2.2. The presented crystal structure has two lattice 

constants: c and a, and consists of two interpenetrating hexagonal sublattices, each with 

one type of atoms. Depending on the deposition process, the AlN thin film can be 
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amorphous, crystalline or poly-crystalline with mostly (002) or (100) preferential 

orientation. These two plane orientations mean that the c-axis of the hexagonal AlN is 

perpendicular or parallel to the substrate, respectively [82][83]. The AlN orientation has 

been widely studied since this material has piezoelectric properties when its c-axis is 

oriented perpendicular to the substrate surface. 

 

Figure 2.2. AlN wurtzite structure 

AlN thin films have been applied not only to surface passivation of semiconductors and 

insulators, but also to optical devices in the ultraviolet spectral region, acousto-optic (AO) 

devices, MEMS and surface/bulk acoustic wave (SAW/BAW) devices [84][78][85][86]. In 

addition, and distinguishing it from most of piezoelectric materials, AlN is fully compatible 

with standard IC (Integrated Circuit) technology. 

The most important property of AlN in this work is the piezoelectric coefficient dik, which 

strongly depends on the deposition technology influencing its preferred orientation in its 

c-axis [56][87][57]. 

As a result of these properties AlN thin films have been used in many different fields. Due 

to its piezoelectricity, AlN has been applied as surface acoustic wave SAW devices 

[88][89][90] or bulk acoustic wave BAW devices [91]. In addition, this material can be used 

in MEMS [92][72][55][56], as an active film as in this thesis work. It can also be applied in 

atomic force microscopes (AFM) [93]. 
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Crystalline aluminum nitride can be synthesized in several ways including both Chemical 

Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) based technologies. 

However, most of these techniques require a substrate with a specific orientation (single 

crystal nature) and a high processing temperature (above 1000°C) to obtain the best 

crystal quality in the deposited thin film [55][94]. The technology used for the film 

deposition in this thesis is reactive sputtering. The main advantage of this technique is 

that it can produce polycrystalline AlN films on many different substrates at low 

temperature. This technique is being considered for industrial production by several 

companies such as EPCOS [95], Skyworks [96], TriQuint [97], Avago [98] as well as other 

companies that are interested in producing AlN thin film devices, mainly resonators and 

filters for wireless communication electronics. 

AlN has been the piezoelectric material chosen as the active layer in these 

microcantilevers. This is a fundamental aspect of our work due to the properties and 

characteristics of this material. As mentioned above, the piezoelectric behavior is shown 

when an electric field is applied to the material causing its deformation. Piezoelectric 

actuation can be based on bulk piezoelectric materials such as certain varieties of lead 

zirconate titanate (PZT), quartz (SiO2) or lithium niobate (LiNbO3), or polymers such as 

polyvinyledene fluoride (PVDF) [99], as well as thin film piezoelectric materials. 

There is a wide variety of piezoelectric materials. Even some of them show a higher 

piezoelectric coefficient than AlN thin films, they are not suitable for piezoelectric micro 

device fabrication. This is the case of thick film materials (from 10 to 50 µm in thickness) 

or of bulk materials (more than 50 µm thick), because of their incompatibility with the 

technological processes or specialized growth conditions [100]. On the other hand, thin 

film materials, compatible with general state of the art micro processing, are widely used 

in a variety of applications as a piezoelectric film [101][102][103]. 

The use of piezoelectric thin films (PZT, ZnO, AlN, LiNbO3) for microactuation has certain 

advantages such as: 

- The possibility of using surface and bulk micromachining techniques to 

fabricate mechanical structures. 

- Large force generation over small displacements and high frequency 

responses. 
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- Great repeatability and fast responses to voltage changes. Varying electric 

fields produce oscillation in the piezomaterial and return to the initial position 

when there is no voltage applied. 

To study the advantages of the use of AlN as piezoelectric material[89][88][101], we have 

compared it with the three most frequently used piezoelectric thin films: lead zirconate 

titanate (PZT) [104][105], lithium niobate (LiNbO3) [29][106] and zinc oxide (ZnO) [107]. 

Their properties, significant from their piezoelectric applications point of view, are 

presented in the Table 2. 

 AlN ZnO PZT LiNbO3 

Band gap Eg (eV) 6.2 3.4 2.67 4.0 

Young modulus E<002> (GPa) 332 20 68 293 

Acoustic velocity νs (m/s) 10127 570 3900 3980 

Piezoelectric coefficient d31 (pm/V) -2.0 -5.0 -150 -7.4 

Relative dielectric constant εr 4.6 4.5 1500 29 

Deposition temperature (⁰C) RT RT 550-600 500-700 

Table 2: Properties of the most commonly used thin film piezoelectric materials. 

Among these piezoelectric materials, AlN has attracted strong attention because of its 

many favored advantages [101][88][56][87][82]. 

Aluminium nitride is considered one of the best candidates for acoustic applications due 

to its wide band gap Eg and its high sound velocity νs, considerably higher than PZT, 

LiNbO3 or ZnO. For piezoelectric applications, AlN exhibits lower piezoelectric dik 

coefficients than the other three materials presented in the table. In particular, it shows 

worse piezoelectric behavior in comparison with PZT ferroelectric ceramic, which is the 

most widely used for actuation purposes in MEMS devices [108]. 

However, AlN is an excellent material for IC integration. It is considerably friendlier with 

conventional Si manufacturing technology than other thin film piezoelectric materials, 

mainly due to its stability in harsh environments, chemical composition and especially to 

its low temperature synthesis. This advantage allows to improve performance and to 

reduce the manufacturing costs [109][55][56][87]. This is the principal benefit of using AlN 

for piezoelectric MEMS fabrication, making this material a very good alternative to PZT 

[101][65]. The whole fabrication process developed in this thesis work is compatible with 
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CMOS technology. This is considered as one of the most important contributions 

presented herein. 

Regarding the technological process, besides AlN showing an excellent compatibility with 

standard MEMS processing techniques and CMOS technology, it is characterized by being 

very selective to many wet chemical and dry plasma etching chemistries. Some silicon 

etchants and common developers based on hydroxides such as potassium hydroxides 

KOH, tetramethylammonium hydroxide TMAH and, in less extend sodium hydroxide 

NaOH, slightly attack AlN films, but in this case the structure was designed to protect it 

and avoid this effect. At the same time it can be readily etched in chlorine environment as 

it has been done in this thesis. Its chemical stability, very high hardness and melting point 

ensure that AlN thin layers do not degrade during processing. In addition, AlN thin films 

with excellent crystallinity and orientation can be reproducibly deposited or grown on 

many different substrates and films, including dielectrics, semiconductors, and metals 

[57]. Moreover, both AlN and ZnO semiconductors are nontoxic materials on the contrary 

to ceramic PZT which contains traces of lead (harmful to the environment and health). 

Besides its many advantages as a piezoelectric material, AlN shows a high resistance to 

biological agents, what makes it the perfect candidate for the kind of applications 

mentioned in chapter 1. 
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3. METHODOLOGY       

 The first two chapters have detailed aspects concerning technology and material 

properties. In this chapter we present the methodology followed to obtain an optimized 

microcantilever’s fabrication process. It includes the technology used to process and 

measure the microdevices, design aspects, as well as two different paths that can be used 

to integrate piezoelectric microcantilevers with CMOS technology. 

On the basis of our experimental studies, the analysis of a CMOS compatible 

microcantilevers fabrication technology is described, achieving the main objective of this 

thesis work.  Selecting appropriated materials and processing technology is essential to 

obtain a reproducible, high throughput and CMOS compatible fabrication process. We 

start describing three fundamental processes used in this work; lithography, thin film 

deposition and etching. All the manufacturing processes presented in this work have been 

carried out and verified personally by the author of this thesis. These processes are 

carried out in a particular environment called a “clean room”. Since dust particles with 

dimensions comparable with the microstructure may land on a fabricated device ruining 

it, ambient conditions need to be strictly controlled. For this reason, in a clean room 

environment, air contamination, dust particles presence, temperature, pressure and 

humidity are strictly controlled. 

Different analytical techniques used to determine structural and morphological properties 

of the materials used in this work are presented. In particular, X-Ray diffraction (XRD) was 

used to evaluate the degree of orientation of the AlN thin film, atomic force microscopy 

(AFM) was used to determine the surface roughness of the substrate and scanning 

electron microscopy (SEM) and optical microscopy were used to characterize 

morphological aspects of the final device. Device functionality was measured, studying 

the piezoelectric constant of the AlN piezoelectric layer as well as the response of the 

microcantilevers when a voltage is applied by Laser Doppler Vibrometry comparing it with 

the simulations. 

Before processing the cantilevers, the structure and design needed to be established. 

Processing steps will be thoroughly described in the following. Finally, and with the 

purpose of accomplishing one of the main goals of this thesis work, two different CMOS 

integration processes are proposed. 
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The next chapter (chapter 4) details experiments done to optimize the final fabrication 

process as well as vibrometry measurements showing the viability of the final 

microcantilever device. 
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3.1. FABRICATION TECHNOLOGY 

 Surface or bulk micromachining techniques can be classified into three main areas 

lithography, thin film deposition techniques (such as metallization and sputtering), and 

etching. Their basic principle and parameters are detailed in this section. 

 

3.1.1. Lithography 

 Lithography is used to transfer a pattern onto a substrate. The two lithography 

techniques most commonly used in microelectronics are e-beam and optical lithography. 

E-beam lithography is based on the use of a focused electron beam drawing the desired 

pattern on a (pmma) resist layer, which is developed after electron printing. Optical 

lithography transfers the pattern from a mask by using ultraviolet light. The main 

advantage of e-beam lithography in comparison with the optical method is the high 

resolution achieved, defining motifs in the 10 nm range. On the other hand, it is a much 

slower process when compared to optical methods. This is the main reason why optical 

lithography is by far the most common lithography technique used in MEMS fabrication. 

In our case, lithography is a critical process step. It is used several times along the 

microcantilevers fabrication process presented in this thesis work and hence, its 

optimization and swiftness are considered key factors when achieving high throughput. 

Thus, in this work, all lithography steps have followed an optical method, which permits 

the fabrication of micrometric structures easily and fast and hence are compatible with 

the objective of high throughput. 
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The starting point in lithography is to create a CAD (Computer Aided Design) of the 

pattern to be transferred (Figure 3.1). This pattern is then engraved (etched) on top of a 

borosilicate glass mask.  The mask has the design drawn as transparent and opaque 

(covered by chromium) motive and is used to transfer the desired pattern to the resist 

when the illumination (normally UV light) modifies the solubility of a polymer (resist) by 

breaking the polymer chains. 

   

Figure 3.1. Autocad image of the 4 inch mask design used in this work   

Hence, the first step in an optical lithography process consists in coating the substrate 

with a photosensitive polymer known as resist. In the case of positive resist, after being 

exposed to ultraviolet radiation passing through the photomask, this resist has the 

property of turning to soluble when introduced into a solution called developer. If the 

resist is of negative type, the areas not exposed by the ultraviolet radiation are the ones 

that turn to soluble (Figure 3.2) [110][79]. 

 

 

 

 

Figure 3.2. General proceeding of the photolithography technique for positive and negative 

resist. 

All lithography steps in this work have been personally developed and carried out by the 

thesis author. 
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3.1.2. Thin film deposition techniques 

 The deposition techniques used in this work can be classified in metallization 

techniques (e-beam evaporation, joule e-beam evaporation and sputtering) and reactive 

sputtering technique in the case of AlN. 

 Metallization 

 There are three main types of metallization techniques used in this work: joule 

effect, electron beam and sputtering. The first two (joule and e-beam) are evaporation 

techniques, based on heating the material until a certain vapor pressure instead of atomic 

disaggregation by ion bombardment as in a sputtering process. 

Direct metal deposition by Joule evaporation involves heating up the material (by joule 

effect) to be deposited. In this case the metal is placed on a high melting point metal plate 

(normally tungsten). Electrodes are connected to either side of that metal plate and a high 

current pass through it. As power is increased, the “lower melting point” metallic filament 

(or metal powder) placed on the high melting point metal plate partially melts and 

evaporate. In this way, atoms of the metal break free from the filament (or metal powder) 

and deposit onto the sample surface (Figure 3.3.a). While Joule thermal evaporation is the 

simplest of all metallization approaches, problems related to contamination issues during 

evaporation limit its use in standard IC fabrication. On the other hand, it is a fast and 

inexpensive process to metalize a wide variety of materials since it does not require as 

high vacuum level as other techniques. This metallization technique has been used in this 

work to deposit chromium and nickel metal layers in a Balzers BAE 250 system. 

Electron-beam (e-beam) evaporation works by focusing a high enery beam of electrons 

into a crucible containing the metal to be evaporated. As the beam is directed into the 

crucible, the metal is heated up to its melting point and further into its evaporation 

temperature (Figure 3.3.b). The benefits or this technique are evaporation speed and low 

contamination, since only the electron beam touches the metal source material. The main 

disadvantage is that, as it works at high vacuum, the complete process is slower in 

comparison with other methods that do not require these vacuum conditions. This 

technique has been used in this work to metalize titanium layers in a Balzers EKS110 

Varian VT 118 model. 
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Figure 3.3. Schematic illustration of the Joule (a) and e-beam (b) evaporation processes. 

Sputtering has been used in this work for AlN deposition mainly. However, it is also used 

in IC metallization processes, due to the high adhesion of deposited metals when 

deposited by this technique. Sputtering consist basically in ionizing inert gas particles by 

an electric field producing a plasma. The high energetic ions are then directed to the 

source or metal target, where the energy of these gas particles physically dislodges, or 

"sputters off," atoms of the source material. Sputtering is a versatile tool in the sense that 

many materials can be deposited by this technique, using not only DC power sources to 

deposit metals, but also AC power sources to deposit insulators as explained in the next 

section. In our case, DC sputtering was used to metalize aluminum layers. 

The author of this thesis has done all the metallization processes based on Joule 

technique, which have been the majority since it is the technique used to metallize the 

electrode material (chromium). 

 

 Reactive sputtering 

 The sputtering technique is based on the bombardment of energetic ions to a 

surface, ejecting the atoms from it to land over a substrate. This technique was first used 

more than 160 years ago by Grove (1852) and Plücker (1858) to deposit a metal layer 

[111]. Reactive sputtering is used to form a compound film on the substrate. In reactive 

sputtering, all non-inert gases available in the chamber react with the target material. In 

our case the gasses involved are argon (Ar) and nitrogen (N2) to sputter an aluminum (Al) 

surface for an AlN deposition. 

Nowadays the deposition of thin films by sputtering is used in a wide variety of 

production processes and applications such as communications (SAW and BAW devices) 

a) 
b) 
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[90], optoelectronics (solar cells, photodiodes, LCD) [112], optics (as lenses or reflectors) 

[113] or bioapplications [114]. 

Normally, heavy inert gases (such as argon, Ar) are used to provide the energetic ions 

(plasma) that are accelerated towards the target. To minimize the amount of impurities in 

the deposited thin films, it is critical to have high vacuum conditions in the deposition 

chamber before process gas admission to a medium pressure around several mTorr. 

One of the most commonly used power sources in sputtering are DC sources. In DC 

sputtering, a high voltage DC source is used to create and sustain the plasma. The cathode 

is the sputtering target and the substrate and vacuum chamber walls are the anode. DC 

discharges require the use of conductive (metallic) targets due to charge accumulation 

effects [115]. 

This limitation can be solved by the use of RF power sources. In RF sputtering, instead of 

applying a DC voltage to the cathode, the voltage applied oscillates at radio frequency 

(RF), typically around 13.5 MHz. RF achieves higher ion generation efficiency than DC 

sputtering, reducing the minimum operation pressure needed. However, compared to 

other discharge techniques such as pulsed DC sputtering, it presents some inconvenient 

such as low discharge efficiency. 

When reactive sputtering with regular DC, the target is quickly 'poisoned' by the 

formation of an insulating layer on its surface. This layer stores positive charge from the 

ion bombardment which sharply reduces the sputter rate and leads to arcing. Arcs cause 

the ejection of particles from the target that land on the substrate causing film defects.  

In pulsed DC sputtering, the target polarity changes from negative to positive in cycles of 

variable pulse width. This technique enables higher deposition rates than RF sputtering 

and is an effective way to eliminate arcing and target poisoning effects such as discharge 

instability, which appear when using regular DC sputtering of insulators. By pulsing DC, 

target sputtering occurs only during the application of the negative pulse to the target. 

During the positive pulse, the film on the target's surface discharges leaving it ready to be 

sputtered during the next negative pulse. 

This is one of the main reasons why we have used this technique to deposit all AlN thin 

films in this work. 

A magnetron is used in most sputtering systems to increase the ionization efficiency, 

which translates into an increase in plasma density. 
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In our case, for the synthesis of AlN (Aluminium Nitride) a metallic target (aluminum) is 

sputtered in a reactive atmosphere composed by nitrogen. Figure 3.4 shows the reactive 

sputtering of Al in an Ar/N2 ambient for AlN deposition. 

 

Figure 3.4. Schematic illustration of a reactive sputtering process 

The potential distribution in the plasma depends on the energy difference between 

electrons and ions. When a negative potential is applied to the cathode, the electric field 

created between the electrodes accelerates all charged particles generating the plasma. 

Whereas the higher energy and mobility (and of course the negative polarity) of electrons 

makes them diffuse rapidly towards the anode (chamber walls and substrate) the much 

heavier positive ions, are accelerated towards the cathode (target). In the plasma region, 

an equilibrium coexists between the ground potential at the anode (unless bias voltage is 

applied) and the negative values at the cathode, where the ion current is equal to the 

electron current. Thus, the plasma region acquires positive potential values in comparison 

with the cathode area. This potential is normally referred as the plasma potential Vp (see 

figure 3.5). 
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Figure 3.5. Potential distribution of the sputtering plasma 

In this thesis work, all AlN films were synthesized by reactive magnetron pulsed DC 

sputtering.  The reactive sputtering system used is a home-built system, and is exclusively 

dedicated to the growth of AlN and Al films (see Figure 3.6). This system consists of two 

chambers, the preload and the sputtering chamber. The sputtering chamber (left) 

contains a heater to control and measure the substrate temperature during the process. 

The substrate heater can handle samples up to 7 cm in diameter and can raise the sample 

temperature up to 950⁰C.  The process gases, nitrogen (N2) and argon (Ar), are introduced 

in the chamber via 100/200 sccm mass flow controllers (for Ar/N2 respectively). The Al 

target is water cooled (backside). The target is powered by an ENI RPG50 asymmetric 

bipolar-pulsed-DC generator. The applied frequency was 250 kHz while the duration of 

the positive pulse (pulse width) was 496 ns (13% of the total signal period), with an 

amplitude of +40V.  

 

Figure 3.6. Home built "Reactive sputtering" AlN system 
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Different publications describe models relating some sputtering parameters with the 

deposited thin film and system properties. The impact of the reactive gases fluxes into 

several factors such as target voltage and erosion in different sputtering modes (metal or 

compound) [116] [117] and into the deposition rates [118] has been studied in detail. 

Some of the general trends that describe the impact of sputtering parameters on the AlN 

film orientation are detailed below. In particular, the effects of pressure, target power, 

gases contribution and substrate temperature on texture of the AlN thin film are detailed 

below, which influence is related with the adsorbed atoms (“adatom”) mobility. 

The sputtering pressure is one of the most relevant parameters related with the atoms 

mobility. At too high pressure, the Al and N atoms do not have enough energy to form the 

crystalline structure during its interaction at the substrate surface. When the pressure is 

decreased,  the directionality of sputtered atoms (Al and N) is increased and so the 

deposition of a (002) preferred orientation is favored [94]. At the same time, a 

bombardment of the growing film by other atoms, such as fast neutrals, is also observed 

at low pressure values. The fast neutrals are ions reflected and neutralized upon impact 

with the target that have enough energy to cause re-sputtering, damage in the growing 

film and low deposition rate [119][120]. 

Thus, generally a lower sputtering pressure process allows achieving the c-axis oriented 

AlN structure due to the increase of kinetic energy transfer at the film surface. 

The target power plays an important role in the sputtering process. When a high power is 

applied to the target, the deposition rate increases causing the increase of the preferred 

(0002)-orientation, because at the same time it reduces the impurity incorporation into 

the film from background gases that would result low film quality. But when the power is 

too high, the aluminum atoms sputtered from the target may not react with the nitrogen 

atoms and land unreated at the substrate surface. 

The effect of target power on the AlN thin film crystal properties has been studied in this 

work. The study consists in varying the target power from 400 W to 700 W and comparing 

(by X-ray diffraction measurements) the preferred crystallographic orientation (texture) 

obtained with each value. The best results were finally obtained for a target power of 500 

W, which was the value used in all AlN synthesis experiments in this work. 
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The gases Ar/N2 contribution also affects the AlN orientation. The Ar is added as neutral 

gas because it increases the sputtering yield and the deposition rate providing at the same 

time an easy way to control the flux and type of both gas molecules and ions that arrive to 

the film surface. An increase of the N2 content in the gas mixture has a negative effect in 

the degree of c-axis orientation. This is related to the lower deposition rate of AlN films 

when using high N2 content in the Ar/N2 mixture. At low deposition rates, the adatoms 

have longer time to reorganize in low energy configurations, such as the close-packed 

(0002) atomic plane. The low deposition rate is due to the low sputtering yield of 

aluminum target by N bombardment (compared to that of Ar). In addition, the gases 

contribution and their proportion control also the stress resulted (tensile or compressive) 

[121][122]. 

The substrate temperature is a very effective parameter to optimize the crystallization of 

the AlN thin film. In our case the growth at room temperature of c-axis oriented AlN was 

an important goal. This facilitates CMOS compatibility, higher throughput and lower 

manufacturing costs. Consequently, although higher temperatures favor the AlN 

orientation, the influence of this parameter was not studied. 

In this work, all synthesis parameters were optimized in order to obtain a high purity and 

highly c-axis oriented AlN at room temperature, paying special attention to the effect of 

the target power (section 4.1.1). 

Another factor affecting the c-axis orientation is the thickness of the AlN layer. Decreasing 

the thickness below a certain value hinders the c-axis orientation of the film. The degree 

of c-axis orientation depends on the film thickness up to a value of approximately 1 µm 

[57]. For this reason, regarding texture, the use of “as thick as possible” AlN thin films was 

considered a relevant aspect when designing the structure and its fabrication process. The 

optimization of the ICP dry etching step, the mask used or the electrode material were 

chosen based on this fact. 

The growth by reactive sputtering of all Al and AlN samples has been personally 

developed and carried out by the thesis author. She has also actively participated in all 

work related to repair and tuning of the home built reactive sputtering system used in this 

work. 

 



46 
 

3.1.3. Etching technology 

 Inductively Coupled Plasma (ICP) 

 During this thesis work, inductively coupled plasma ICP has been used as a 

method to dry etch and pattern several materials. 

The ICP technology was first studied by Wendt et al. at Iowa State University in the US in 

the mid-1960s [123], but it did not started to be commercialized until mid-seventies [124]. 

Ever since, this technique has been developed for several applications like atomic 

emission spectroscopy, mass spectrometry and dry ion etching. 

Plasma etching is based on the generation of reactive radicals from a gas flow and then 

sending them to the sample, etching it. 

In inductively coupled plasma (ICP) etching, a RF voltage is applied to the cylindrical coil, 

resulting in an RF current which induces a magnetic field in the reactor in the vertical 

plane of the coil. Therefore, the wall has to be a dielectric and so not “magnetically 

conductive”. The magnetic field generates enough energy to ionize the atoms by collision 

excitation. The generated ions are accelerated and sent with high momentum towards 

the sample. Once they reach it, they can remove atoms from the sample either 

mechanically, chemically or a combination of both. 

It is possible to apply an extra (RF, low frequency or DC) bias voltage to the substrate 

holder, as shown in figure 3.7, to increase the ion bombardment on the substrate. This 

voltage is small and is not contributing substantially to the formation of ionic species in 

plasma; the ions and electrons are mainly generated by the inductive coupling coil. 

However, this extra voltage makes possible to control independently the plasma density 

and the energy of the incoming ions. Consequently it gives an extra parameter to optimize 

the dry etching process. 
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Figure 3.7. Schematic of the ICP reactor 

Finding an etch stop layer is facilitated by using an End Point Detector (EPD). An EPD 

measures the optical reflectivity from a laser incident normal to the sample surface. The 

different thin film materials being etched give rise to characteristic Fabry-Perot 

oscillations in the reflectivity [125]. Thus, the difference in refractive index between the 

film and the silicon substrate is used to determine the thin film material being etched as 

well as the etch rate. 

Thus, ICP technology has the potential to control the etch rate, the degree of etching 

anisotropy, the material selectivity and hence the ability to find an etch stop layer. 

In this work an Oxford instruments plasma PRO NGP 80 has been used (figure 3.8). ICP 

etch rates have been determined in situ by the End Point Detector using optical 

reflectivity from a 670 nm laser (Global Laser Technology solutions, Intellevation LEP 400), 

incident normal to the sample surface. 

The ICP etch optimization experiments and their results are detailed in section 4.1.2. 
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Figure 3.8. Plasma PRO NGP 80 (Oxford Instruments)  

 

 Wet chemical etching 

 Wet chemical etching is commonly used in microelectronics to remove material 

from a substrate surface area defined after the lithography. This kind of etch is key in our 

process, especially to achieve a clean and fast microcantilever releasing step. Since it is 

possible to carry out this step in several wafer batches at the same time, the wet etch 

technique has been essential from the industrial point of view to develop a high 

throughput process. 

After the lithography step, the patterned resist delimits the surface area to be etched. 

During the wet etching process, the sample is introduced in a chemical solution where an 

active component removes the exposed material by making it soluble. Thus, the etching 

process is based in chemical reactions between the solution chemicals and the material to 

be removed. 

The most important aspects in the wet etching process are: 

- Selectivity:  is the ratio between the etching rates of different materials. For our 

work, selectivity has been essential in order to find etch recipes for each material 

that do not etch or damage adjacent structural materials. As an example, hydro 

phosphoric acid (H3PO4) removes aluminum nitride (AlN) several times faster than 

chromium (Cr) achieving for this metal a negligible etch rate. Hence, during that 

process, the Cr layer remains intact. 
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- Isotropy: Normally, a soluble etchant attacks each crystallographic plane of a 

crystalline material at a different etch rate. Anisotropic etching occurs when the 

wet etching step shows different etch rates dependent on the crystallographic 

direction (figure 3.9.a). On the contrary, if the material is amorphous or 

polycrystalline, the etching will be uniform in all directions resulting in a spherical 

profile (isotropic etch, figure 3.9.b). This aspect is critical when finding an 

appropriate etchant for each material, as will be further explained in chapter 4. 

 

 

 

 

 

 

Figure 3.9. a) General representation of the anisotropic etching of a (100)-silicon wafer b) 

profile resulted after an isotropic wet etching. 

The author of this thesis has a deep understanding in both dry (ICP) and wet etching 

techniques. All etching experiments presented here have been carried out by the author 

personally. 

  

a) 
a) 

b) a) 
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3.2. CARACHTERIZATION TECHNIQUES 

After introducing the techniques used to fabricate the device, this section presents the 

techniques used to characterize the piezoelectric and electrode materials as well as the 

final device. 

 

3.2.1. X- Ray diffraction 

 X-ray diffraction (XRD) is a powerful analytical method for determining the 

structural properties of materials, such as their crystallographic orientation. Thus, this 

technique has been widely used in this work, since AlN exhibits piezoelectric properties 

only when the thin film is oriented in the c-axis. The determination of the preferred 

orientation of the crystallites in a polycrystalline aggregate is referred to as texture 

analysis. This analysis is done by measuring the diffraction intensity of a given reflection at 

a large number of different angular orientations of the sample. The intensity of a given 

reflection (h, k, l) is proportional to the number of (h, k, l) planes in reflecting condition 

(Bragg’s law). Hence, the texture analysis gives the probability of finding a given (h, k, l) 

plane normal as a function of the specimen orientation. The film orientation and quality 

has been determined measuring the θ/2θ scan and the rocking curve using a Phillips X-

Pert Pro MRD diffractometer (figure 3.12.a). 

The θ/2θ scan shows the different crystallographic orientations of the material, in this 

case, the AlN. In this type of scan, the incident angle ɵ and the reflected angle 2ɵ are 
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equal. The peaks obtained give us information about the sample preferred orientation. 

Figure 3.10 is the XRD θ/2θ characteristic pattern for powder AlN, showing all possible 

crystallographic orientations. 

 

Figure 3.10. The AlN powder XRD pattern. In the 0002 orientation (around 36°)  the material 

shows the piezoelectric properties 

Rocking Curve X-ray diffraction analysis is one of the most widely used techniques in 

crystallography due to the amount of information about the crystal orientation that 

provides. This measurement is obtained “rocking” the sample over a angular range 

around the peak obtained previously in the scan θ/2θ in which it is oriented. The width of 

the measured peak, measured in terms of the Full-Width at Half Maximum (FWHM)-(the 

difference between the two extreme values of the curve at which the intensity is equal to 

half of its maximum value) value contains information of the amount by which the 

measured axis is off the surface normal, sometimes referred to as the ‘‘degree of c-axis 

orientation’’ of the sample if this is the direction chosen. This value has an inverse 

relationship with the degree of c-axis orientation [57]. 

In this work the texture analysis of the AlN synthesized over the Cr bottom electrode has 

been tested by θ/2θ scan and rocking measurements. With the results obtained by these 

measurements the AlN sputtering parameters were optimized in order to obtain a high 

degree of c- axis orientation and hence, good piezoelectric properties. The results of these 

studies are detailed in chapter 4 section 1.1. 
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3.2.2. Atomic Force Microscopy 

 Atomic force microscopy (AFM) has become a very powerful analytical technique 

to characterize surface topography of a given sample. One of its main advantages resides 

in the precision of the measurement (in the nanometer scale) and in the fact that it does 

not require vacuum isolation (and consequently it is also a fast technique). 

During this thesis, several morphological studies have been done by this technique, which 

is based on Van deer Walls forces between the sample and a sharp tip used to scan the 

surface. These forces appear when the tip is into proximity of the sample surface and lead 

to a deflection of the cantilever located at the end of the tip. The flexible piezoelectric 

cantilever enables a precise control of the tip movement when the tip is in contact with 

the surface to be scanned. 

In this case, an optical AFM is used, in which a laser beam is reflected from the back 

surface of the piezoelectric cantilever beam onto a position-sensitive photodiode. When 

the cantilever bends due to the forces, the photodiode detects it due to the change of 

position of the laser beam (Figure 3.11). 

 

Figure 3.11. Principal of an AFM system 

Depending on the tip motion, different modes are obtained: contact and tapping. In the 

contact (also called static) mode, the tip is “dragged” across the surface of the sample. In 

this work tapping mode has been used, where the tip contacts the surface for very short 

periods of times and oscillates near or at the cantilever resonant frequency. 
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Several studies found in the literature reveal that a smooth substrate surface roughness 

favors the synthesis of highly c-axis oriented AlN thin films [57]. For this reason, AFM 

analyses have been used to study the relationship between both properties selecting the 

most suitable material as bottom electrode. 

During this thesis, different material surfaces have been analyzed in order to find a 

bottom electrode that favors the AlN c-axis orientation. Prior to each AlN deposition, the 

bottom electrode surface roughness was measured by this technique with a Digital 

Instruments MMAFM-2 (figure 3.12.b). These results are detailed in chapter 4. 

3.2.3. Scanning Electron Microscopy 

 Unlike optical microscopy that relies on photons in the visible range to perform an 

observation, scanning electron microscopy (SEM) relies on an electron beam, achieving 

higher resolution. The signals that derive from electron-sample interactions reveal 

information about the sample including external morphology (texture) or chemical 

composition. We have used this technique to image the finished devices and verify the 

different fabrication steps. 

An Oxford FEI Inspect FSO system has been used (figure 3.12.c). This SEM model is 

particularly useful to image microcantilevers since it is possible to incline the sample until 

a maximum of 90⁰, facilitating the verification of the microcantilevers release process. 

3.2.4. Optical microscopy 

 Optical microscopy is the technique used in this fabrication process to verify the 

correct result of each fabrication step in the first place. Since a previous treatment or 

vacuum is not necessary to use it and provides significant information about the surface 

morphology, it has been widely used during this work to verify each microcantilever 

fabrication step. 

For these observations, a Nomarski microscope installed in the clean room has been used 

(figure 3.12.d). It is based on a system of lenses that magnifies the images to a 

micrometric scale. 

 

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
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Figure 3.12. Equipments used for the AlN devices characterization. A) XRD diffractometer. B) 

Digital Instruments MMAFM-2 atomic force microscope. C) FEI Inspect FSO SEM. D) Nomarski 

microscope Leica Leitz DMRX. 

 

3.2.5. Piezoelectric constant measurement 

 The coefficients related with the piezoelectric properties of a material are the d33 

and the d31 constants. The first one is referred to the deformation in the c-axis direction 

when an electric field is applied parallel to it (longitudinal coefficient, direction 33 of 

figure 3.13). The second one relates the deformation in the c-axis direction when the 

applied field is perpendicular to it or the deformation in the basal plane (directions 1 and 

2) when the electric field is applied parallel to the c-axis (transverse coefficient, direction 

b) 

c) 

a) 

d) 
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33 of figure 3.13), especially relevant when considering unimorph structures as in this 

case. The relationship between both piezoelectric coefficients, d33 and d31, is ideally fixed 

by the symmetries of the crystal. For a wurtzite structure this relation is [126]: 

𝑑33 = −2𝑑31 (5) 

which is valid at the microscopic scale and for single crystals or defect-free polycrystalline 

films with uniform texture and polarization. But this relationship is not expected to be 

applied to polycrystalline thin films that do not exhibit a perfect crystal quality. However, 

the relationship by which the d31 piezoelectric constant rises with d33 is still maintained for 

wurtzite polycrystalline thin films such as AlN. Consequently, complementary to the 

piezoelectric response measured by Light Doppler Vibrometry, we have measured the d33 

constant to describe the piezoelectric character of the AlN microcantilevers. 

 

Figure 3.13. Measurement of the piezoelectricity constants 

As it has been detailed in chapter 2, following the coupled constituent equations, the 

piezoelectric phenomena occurs as both the direct (6) and converse (7) effect. 

Pi = dijk σjk  (6) 

εjk = dijk Ei  (7) 

With the direct effect (6), an external stress, σjk, results in a change in polarization, Pi, 

obtaining the piezoelectric charge coefficient dijk (i, j, k = 1, 2, 3) given in coulombs per 

newton (C N-1). With the converse effect (7), an applied field, Ei, results in a strain, εjk, 

obtaining the piezoelectric strain coefficient dijk, which is given in meters per volt, m V-1 or 

the equivalent C N-1. The different measurement techniques to determine piezoelectric 

constants in materials are all based on the principle of this reversibility of the piezoelectric 

effect. When the piezoelectric coefficient exhibits a positive value, the piezoelectric 
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material expands when a positive voltage is applied to it. Conversely, it contracts when dijk 

is negative. 

The best way to measure d33 for bulk or thick piezoelectric films is to apply a known force 

and measure the corresponding charge. For thin films, the output voltage is significantly 

reduced and the noise is increased [127]. To reduce this noise, a very large force is 

needed in the measurements. This large force can fracture the thin film sample. Different 

solutions to solve this problem and measure piezoelectric coefficients in thin films have 

been developed [128]: such as using a substrate, applying two alternative electric fields or 

using a laser interferometer. In this case, direct measurements were used to obtain the 

piezoelectric coefficient on thin film materials, using a PZT as reference substrate. 

To measure the direct piezoelectric effect, a static or quasi-static method can be used. 

Resonance method measurements can also be used and basically consist on determining 

the electrical impedance of the vibrator as a function of frequency. Although the static 

method is less precise than the resonance method [129], the ease of use and availability 

of instrumentation makes it preferable. The static method employs a Berlincourt d33 

meter, for which a number of commercial systems are available. In our case, the effective 

d33 piezoelectric coefficient values were measured by means of a commercial piezo-

electrical test system (PM300 by PIEZOTEST). This system works by applying a known 

force to the thin film piezoelectric sample, as well as to a standard piezoelectric 

(commonly PZT) and comparing the resultant electric signals, what enables to determine 

the d33 of the sample (figure 3.14) [130]. 

 

Figure 3.14. Schematic representation of the d33 test system 
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3.2.6. Laser Doppler Vibrometry 

 In order to track the out-of-plane modes and the natural resonant frequencies of 

our AlN based microcantilevers with accurate precision, a scanning Laser Doppler 

Vibrometer was used. This instrument provides a helium neon laser spot which is pointed 

(with the aid of an optical microscope) onto the vibrating cantilever. While scanning a grid 

of points on the top cantilever surface and on the substrate (reference beam), both laser 

beams are scattered back through the microscope objective towards the interferometric 

sensor (figure 3.15). Due to the Doppler Effect, velocity and displacement of the out-of-

plane component at each grid point can be detected by either frequency or phase 

modulation of the laser light. This modulation is recovered with the aid of suitable 

decoders. In addition to this, an animation of the movement can be simulated, taking into 

account the amplitude and the phase information for each of the grid points. 

 

Figure 3.15. Schematic measurement of the LDV technique 

Laser Doppler Vibrometers (LDVs) are particularly well suited for measuring vibrations 

where alternative methods either reach their resolution limits or simply cannot be 

applied. For example, LDVs can measure vibrations up to the 1.2 GHz range with very 

linear phase response and high accuracy. Measurements of the surface of liquid materials 

or vibrations of very small and light structures can also be made using non-contact 

measurement techniques only. Contacting transducers can fail when attempting to 

measure high amplitudes. 

A Polytec MSA-500 vibrometer was used to measure the resonant frequencies of the AlN 

microcantilevers. It provides the displacement of the different modes as well as their 

shape. This vibrometer was equipped with an amplitude detector. The cantilevers were 
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excited using the internal AlN actuator. For the generation of an external electrical signal, 

an Agilent 33250A function generator was employed. For the external mechanical 

excitation, a PZT stack actuator was used. Mode overview includes flexural as well as 

torsion modes. 
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3.3. MICROCANTILEVER DESIGN 

 

 Piezoelectric cantilever beams have three possible configurations: unimorph, 

bimorph and parallel. When the beam has only one piezoelectric layer attached to the 

substrate or electrodes, the device is known as unimorph. On the other hand, if the 

structure is composed by two piezoelectric layers, the device is known as bimorph. For 

detection, a unimorph structure is chosen. Two of the most important parameter in 

designing a vibration device are the spring constant and the resonance frequency, directly 

related with the sensitivity of the device. Both parameters depend on the cantilever 

material and its geometry. The spring constant, k, and resonance frequency, f, for a 

rectangular cantilever clamped at one end are given by, 

𝑘 =
𝐸𝑤𝑡3

4𝐿3
 (8)  𝑓 =

1

2𝜋
√

𝑘

𝑚
 (9) 

where E is the Young’s modulus, m is the cantilever effective mass, w is the width, t is the 

thickness, and L is the length, respectively [131]. 

The cantilever dimensions will depend on the working detection method (static or 

dynamic). Cantilevers with smaller spring constants (high aspect ratio) give cantilevers 

more sensitive to surface stress changes, while shorter and thicker cantilevers, with 

higher resonances frequencies, are more sensitive for dynamic detection. Therefore, the 

design and geometry of the device as well as finding a fabrication process available for a 

wide range of dimensions has been considered a key factor to develop a bioapplication. 
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The microcantilever design is key in order to excite and detect the different resonant 

modes. When an asymmetric structure is activated, this asymmetry causes a stress 

distribution among the layers in which the out of plane component of each activated 

mode can be detected by the vibrometer. Consequently, the microcantilevers have been 

designed and fabricated with different thickness for both bottom and top electrode to 

generate this asymmetry and so detect the out of plane components of each mode. 

At the same time, the area of the electrodes can be optimized to excite a particular 

resonant mode. In this case, the electrodes have been designed to cover the maximum 

area (the same than the piezoelectric) in order to obtain the highest displacement 

[132][133]. 

 The geometry and the selection of materials for the manufactured devices are also 

determinant to develop a CMOS compatible high throughput process. Consequently, both 

aspects have been considered carefully, becoming a major part of this research work. 

The basic microcantilever structure consists on a piezoelectric thin film of AlN sandwiched 

between two electrodes of Cr. The range of thickness considered for each of these layers 

is: 

- AlN film:    300 nm to 850 nm 

- Cr bottom electrode:  50 nm to 200 nm 

- Cr top electrode:  300 nm 

Figure 3.16.a illustrates the geometric top view of whole device test-structure. The 

schematic cross-sectional view of an individual microcantilever is represented in figure 

3.16.b. The image shows a single microcantilever composed of three thin layers deposited 

on a silicon substrate (grey color): the bottom and top Cr electrodes (blue color) and the 

thin film of AlN (green color). 

Figure 3.16. Scheme of the cantilevers device: a) top view and b) side view 

a) b) 
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The design of the optical mask is based on the isotropic nature of the silicon substrate wet 

etching step used to release the cantilevers. Due to this isotropy, all the cantilevers of the 

same width are released at the same time. Based on this, the mask is designed to pattern 

in a unique sample a group of cantilevers of the same width value and increasing lengths. 

In particular, each 4 inch 500 μm-thick silicon wafer was partitioned into 7.5×15 mm2 

samples, containing each one 11 combinations of length for the same width. The width 

values vary between 20 to 50 μm, with a minimum length of 30 µm and a maximum of 

625 µm. 

The geometry that shows how the different elements are positioned on the surface of 

each sample is shown in Figure 3.17. 

 

 

Figure 3.17. In this scheme four of the eleven microcantilever groups of each sample are 

represented. Each group has microcantilevers with the same width value and increasing lengths. 

The main advantage of this design is that all groups are processed simultaneously but can be 

actuated independently. 

The objective of studying different sacrificial layer approaches (chapter 4) was to develop 

a technology available for a wide range of microcantilevers dimensions. Following this 

objective, the mask used in these cases included a pattern for the sacrificial layer of 

dimensions larger than the microcantilever´s. Thus, to study the different sacrificial layers 

approaches a new optical lithography mask was used. The microcantilevers dimensions of 

this mask ranged from 50 to 300 µm in finger width and 250 to 700 µm in finger length , 

using sacrificial layers of 350x750 µm2 (figure 3.18). 
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Figure 3.18. Top view scheme (left) and nomarski image (right) of the fabricated 

microcantilever array (300x500 µm
2
) before its release. 

3.3.1. Device processing steps 

 

 

 In this thesis, we present a CMOS compatible and high throughput piezoelectric 

microcantilevers fabrication process. These two objectives have been key elements in 

defining the fabrication steps as well as for the choice of materials and processes 

involved. The Cr/AlN/Cr structure fabrication process can be visualized in  Figure 3.19: 
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Figure 3.19. Schematic representation of the complete cantilever fabrication process  
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The Cr bottom electrode is patterned by optical lithography, metal deposition by Joule 

effect and a subsequent lift-off (steps 1-4 of figure 3.19). 

After an initial clean up with acetone at 60⁰C for 5 min and an ultrasonic bath in 

isopropanol (IPA), the lithography step is carried out. To improve the adhesion of the Cr to 

the Si substrate after resist development, a BHF (hydrofluoric acid 10%) clean of the Si 

surface is done. Thereafter, the Cr thin film is deposited over the photoresist by thermal 

evaporation in a high vacuum Joule effect evaporator system (step 2 in figure 3.19). 

Finally, a lift-off process is used to pattern the Cr down electrode (step 3 in figure 3.19). 

An acetone bath at 60⁰C is used to expand and dissolve the resist underneath the Cr layer. 

This creates cracks in the metal layer on top of the positive resist and starts the lift off. 

After the AlN layer synthesis by sputtering, the Cr top electrode is deposited in the same 

high vacuum Joule effect evaporator system used for the Cr bottom electrode (step 4 of 

figure 3.19). 

Finally, the AlN thin film and Cr top electrode are patterned by optical lithography and 

then etched by ICP dry etching technique (steps 5 and 6 of figure 3.19 respectively). 

After the AlN and Cr top electrode pattern, the photoresist is stripped with N-Methyl-2-

pyrrolidone at 60⁰C for 5 minutes. In cases when the photoresist is hardened during the 

ICP step, an oxygen plasma (plasma etch Unitronics) could be necessary. 

Finally, a smooth and isotropic wet etching step of the silicon substrate is carried out in 

order to release the Cr-AlN-Cr microstructure, forming free cantilevers (step 7 of figure 

3.19). 

 

3.3.2. Alternative processing: the use of chromium as hard mask 

 The use of the chromium top electrode as hard mask provides another successful 

and reproducible fabrication process (figure 3.20). This step was considered before the 

definitive optimization of the ICP dry etch step (section 4.1.2) in order to avoid the use of 

photoresist since it is easily burned or damaged. 

A thicker layer of Cr (above 1 micron) patterned by wet etch by HCl can be successfully 

used as hard mask for low values of AlN thickness. During the ICP etch where both AlN 
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and Cr layers are etched, a thick Cr top electrode layer is required. However, this reduces 

the maximum AlN layer thickness because the Cr top electrode thickness is also limited by 

the Joule metallization system and so, after optimizing the ICP parameters, this process 

was established as a secondary option. 

 

Figure 3.20. Schematic procedure of the Cr top electrode/AlN pattering using the Cr top 

electrode as hard mask. 
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3.4. CMOS COMPATIBLITY: PROPOSED INTERLEAVED AND POST CMOS PROCESSES 

 

 Throughout this chapter, the manufacturing process of piezoelectric MEMS 

devices (microcantilevers) at room temperature (RT) has been detailed. In this section, we 

propose two possible paths for the integration of our MEMS fabrication process into state 

of the art CMOS technology, accomplishing one of the main goals of this thesis work. The 

first integration process proposed is a so called “interleaved” one, in which the processing 

steps of CMOS and of MEMS devices are intercalated. The second one is a post-CMOS 

process, in which the MEMS is fabricated on top of the CMOS structure. Post-CMOS are 

the most commonly used integration processes since, as mentioned in previous chapters, 

the pre-CMOS approach implies that the MEMS device would be submitted to the high 

temperatures appearing during the FEOL processing with the corresponding risk of being 

damaged by oxidation and/or stress related effects. 

In most CMOS-MEMS integration processes found in the literature, both devices are 

based on the same materials [134][135][136]. This simplifies the process considerably by 

the deposit of the CMOS and MEMS common materials at the same time. In order to 

propose an option compatible with the state of the art of CMOS technology, this should 

be based on the materials used today. Silicon oxide or poly-silicon could be proposed as 

MEMS materials instead of AlN due to their CMOS compatibility, but these materials are 

not piezoelectric and hence, the main goal of this thesis work would not have been 

accomplished. Unlike other more general cases, the materials used in this work are CMOS 
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compatible but they are not among the most commonly used in nowadays CMOS  

technology. Consequently, the proposed integration process for the fabrication of  

microcantilevers within CMOS technology has been an especially complex challenge. The 

results presented here are considered of great interest due to their novelty as well as to 

the many possibilities they open up, involving the use of different MEMS and CMOS 

materials. 

3.4.1. Proposed interleaved integration process 

 The first integration process proposed in this section allows fabricating 

piezoelectric MEMS close to the CMOS circuit, but not on top of it. Thus, there are going 

to be two different regions for CMOS and for MEMS circuits. 

The process starts with the manufacturing of the transistor (FEOL step) (figure 3.21, step 

1). In this way, the fabrication steps reaching higher temperatures in the CMOS processing 

take place before the MEMS device is fabricated and hence any possible damage of this 

structure is directly avoided. The next step is the fabrication of the microcantilevers. The 

three layers (Cr bottom electrode- AlN piezoelectric layer- Cr top electrode) are deposited 

and patterned following the steps described in the experimental section 3.3.1. Both Cr 

electrodes will contact separately with the CMOS pads already processed, as represented 

in figure 3.21, step 2. 

Thereafter, the standard BEOL steps can follow, manufacturing metal interconnects and 

pads as well as dielectric and passivation layers. These last two layers also cover the 

previously processed Cr-AlN-Cr microcantilever structure (figure 3.21 step 3). The 

sandwich structure supports the temperatures involved in these steps (a maximum of 

above 550°C during the deposition by CVD of the phosphosilicate glass). AlN and Cr 

melting points are above 2800°C [137] and 1920°C [138] respectively and are hard 

materials which properties will not degrade during standard BEOL processing. 

Since the microcantilevers are released by the etch of the silicon substrate underneath, 

this surface needs to be exposed. With this objective, the passivation layer (commonly 

Si3N4) and the dielectric layer (SiOxNx) are etched by HNA wet etch (etch studied during 

this thesis work). HNA is a mixture of hydrofluoric, nitric and acetic acid, 

HF:HNO3:CH3COOH, in this case in proportion 5:10:16. This etch stops before the Cr 

contacts connecting both CMOS and MEMS circuits are damaged due to the very high 

resistance that this metal shows to the HNA recipe (acting as a natural etch stop barrier). 
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As a hardmask protecting the CMOS region, a few micrometer thick layer of synthetic 

diamond CVD can be used. Ultrananocrystalline diamond (UNCD) thin films can be 

synthesized by microwave chemical vapor deposition (MPCVD) at low temperatures 

(∼400°C), compatible with the CMOS thermal budget processing [139]. UNCD has already 

been considered as dielectric in CMOS technology [140]. These processes are represented 

as steps 4 and 5 in figure 3.21. 

After the dielectric wet etch step, the silicon substrate will be exposed and thereafter, it’s 

isotropic etch and the following release of the microncantilevers will take place (figure 

3.21 step 6) also by the HNA etchant. As in the post-CMOS (after BEOL) integration 

proposed hereafter, Cr and UNCD diamond layers are not affected by HNA. Thus, contacts 

and electrodes in the CMOS circuit are not damaged during this step. 
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Figure 3.21. Schematic cross sectional view of  interleaved proposal. Standard FEOL CMOS 

processing (step 1).  Deposition and pattern of the microcantilevers electrodes and piezoelectric 

layer (step 2). BEOL processing (step 3).  Deposition by MPCVD of the UNCD mask layer (step 4). 

Etching of the passivation and dielectric layers avoiding the MEMS etch (step 5). Si wet etch by 

HNA and microcantilevers structure release (step 6)  

Deposition of a UNCD at 400°C (lower 

than the thermal budget), during which 

the CMOS device remains undamaged 

HNA based isotropic etch of the 

silicon substrate in which the 

structure is released. This step 

takes place at room temperature 

4) 

5) 
6) 

5) 

Deposition and pattern at room 

temperature of the Cr/AlN/Cr sandwich 

structure  

Standard BEOL processing reaching the 

maximum temperatures (below 550°C) 

that will not damage the AlN and Cr 

layers 

HNA wet etch step in which the 

dielectric is etched while the CMOS 

region is protected by the UNCD  

2) 

3) 

1) Standard FEOL processing where the 

maximum temperature during the 

whole CMOS process (above 1000°C) is 

reached 
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3.4.2. Proposed post CMOS integration process 

 In this case, the proposed fabrication method can be implemented after the BEOL 

(Back End of Line) of a standard CMOS process, depositing a layer of polysilicon (poly-Si) 

on top of the passivation layer. The microcantilevers are released by attacking the poly-Si 

underneath with HNA. Thus, the poly-Si layer is used as sacrificial layer. This material can 

be deposited in a wide range of temperatures (from 150 to 850°C) by different CVD 

(chemical vapor deposition) techniques, what makes it compatible with the post CMOS 

thermal budget required [141]. The poly-Si is also commonly used as sacrificial layer 

[142][143]. To make contact between CMOS and MEMS circuits, the CMOS vias are 

exposed through an opening in the passivation layer. The microcantilever electrodes are 

deposited on top of the CMOS vias making contact between both technologies (see Figure 

3.22). Unlike the interleaved integration process, in this case the proposed fabrication 

process can be used to fabricate piezoelectric AlN based microcantilevers on top of the 

passivation layer (post-CMOS). The standard passivation layer material in a CMOS process, 

Si3N4, shows a high resistance to the HNA etching recipe, what overcomes issues related 

to HNA attacking other layers of the CMOS circuit. 

Figure 3.22 is a schematic illustration of the fabricated device viewed from the top. In this 

image both top and bottom electrodes are connected with the BEOL metal levels (“n” and 

“n+1”) in the CMOS circuit. After the etching of the poly-Si sacrificial layer, the 

microcantilevers are released leaving a free space underneath them. 

 

Figure 3.22. Schematic top view of the microcantilevers arrays processed post-CMOS. 

 



71 
 

Figure 3.23 shows the flow steps of the integration process where the CMOS circuit is 

fabricated following general CMOS technology procedures. Using Cu single or dual 

damascene processes, BEOL metal level n and/or metal level n+1 vias can be fabricated 

reaching the wafer surface before passivation. BEOL metal level n and metal level n+1 

correspond to two BEOL metal levels in the CMOS circuit. These can be left exposed 

through an opening in the passivation layer (Si3N4) and if needed in the Inter Metal 

Dielectric (IMD) layer, represented in figure 3.23, step 1. These metals named “n” and 

“n+1” can be used to contact the microcantilever electrodes allowing the activation of the 

piezoelectric device. An important advantage of this integration process resides in that, 

using dual damascene processes, these levels can be any BEOL metal level of the CMOS 

circuit (not necessary the last two).  Step 2 in figure 3.23 shows the deposition of a poly-

silicon layer by CVD over the entire wafer surface after patterning (by RIE), to determine 

the area where the microcantilevers will be processed [144]. Using standard low 

temperature CVD based poly-Si deposition, the poly-Si layer surface roughness will not 

interfere with the subsequent c-axis oriented AlN growth. 

The Cr bottom electrode can be deposited and patterned by lift off, contacting with the 

vias of metal “n+1” (figure 3.23, step 3). The following step is the growth at room 

temperature (by reactive sputtering) of the piezoelectric AlN layer and the deposition of 

the Cr top electrode. Both layers can be simultaneously patterned by ICP (figure 3.23, step 

4). The Cr top electrode contacts can be patterned to make contact with the vias of the 

BEOL metal “n” level (see top view in figure 3.22.a for easier understanding). The last step 

is the release of the microstructures by wet etching the poly-Si underneath using an HNA 

solution (figure 3.23, step 5). As well as for the “interleaved integration option”, both 

Si3N4 and Cr show a high resistance to the HNA solution and hence the Si3N4 passivation 

layer protects the CMOS circuit from the etchant. At the same time, Cr pads and 

electrodes will remain unaffected by the HNA releasing step. 
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Figure 3.23. CMOS standard processing leaving two metal vias exposed (step 1). CVD 

deposition and patterning of poly-silicon (poly-Si) (step 2). Deposition and patterning of the Cr 

bottom electrode, contacting the vias at metal “n+1” level (step 3). Subsequent synthesis of the 

piezoelectric AlN layer (at RT), the Cr top electrode and patterning of both layers by ICP (step 4). 

Si etch by HNA wet etch releasing the microcantilevers structure (step 5). 

Wet etching of the Si substrate 

and final release of the structure 

at room temperature 

Deposition of the AlN thin layer 

and metallization of the Cr top 

electrode, both at room 

temperature 

1) 

2) 

3) 

4) 

5) 

Standard CMOS processing 

(FEOL+BEOL) reaching maximum 

temperatures of above 1000°C 

Deposition of poly-Si by CVD at 

low temperature, avoiding the 

damage of the CMOS device 

Metallization of the Cr bottom 

electrode by Joule effect at low 

temperatures 
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4. RESULTS 

 The main objective of this thesis work is to develop a high throughput and CMOS 

compatible fabrication process of piezoelectric microcantilevers. Especially due to their 

piezoelectricity and resistance to biochemistry, these devices are attractive in a wide 

range of applications, especially in biodetection applications, as it has been detailed in 

chapter 1. Every step of the fabrication process described in chapter 3 is challenging and 

has been carefully optimized to achieve these goals. With this purpose, different sacrificial 

layers have been studied. At the same time, to guarantee the viability and usefulness of 

the proposed fabrication process, vibrometric measurements have been carried out to 

ensure the piezoelectric behavior of the microcantilevers. 

As already mentioned, AlN presents enhanced piezoelectric properties when oriented in 

the c-axis. Consequently, the parameters used during the synthesis by reactive sputtering 

were optimized to obtain highly c-axis oriented AlN thin films, and the resulting AlN 

samples were characterized by XRD. 

In addition, the Inductive Coupled Plasma etching of the Cr top electrode-AlN bilayer is a 

key step in the fabrication process. The AlN reactiveness to the physical and chemical 

contribution of the etch recipe has been carefully studied as well as the photoresist 

resistance to it. For thick AlN structures, the Cr top electrode is wet etched and so 

different recipes were experimented with this purpose. Photoresist burning effects during 

the ICP dry etching step for very thick AlN layers renders necessary the use of wet etch 

recipes. Finally, wet etching techniques are also used at the end of the fabrication process 

for the release of the structure by wet etching the silicon substrate. 

Different approaches followed to develop an optimal microcantilevers release procedure 

are also described in this chapter. These options were studied before finding the 

definitive release of the structure by using the silicon substrate as sacrificial layer. This 

methodology is based on the use of different materials and chemical etches to release the 

microcantilevers. Different sacrificial layers were assayed with the purpose of finding a 

process that permits releasing a wide range of cantilevers dimensions with high 

reproducibility and achieving high throughput. CMOS compatibility of the process is 

considered also a remarcable technological advance. Each work line has been thoroughly 

investigated asserting its possibilities and limitations. 
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The chapter ends with a study about the piezoelectric and vibrometric behavior of the 

device. The piezoelectric constant is measured and compared with other piezoelectric 

materials synthesized at different temperatures. The performance of the piezoelectric 

microcantilevers under an applied electric field has also been characterized by Laser 

Doppler Vibrometry and White Light Interferometry techniques. The measured 

frequencies have been compared with those obtained by Finite Elements Method 

simulation. Flexural as well as torsional modes were obtained. 
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4.1. FABRICATION PROCESS 

All the steps of the final fabrication process presented in chapter 3 (figures 3.19 y 3.20) 

have been optimized. The results of these optimization experiments are presented in this 

section. 

 

4.1.1. Reactive sputtering 

 The thin AlN film is deposited in a home-built DC reactive sputtering deposition 

system at RT (room temperature). This low thermal budget step is one of the key factors 

of our manufacturing process which allows for high throughput and makes it compatible 

with post-CMOS technology. For these microcantilevers to be used as piezoelectric 

MEMS, it is critical to control the crystallographic orientation of the AlN thin film in its c-

axis [57]. 

One of the main advantages of AlN in comparison with other piezoelectric materials is 

that it provides the possibility to obtain high crystalline quality (high degree of texture in 

the 0002 direction) over many different substrates. In this case, the AlN thin film must 

have c-axis orientation when deposited over the chromium bottom electrode to obtain 

good piezoelectric properties. 

As it has been explained in section 3.1.2, to exhibit good piezoelectric properties, AlN thin 

films have to reveal a good (0002)-oriented crystal structure, which translates into a small 

value of full width at half maximum (FWHM) of its X-ray rocking curve. In this thesis, 

different growth conditions were tested in order to optimize the process and achieve a 

good AlN c-axis orientation. 
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Optimization 
process 

Sacrificial layers 

Vibrometry 
measurements 



76 
 

In particular, the influence of the target power on the AlN crystal orientation was studied. 

Different growths of 700 nm of AlN over 200 nm of Cr were done varying the target power 

from 400 to 700 W (figure 4.1). The rocking curve FWHM values after each growth were 

analyzed to determine the impact of this parameter. Increasing discharge power values 

favor the degree of texture in the c-axis. However, if this parameter is set too high, Al can 

be ejected without reacting with nitrogen (ending up with non-stoichiometric AlN). 
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Figure 4.1. Rocking curve FWHM values of c-axis oriented AlN films synthesized over Cr using 

different target power values. 

Figure 4.1 shows how AlN thin films grown at low discharge power (i.e. below 500 W in 

this work) did not exhibit a high degree of orientation in the c-axis. This phenomenon is 

caused by the fact that the atoms sputtered towards the substrate did not possess (as a 

collective) the required energy to form the characteristic columnar structure of (0002) 

oriented AlN thin films because the target power is too low. The energy of the ejected 

atoms is roughly the same for any power. The difference, from the substrate point of 

view, is the plasma and substrate potential which increases notably with target power. 

This implies an increase of ionic bombardment, which is the main source of energy for 

adatoms. In other words, the process is outside the required energy window to promote 

crystal growth [145]. For values higher than 500 W, the deposition of unreacted atoms (Al 

instead of AlN) could cause the reduction of c-axis quality. Figure 4.1 shows how the AlN 

thin film grows with a much better degree of c-axis orientation using discharge powers 

values above 500 W. 
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After the optimization studies, the parameters shown in table 3 were the ones used for 

the AlN synthesis: 

Parameter Value 

Power [W] 500 

Base pressure [mbar] <5 ×10−8 

Gas composition Ar/N2 [sccm] 3/9 

Process pressure [mTorr] 3 

Substrate temperature [◦C] 25 

Table 3: Parameters used during the deposition of the AlN thin layer 

Figure 4.2 shows an SEM image of the sandwich structure Cr/AlN/Cr in which the AlN has 

been synthesized at 500W. It is easy to distinguish the good aligned and uniform columns 

characteristics of the c-axis oriented AlN thin films. 

  

Figure 4.2. SEM image of the Cr/AlN/Cr structure in which the AlN has been synthesized at a 

target power of 500W 

 

4.1.2. ICP dry etching 

 AlN is chemically stable and a hard material to etch, showing low etch rates in 

most chemicals and a high resistance to most wet etching recipes at room temperature. 

Furthermore, wet chemical etching of polycrystalline AlN produces isotropic etch profiles 

and slow etch rates, incompatible with high throughput fabrication standards.  
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Thus, whenever possible, ICP dry etching techniques are an attractive alternative. Up to 

an AlN thickness of 600 nm (as it was the case in most samples), an ICP dry etching 

technique is used. 

The dry etching process was developed to etch in one step (after a lithography step) the 

Cr top electrode and the AlN layer (step 6 in figure 3.19). An important advantage of this 

technique to carry out this step is the possibility of detecting what material is being 

etched at each particular moment in time. This helps us to avoid etching the Cr bottom 

electrode below the AlN. 

These important advantages are achieved with the aid of an EPD (End Point Detector). An 

EPD makes a comparison between a calculated model for the structure being etched 

(using the thickness and refractive index of each material) and the measured data 

obtained during the etch process. As an example, Figure 4.3 shows the theoretical model 

of the structure being etched, as calculated from the different materials data. In this case, 

it is referred to a sandwich structure of 200 nm Cr- 600 nm AlN- 200 nm Cr over silicon. 

 

Figure 4.3. EDP model of the Cr/AlN/Cr structure to etch 

Figure 4.4 shows the measurement made by the end point detector during the etching of 

the multilayer structure. The comparison of the model graph (figure 4.3) with the one that 

is simultaneously being drawn during the etch (figure 4.4) gives the information of what 

material layer is being etched at each particular instant in time, as well as its current 

thickness. Following this data, it is easy to compute an etch stop barrier. 
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Figure 4.4. EPD measurement of the Cr/AlN/Cr structure which model is represented in figure 4.3. 

Even using ICP dry etching technology, the thicknesses of AlN and Cr top electrode layers 

were too high (in most cases 600 and 300 nm respectively) so that the etch process was 

enough long to burn the photoresist that defined the pattern. To successfully etch the AlN 

and Cr layers, it was critical to avoid any photoresist burn or damage. Different ICP recipes 

have been studied with the aim of finding an equilibrium between a high AlN etch rate 

and an etch rate of the photoresist mask sufficiently low to prevent burning effects as 

well as a complete consumption of the mask resist layer. 

Both the Cr top electrode and the AlN layer are patterned by the same ICP dry etch step 

using a BCl3-Cl2-Ar chemistry with the final parameters summarized in Table 4. 

Parameter Value 

RF power [W] 30 

HDP0 power [W] 200 

Base pressure [mbar] 5x10-5 

Gas composition Ar/Cl2/BCl3 [sccm] 3/25/15 

Process pressure [mTorr] 10 

Substrate temperature [◦C] 25 

Table 4: ICP dry etch process parameters. 
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The AlN etch rate depends on the chlorine concentration (BCl3-Cl2) since ion chloride 

causes the efficient chemical breaking of the AlN III-nitrogen bond between Al and N 

atoms. Hence, the contribution of these gases is crucial to increase the AlN etch rates 

[146][147].  At the same time, the Ar content dominates the physical contribution of the 

etch process, including the photoresist mask etch.  Thus, we studied the influence of the 

Ar flow in the etch process, verifying that the AlN etch rate was enhanced while the 

photoresist was not completely etched or burned. 

Figure 4.5. Ar flow influence on the AlN ICP etch rate 

Several etch experiments were done varying the Ar flow from 1 to 10 sccm, maintaining 

the rest of parameters constant, including the chlorine contribution. The results are 

presented in Figure 4.5 such as the AlN etch rate measured by the EPD as a function of the 

Ar flow. For Ar flows below 8 sccm, it is probed how this parameter does not affect 

significantly the AlN etch rate and hence is confirmed how for these values the etch 

mechanism is predominantly chemical. 

For 10 sccm of Ar, a strong decrease of the AlN etch rate is clearly distinguished. This can 

be due to the proportional reduction of the chlorine concentration, since the pressure 

was fixed at 10 mTorr. 

As shown in Figure 4.5, for 1 sccm of Ar, the AlN rate is lower than for 3 sccm of Ar, but 

the Cr etch rate is reduced to the point of limiting the maximum thickness that can be 
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etched before the photoresist mask is consumed, and hence it also limits the Cr top 

electrode thickness. 

In addition, by reducing the Ar flow, burning of the photoresist mask is avoided. Using gas 

flows higher than 3 sccm of Ar, the photoresist mask starts to burn and it can only be 

removed (and not always) in an oxygen plasma. Using lower Ar flows, the photoresist is 

easily removed in a N-methyl-2-pyrrolidone bath. 

Consequently, the final recipe used was for an Ar flow of 3 sccm. The AlN, Cr and AZ5214E 

resist etch rates are 2.1, 4.3 and 3.9 nm/s respectively. This recipe was used to pattern a 

structure of 300 nm of Cr (top electrode) and a maximum of 600 nm of AlN before the 

photoresist mask was completely etched away. 

After the AlN and Cr top electrode pattern, the photoresist is stripped with N-Methyl-2-

pyrrolidone at 60⁰C for 5 min or in an oxygen plasma when needed. For this O2 plasma, 

the processing pressure was 270 mTorr, whereas the oxygen flow and the discharge 

power were fixed at 15 sccm and 50 W respectively. The plasma exposure time to ensure 

the removal of the entire photoresist layer was of 5 min. 

4.1.3. Patterning of thick AlN layers 

 Due to difficulties related to photoresist burning effect during the ICP step, for 

AlN films thicker than (approximately) 600 nm, in order to use the Cr top electrode as a 

hard mask, it has to be wet etched using a hydrochloric acid HCl solution, while the AlN is 

patterned later by ICP. 

Therefore, chromium wet etching techniques had to be considered for AlN thickness 

above 600 nm. In such cases, the 1.4 m thick photoresist did not withstand the long ICP 

etching steps. The Cr top electrode is hence etched by wet etch techniques (instead of 

ICP) making possible processing higher values of AlN thickness before the photoresist is 

etched or blurred. 

After different recipes studied, a fast clean and very reproducible etch was achieved by 

the use of hydrochloric acid (36%) at room temperature. Different concentrations were 

studied: For a HCl:H2O 1:1  diluted solution, the etch rate achieved was of 0.08 nm/s. For a 

HCl:H2O 3:1 solution, the Cr etch rate raised to 0.17 nm/s. The maximum etch rate was 

found to be at the HCl highest concentration (not diluted with water). In this case, the Cr 

etch rate was 3.33 nm/s and was the definitive recipe used in this step (figure 4.6). It 

http://www.epa.gov/ttn/atw/hlthef/hydrochl.html
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should be mentioned that AlN is unaffected by the HCl etch solution, which consequently 

helps in protecting the Cr bottom electrode from being affected during this step. 

 

Figure 4.6. Nomarski microscope image of a series of microcantilevers of 50 µm width which 

Cr top electrode has been wet etched with HCl 36% 

The photoresist mask employed in this step was the same as that of the ICP etch, namely 

AZ5214E. The possibility of using pmma resist (instead of AZ5214E) was also studied, but 

due to its poor adherence to the Cr top electrode, it did not endure the Cr wet etching 

step. 

When the AlN film thickness exceeds 750 nm, the photoresist is consumed during the dry 

etch step and a wet chemical etch is required to attack not only the Cr top electrode but 

also the AlN thin film. With this purpose, hydrophosphoric acid H3PO4, 85% at 100⁰C is the 

final recipe used, obtaining a high selectivity between Cr and AlN. 

Different AlN wet etch recipes were studied. Emphasis was placed on obtaining a high 

etch rate whereas avoiding device damage. For this purpose, a high resistance of the Cr 

electrodes to the etchant was required. The study presented here compares alkali 

hydroxides (of sodium NaOH and potassium KOH) and hydrophosphoric acid H3PO4. 

Figure 4.7 shows the temperature influence of each solution on the AlN etch rate. The 

molar concentration of both hydroxides solutions was 10 M and the H3PO4 at the highest 

concentration (not diluted with water). The Cr electrodes were unaffected by all these 

chemicals, thus revealing the high selectivity between AlN and Cr for the three solutions. 
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Figure 4.7. Logarithmic graph of the AlN etch rate (nm/s) for the KOH, NaOH and H3PO4 at 

different temperatures. 

The NaOH has a logarithmic evolution with the temperature. H3PO4 etch variation with 

temperature is more linear. In the case of KOH the influence of the temperature on the 

etch rate does not show an expected behavior, achieving the highest etch rate at 75⁰C. 

This is due to the fact that, for the time needed to heat the KOH solution from its natural 

exothermic reaction temperature to 100⁰C, it has arrived to its saturation point (the 

solution has dissolved the maximum KOH possible) and consequently the chemical 

reaction between the KOH and the AlN has slowed down. This study concludes that NaOH 

at 100⁰C achieves the highest AlN etch rate without damaging the adjacent Cr layers. 

Nevertheless, both NaOH and KOH alkali recipes damage the Si substrate, obtaining very 

rough surfaces in all the temperatures range under study. This is due to the formation of 

insoluble precipitates in the dissolution of the hydroxides in water [148]. 

On the other hand, for the H3PO4 recipe with the highest concentration, a clean etch is 

obtained. Consequently, although NaOH and KOH obtained higher etch rates, the recipe 

used for the AlN layer wet etch when it is thicker than 750 nm is H3PO4 at the highest 

concentration at 100⁰C. 

 

 



84 
 

4.1.4. Microcantilever release 

 The silicon wet etch is the last step of the microcantilevers fabrication process in 

which these are released from the substrate surface (figure 3.19). This etch has to 

accomplish some requirements such as reproducibility, isotropy, cleanliness, and a high 

selectivity to exposed materials. 

For this Si etching, two different wet chemical recipes were studied: a mixture of acids 

(HNA) and potassium hydroxide (KOH) based solution. These are among the most 

common wet etch recipes for Si found in the literature. Moreover, the Cr layer shows a 

very high resistance to both etchants, a key factor since Cr contacts and electrodes are 

exposed during this step. 

HNA is a mixture of hydrofluoric, nitric and acetic acid, HF:HNO3:CH3COOH in this case in 

proportion 5:10:16. This acid mixture is the most common isotropic wet silicon etchant in 

which the contribution of each acid to the mixture is essential for the chemical reactions 

that take place during the step. HNO3 drives the silicon oxidation, while fluoride ions from 

HF form the soluble silicon compound H2SiF6, reaction 1. 

18HF + 4HNO3 + 3Si → 3H2SiF6 + 4NO(g) + 8H2O               (reaction 1) 

The acetic acid is needed to prevent de dissociation of the HNO3 into NO3
- and NO2

- and 

consequently allows the reaction 1. This prevention is due to the low polarity of the acetic 

acid. Thereby, while the nitric acid dissociation is avoided, the formation of species that 

oxidize the silicon surface (NO2 and N2O4) is enhanced. 

The HNA etch step is isotropic exhibiting equal etch rates in all directions at the Si surface, 

what permits the cantilever release. Due to its isotropic nature, the width underneath the 

cantilevers is etched in the vertical and lateral direction simultaneously. Hence, 

cantilevers of the same width are all released uniformly. 

KOH is the alkali compound more commonly used to etch silicon. The etch mechanism of 

this hydroxide is based on the reaction between the Si atoms and the hydroxyl ions 

forming a soluble silicon complex and hydrogen. The overall reaction is: 

Si + 2OH- + 2H2O → SiO2(OH)2 + 2H2  (reaction 2) 

The KOH is an anisotropic etch in which the etch rates are dependent on the direction. 

The anisotropy degree is extremely dependent on many factors such as temperature, 
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etchant concentration or doping concentration of the Si and the etching performance is 

hard to predict [149][150][151]. 

Different concentrations of HNA and KOH were studied in order to compare the Si etch 

rate and the isotropy degree. Finding the faster and more effective recipe to release the 

microcantilevers is essential for achieving the objective of high throughput. 

0.00 0.25 0.50 0.75 1.00

0.1

1

10

100

S
i 
e

tc
h

 r
a

te
 (

n
m

/m
in

)

HNA volume concentration

 HNA Si etch

 

Figure 4.8. HNA volumen concentration influence on the Si wet etch rates 

The basis of the study is related to the maximum possible concentration for both recipes. 

In the case of the HNA (a liquid dissolution) it was based on its dissolution in water. 

Consequently, for HNA the volume concentration is represented, being 1 the maximum 

concentration (no diluted with water), 0.5 for a HNA:H2O solution in relation 1:1 and 0.25 

for a HNA:H2O 1:3 solution. Figure 4.8 shows the evolution of the Si etch rate with these 

concentration values for the HNA case that defines an exponential tendency. 
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Figure 4.9. Si wet etch evolution with KOH concentration. 

In the case of the KOH recipe, the Si etch rate dependence with the KOH weight fraction 

percent is presented in the graph of figure 4.9. As this etch is anisotropic, it is important 

to specify that these rates correspond to the (100) plane (vertical direction). The rates on 

the (110) and (111) directions that allow the cantilevers release are lower due to the 

anisotropy tendency of the etch. The maximum weight fraction (the maximum quantity of 

KOH that can be solved in water, also referred to as solubility [152] of the KOH, is 54.5%. 

For comparison with the maximum weight fraction, the Si etch rates for KOH solutions of 

37.5% and 23% weight fractions were also studied and represented in figure 4.9. 

HNA based experiments were done at room temperature. KOH etches were done at its 

exothermic reaction temperature, depending on molar concentration. Since the etch rates 

are temperature and usage dependent, for proper comparison, all the KOH etch rate 

studies lasted 5 minutes and for each experiment  a new mixture was used. The initial 

temperatures for each exothermic reaction were 64⁰C, 58⁰C and 45⁰C for 54.5%, 37.5% 

and 23% weight fractions respectively [153][154]. 

It is clearly distinguished in figures 4.8 and 4.9 how both etch recipes (HNA and KOH 

based solutions) have a strong influence of their respective concentration, achieving the 

fastest rate for the highest concentration. Anyhow, the KOH evolution showed a softer 

profile that can be approximated to a linear one (figure 4.9).  Nevertheless, for the HNA, 

the Si etch rate differences became especially noticeable for concentrated solutions. The 
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etch rate increase from HNA:H2O 1:3 to 1:1 solutions was nearly negligible. In contrast, 

the difference between the Si etch rate values of HNA diluted and that of HNA 

concentrated mixture had an exponential progression. 

The highest silicon etch rate achieved was for the highest concentration of the HNA based 

mixture (382 nm/min), followed by that of the highest KOH concentration (164 nm/min) 

solution. In addition, as it has been mentioned, KOH etch is not isotropic and 

consequently these etch rates values are referred to the (100) direction and the rates for 

the lateral directions are slower. Consequently, HNA releases the microcantilevers faster 

than KOH. 

Another important difference between both chemicals relies on the reproducibility and 

easily control of the HNA etch, unlike the KOH etch. Using HNA, the microcantilevers are 

released uniformly and the Si surface remains smooth and clean. The KOH etch did not 

show this result, being more irregular in etch rates and leaving a rougher Si surface behind 

(see also AlN wet etch described in previous section). 

For these reasons, the recipe chosen for the microcantilevers release was the non diluted 

solution of HNA. 

Accomplishing one of the main purposes of this work (considered already during the mask 

design phase), this etch release a huge length range of microcantilevers, provided that 

they have the same width. Figure 4.10 shows different dimensions of cantilever beams 

fabricated and released with HNA in the same process step. 

 

Figure 4.10. SEM micrographs of microcantilevers arrays of 50 μm width and different 

lengths; (300 and 375 μm left and 437.5, 500 and 550 µm right)  
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The cleanness of the HNA etch is clearly seen in figure 4.11, that shows the fabricated 

Cr/AlN/Cr microcantilevers and a free space under them obtained after the Si surface wet 

etch step. The precise thickness of the beam layers is also determined by SEM. The typical 

columnar texture of the c-axis oriented AlN film is easily distinguished in the image. Our 

SEM study of several samples supports the reproducibility of the process, showing 

cantilevers etched uniformly, a clean Si surface and a reproducible and well-defined 

device pattern. 

 

Figure 4.11. Cross sectional SEM view of the cantilever showing the Cr-AlN-Cr sandwich 

structure. 

There are some interesting effects of the isotropic etch that should be considered. During 

the microcantilever releasing step, the HNA etches the whole Si surface. As shown in 

Figure 4.12, the HNA starts etching the silicon exposed and continues with the silicon 

under the cantilever, while it is being released. Following this procedure the last area 

etched before the cantilever is completely detached from the Si surface is the space under 

the middle of the microcantilever, causing a height gradient. 
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Figure 4.12. SEM image of a series of released cantilevers. The height gradient of the Si 

substrate surface height under the free microstructure is shown in detail. 

Figure 4.13 shows another interesting effect of this Si etch. As it has been mentioned, the 

isotropic HNA Si etch exhibits equal etch rates in all directions of the Si surface and hence 

the anchor of the cantilever is also overetched. In this sense, HNA etch in this area draws 

a circular geometry which radius is the half of the cantilever width, as it is represented by 

the arrows of Figure 4.13. The microstructures bending due to stress in the AlN thin film 

of the image makes easier to distinguish the overetch effect. 

 

 

 

 

 

 

 

Figure 4.13. Cantilevers released and their anchor 
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The overetch effect does not affect the cantilever fabrication apart from esthetic reasons, 

provided that it has been taken into account for the geometry design of the lithography 

mask. Figure 4.14 shows how, despite the Si overtech, both Cr top and bottom electrodes 

can be contacted, as it will be probed in the vibrometry measurements. 

 

Figure 4.14. Complete 50 µm width microcantilevers array and both Cr top and bottom 

contacts. 

In order to avoid this effect, the anchor of the cantilever can be masked and protected 

from the etch (figure 4.15). Different materials were studied for this purpose: silicon 

oxide, silicon nitride  and aluminum nitride [149]. These materials have to hold the HNA 

etch with a low etch rate and might be easily removed after the cantilevers release. The 

silicon oxide is attacked fairly quickly (30-70 nm/min), so we studied the Si3N4 but it was 

also etched relatively fast (15 nm/min). Finally an AlN layer (deposited also by reactive 

sputtering) was the best material to be used as a hardmask thanks to its low etch rate (7 

nm/min). The inconvenience of this method was to remove the AlN mask when the 

cantilevers are released. ICP dry etching techniques as well as wet etch in a H3PO4 solution 

were tried but a large number of cantilevers did not hold the etch step and so it was not 

possible to remove the AlN mask. 
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Figure 4.15. Microcantilever array top view before (a) and after the hard mask pattern used to 

prevent underetching of the support area (b). 

Another possibility studied was, considering the AlN and Si etch rates for the recipe, to 

deposit exactly the same AlN thickness that is going to be etched during the HNA silicon 

etch. In this way, after the silicon etch and the consequent cantilevers release, the AlN 

mask had been completely etched. The inconvenience of this approach remains in that 

the AlN etch rate with HNA is not exact and reproducible and a thin layer of this material 

left over the Cr top electrode would impede its activation as electrode. As the 

microcantilevers can be successfully processed despite of the overetch under their 

anchor, this effect was just considered in terms of geometry design. 

The electrode material is one of the most relevant choices of this process. Depending on 

the electrode material used, the fabrication process can be considerably faster, but it has 

to accomplish basic requirements such as high throughput and CMOS compatibility, while 

allowing the growth of a c-axis oriented AlN on top of it. The first requirement to be valid 

for the post CMOS integration process is that it has to be deposited at lower 

temperatures than 450°C, in order to overcome the thermal budget and avoid the 

(previously fabricated) CMOS device damage. In the interleaved CMOS process case, the 

electrode material has to support the temperatures involved in the BEOL fabrication step. 

The last requirement is the high selectivity that this material must have to phosphoric acid 

(H3PO4) and HNA solutions in order to prevent the etching of the electrode material 

during the AlN and the final silicon etch respectively. The most commonly used CMOS 

materials have been considered, taking into account as well as other processing 

requirements, in order to find the most suitable one. Table 5 shows (in a brief summary) 
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the incompatibility of the conductive materials most commonly used in nowadays CMOS 

technology with our microcantelever fabrication process. 

 

Material Incompatibility related to 

Silicides - Titanium silicide (TiSi2) and cobalt silicide (CoSi2): both are 

deposited at temperatures higher than 400°C (850 and 

550°C respectively)[32][155] what makes them 

incompatible with post CMOS integration process. 

- Nickel silicide (Ni2Si and NiSi): Deposited at 350°C, but it is 

etched by H3PO4 [156] 

 

Poly-silicon Etched by HNA [157] 

Molybdenum (Mo) Etched by H3PO4 [158] 

Tantalum (Ta) High oxidation tendency [159] 

Tungsten (W) Silicide formation at 600°C: WSi2 [14] (incompatible with the 

proposed interleaved CMOS integration process) 

Copper (Cu) Not suitable for micromachining processes 

Aluminum (Al) Etched by H3PO4 (etch rate of 474 nm/min)2 

Titanium or titanium 

nitride (Ti or TiN) 

Etched by HNA [158] [160] 

Table 5: Standard CMOS materials not compatible with our fabrication process 

On the other hand, Cr is deposited at room temperature, and as it has been 

detailed, it can withstand very high temperatures. Thus, it is an electrode material valid 

for both interleaved and post CMOS integration processes. At the same time, this metal 

has a high selectivity to both AlN and Si etchants. Finally, the excellent properties of the 

AlN deposited over Cr have been already detailed in previous sections. These factors 

altogether made Cr the best candidate as electrode material in our process. 

Thus, by the use of Cr as bottom and top electrode material, a reproducible, clean and 

fast fabrication process could be obtained. Furthermore, as it was detailed in chapter 3, 

the use of Cr as electrode provides an alternative to fabricate the microcantilevers using 

the Cr top electrode also as hard mask. 

                                                           
2
 Obtained experimentally during this work 
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4.1.5. Sacrificial layer approaches 

Before finding the final release of the microstructures by etching the silicon 

substrate underneath them presented in the last section, several approaches were 

studied. All these approaches have in common the use of a sacrificial layer. This is a layer 

that when etched, allows the cantilever release. This procedure has been widely used for 

many type of MEMS devices such as microbridges, microvalves or microgrippers  

[161][162][163]. 

The fabrication process starts with the pattern of the sacrificial layer. The different layers 

forming the microcantilever are processed on top of this sacrificial layer following the 

procedure described in section 3.3.1. The last step consists in etching (or dissolving) the 

sacrificial layer and (as a consequence) releasing the structures. 

 

 Nickel silicide 

 Our interest in nickel silicides is related to the wide use of such compounds in the 

semiconductor industry achieving interesting progresses such as reducing cost and 

process complexity [164][165]. In this case, nickel silicide compounds have been used as a 

sacrificial layer in the first approach studied to release the microcantilevers. Thus, this first 

study that we attempted was based on the reaction between nickel and silicon. When a 

nickel layer deposited over a silicon substrate is heated up to at least 200⁰C, a chemical 

reaction (silicidation) takes place generating a new phase: nickel silicide, what produces a 

volume shrinkage [166] (figure 4.16). The gap formed between the nickel layer and the Cr 

bottom electrode after the silicidation is due to a “diffusion” of the nickel layer into the 

silicon substrate. This gap formation can be used to release the microcantilevers. 

4. Results 

Optimization 
process 

Sacrificial layers 

Vibrometry 
measurements 



94 
 

 

Figure 4.16. Schematic cantilevers release using nickel silicides as sacrificial layer 

The main advantage of this approach is that, achieving a uniform nickel silicide phase, the 

volume shrinkage is enough to release the structure and hence no wet etch techniques 

are required. Otherwise, patterning a nickel layer with larger dimensions than the 

cantilevers permits to release a wide range of microncantilever dimensions. These two 

facts contribute to the requirement of high throughout and were the main reasons to 

study this option. 

In the literature, Hung et al. [167] used the gap formed during the silicidation to fabricate 

different microstructures avoiding any silicide wet etch. In this way, the work developed 

was cheaper, cleaner and faster than conventional etch-based methods. 

Different nickel silicide phases can be formed depending on the annealing temperature. 

The most common is the Ni2Si phase, obtained at low temperatures (around 250⁰C). NiSi 

is formed at around 350⁰C and NiSi2 remains stable at temperatures up to 900⁰C. Each 

phase generates a different volume shrinkage, being bigger when the contribution of 

silicon is higher, and hence the thickest gap is achieved for the NiSi2 compound. 

Consequently, to enhance volume shrinkage, higher temperatures are required. In 

addition, high temperatures improve the phase uniformity [167]. 

The inconvenient of increasing the annealing temperature is that the CMOS compatibility 

is reduced to process temperatures below 450⁰C [168]. Hence our study was focused on 

finding an equilibrium between the gap achieved and the temperature needed to obtain 

it. 

The first step to carry out this approach is the nickel metallization. This process starts with 

a previous wafer clean with hydrofluoric acid (BHF) before the nickel deposition to 

eliminate the native silicon oxide. This procedure also prevents the formation of an oxide 

phase later at the Ni/Si interface (by eliminating the presence of oxygen atoms in the 

process) and improves the adherence between the Ni layer and the silicon substrate. The 

nickel deposition takes place later by joule evaporation after an optical lithography and is 

patterned with its subsequent lift-off. 
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The most difficult issue when using this material as sacrificial layer is to obtain a uniform 

silicide layer. The silicide phase has to be smooth enough to permit the cantilever release 

without damaging or breaking it. In order to achieve this, several annealing recipes were 

studied varying: the annealing temperature and time, the temperature ramps and the 

nickel thickness. In particular, for a B-doped silicon wafer with a nickel thin layer 20 nm to 

100 nm thick, the annealing temperature was 500, 600, 700, 800 and 900⁰C. The 

annealing time was 30 seconds, 2, 5 or 10 minutes. The ramps combinations were carried 

out using two different rise times (30 seconds or 2 minutes) and cooling down for 10 

minutes using a flow of forming gas or 30 minutes (without forming gas). These 

parameters were combined in order to find a uniform silicide phase with a maximal gap. 

All these samples were submitted to an annealing process in a Rapid Thermal Annealing 

(RTA) (Anneler MILA-3000-P-N, Ulvac Technologies Inc.) system located at ISOM’s clean 

room. 

The biggest difficulty we encountered was ensuring that the real temperature of the 

sample, a parameter directly reflected in the formed phase (NiSi, Ni2Si, NiSi2), corresponds 

with the one measured by the RTA Pt-100 thermocouple. The results obtained for all the 

annealing combinations were far from satisfactory since the silicide presented a very 

rough surface. This roughness can cause the rupture of the cantilevers on top the silicide 

phases, as it is shown on figure 4.17. 

 

Figure 4.17. Nomarski image after the annealing process were different phases can be 

optically distinguished 

Despite other similar works found in the literature [167], the gap or volume shrinkage 

formed in the annealing process was not enough to release the cantilevers. 
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After etching the unreacted nickel with aqua regia (hydrochloric and nitric acids mixture 

HCl:HNO3, 3:1) or piranha (sulfuric acid and peroxide dioxide mixture H2SO4:H2O2, 

3:1)[169], the samples were introduced in the following recipes to etch the silicide phases. 

The first chemistry studied was the dissolution of ammonium hydroxide (NH4OH) and 

hydrogen peroxide (H2O2) in water, NH4OH:H2O2:H2O, 1:1:5 at 70⁰C [170]. The 

inconvenient of this wet etch recipe is the decomposition of the ammonium hydroxide 

before the silicide is completely etched. A faster recipe was implemented later mixing 

hydrofluoric acid (HF), ammonium fluoride (NH4F) and ethylene glycol, HF:NH4F:ethylene 

glycol, 3:20:35 which according to literature values had an etch rate of 6.05 nm/min [171]. 

However, the etch rate obtained was only 0.067 nm/min, which is not in accordance with 

the high throughput requirement of our process. H3PO4 85% chemistries are also found in 

the literature [156],  but they present no good selectivity towards the underlying AlN thin 

film. The last recipe studied was the dissolution of sulfuric (H2SO4) and hydrofluoric acid 

with hydrogen peroxide and water: H2SO4:H2O2:H2O:HF, 910:27:56:1, T=100⁰C [156]. In 

that case, despite of the high etch rate found in the literature (7 nm/min), it did not etch 

the silicide layer completely, thus a high throughput process could not be demonstrated. 

However, we would like to emphasize that, without having the microcantilevers on top, 

any of those recipes could etch uniformly and softly the nickel silicide layer. Consequently, 

this step could not be accomplished successfully. 

Besides this issue, the roughness of the phases had to be considered. Despite the sample 

was pre-cleaned with BHF, the most probable reason behind the high surface roughness is 

the presence of oxygen atoms. The entrance of oxygen gas may occur during the 

annealing because the RTA system does not achieve a high vacuum. This causes the 

formation of a new phase, nickel oxide, what difficults the formation of the silicide phases 

affecting also the silicide uniformity. To probe the existence of this phase, a selectively 

etch sequence was tried. After the silicide etch (in this case with H3PO4), the samples were 

exposed to a nickel oxide etchant (hydrochloric acid, HCl) to study the step height.  

In Figure 4.18, we can differentiate the Cr-AlN-Cr structure of the microcantilever above 

the silicide area. The gap induced between the silicide and the structure can be easily 

distinguished. Despite that gap, the microcantilevers shown in this figure are not released 

completely. Our experiments could not provide a clear evidence of the microcantilevers 

being completely detached from the Si substrate. Nevertheless, although the 
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microstructures could not be released, the fabrication of the Cr/AlN/Cr three layer system 

could be completed successfully during these experiments. 

 

Figure 4.18. Cr/AlN/Cr microstructure cross section 

Therefore, problems related to the RTA system complicated the successful development 

of this approach, allowing the presence of oxygen atoms and having an imprecise control 

of the real owen temperature. These problems concluded in not uniform phases for all 

the annealing parameters used and an unsuccessful silicide wet etch. Although other 

authors have shown similar processes [169][167], the use of silicides as sacrificial layer 

was discarded in order to study other options not requiring any annealing step. 
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 Nickel 

 The nickel approach is based on the patterm of a thin layer of this metal right 

under the microcantilevers. The deposition of the nickel thin layer follows the same 

procedure used in the case of the nickel silicide (joule metallization, optical lithography 

and lift off). Different thickness of 5 and 10 nm of nickel were deposited. The cantilevers 

are processed later on top of it. The nickel layer is finally wet etched generating a gap that 

releases the structure (figure 4.19) with piranha at its natural exothermic reaction 

temperature (around 100⁰C). 

 

Figure 4.19. Schematic representation of the cantilevers release processing step by the use of 

a nickel layer 

The difficulty of this methodology relies on the non-planar structure caused by the nickel 

layer that conclude on the rupture of the cantilevers during the releasing etch process. To 

make the cantilevers structure more robust and resistant to this step, the thickness of the 

sandwich structure was doubled from the initials 300 nm for each Cr electrode layer to 

600 nm, and 700 nm to 1.4 µm in the case of the AlN piezoelectric layer. 

Despite this measurement, as shown in figure 4.20, most of cantilevers were broken at 

the anchor section. 

 

Figure 4.20. SEM image of the microcantilevers fracture section in top view (left) and its 

schematic representation in side view (right) 
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 Photoresist 

  The photoresist approach follows the same principle than the previous study of 

the nickel layer, but in this case the step height is avoided by the use this polymer as 

sacrificial layer. The advantage of using this material is the softer and more rounded 

profile resulted when it is post baked (figure 4.21) which reduces considerably the 

possibilities of breaking the cantilever processed on top of it. 

 

Figure 4.21. Schematic release process using photoresist 

The photoresist used is the AZ5214, post baked at 120⁰C for 3 minutes. The cantilever is 

processed later following the same fabrication steps used for the other sacrificial layer 

studies. The photoresist is removed in a warm bath of acetone. One of the main 

advantages of the use of photoresist as sacrificial layer is that involves less processing 

steps contributing considerably to the required high throughput of the complete 

fabrication process. 

The first issue to solve was the photoresist cracking during the chromium electrodes 

deposition by Joule effect. This problem was successfully worked out by the use of 



100 
 

titanium instead of chromium as electrode material, which is metalized by e-beam 

evaporation at lower temperatures. 

The second obstacle appeared was photoresist crack during in this case during the 

sputtering growth of the AlN layer, due to the stress caused by the plasma and the 

temperatures that can reach the sample during the process. We attempted to solve 

reducing the sputtering time and hence the AlN thickness (7 minutes corresponding to 

350 nm). Despite of this measurement, the photoresist still cracked during the sputtering. 

Although this procedure has been widely used in the literature [172] to release 

successfully different microstructures, our conclusion is that it is limited to the release of 

structures which processing does not involve plasma steps. 

 Aluminum wells 

 On the basis of similar studies [173], the last approach studied before achieving 

the definitive cantilevers release was the use of aluminum wells. In order to overcome the 

problems arising from the step height as in the case of the Ni sacrificial layer, we have also 

studied the possibility of first etching a cavity on the surface of the silicon wafer, and 

subsequently refilling it with aluminum (figure 4.22). By doing this, the step height is 

avoided and thus the microcantilever would not show any discontinuity when the 

aluminum used as sacrificial layer is etched away. 
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Figure 4.22. Aluminum wells used to release the microcantilevers 

After an optical lithography step, the silicon substrate surface was dry etched using 

inductively coupled plasma (ICP) following the parameters described in table 6. This 

created a cavity as shown in step1, figure 4.22. 
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Table 6: Parameters of the ICP Si etching. 

For this set of experiments, the aluminum acting as sacrificial layer was deposited over 

the entire wafer surface and in the same sputtering system used to synthesize the AlN 

active layer.  The parameters detailed in table 3 with the exception of the gas flow (50 

sccm of Ar, without nitrogen N2 contribution) and at a 30 mTorr processing pressure 

where used during the Al deposition. Using an optical lithography masking step, the Al 

well was protected and the remaining Al was removed from the wafer surface by a wet 

etching step using H3PO4 85% at 100⁰C (Figure 4.22, step 2). This recipe is also used later 

on to etch the Al well and release the microcantilevers. This final etch step is represented 

in step 4, Figure 4.22. 

The key factor for this process falls on achieving a perfect fitting of the aluminum on the 

silicon cavities, avoiding step heights. This objective motivated the choice of the 

aluminum as the material to refill the cavities, since the sputtering technique a more 

accurate thickness control (especially in comparison with evaporation techniques). 

The position of the sample in the sputtering chamber has an effect on the final layer 

thickness. For this reason, the thickness deposited in several points along the sample was 

carefully measured. Figure 4.23 shows this distribution on a sample of 1 cm2, with an 

average thickness of 1.0288 µm and a deviation of 0.0179 µm. 

Parameter Value 

RF power [W] 40 

HDP0 power [W] 100 

Base pressure [mbar] 5x10-5 

Gas composition Ar/SF6 [sccm] 5/10 

Process pressure [mTorr] 5 

Substrate temperature [◦C] 25 



103 
 

0.0 0.3 0.6 0.9

0.0

0.3

0.6

0.9

y

x

1.010

1.018

1.025

1.033

1.040

1.048

1.055

1.063

1.070

 

Figure 4.23. Thickness uniformity of the 1 micron Al layer sputtered along a sample of 1x1 cm
2 

 

A high precision alignment for the aluminum pattern lithography is also required, in order 

to avoid mistakes that would end up in a step height formation and the subsequent 

cantilevers rupture in the anchoring point. The possibility of polishing the sample by CMP 

(chemical-mechanical planarization) was also studied but caused the delamination of the 

whole aluminum refilled well. 

However, considering no alignment error, the high uniformity of the sputtering process 

was not enough to provide a reproducible manufacturing recipe for our “Al well” based 

sacrificial layer process. According to our results, when the step height is high enough 

(more than 10 nm), it is transferred to the microcantilever-support interface section. 

Thus, although the use of the sputtering technique provides a highly precise and 

reproducible synthesis method, in most cases the presence of a step height (fault) causes 

a fracture similar to the one appearing in the Ni-layer based approach. Figure 4.24 shows 

the three layer microcantilever (Cr/AlN/Cr) processed over the Al well (left side). The 

fracture that detaches the microcantilever from the support area once the sacrificial layer 

(aluminium well in this case) is removed can be clearly differentiated. A schematic 

representation of the fracture section is shown in the right side of the figure. 
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Figure 4.24. SEM image of the microcantilever cross section showing the three layer 

microcantilever (Cr/AlN/Cr) and the Al sacrificial layer underneath 

The use of nickel silicides, nickel, photoresist and aluminum wells as sacrificial layers to 

release the AlN microcantilevers has been investigated in this section. We concluded that 

the main difficulty related to these four approaches is the formation of a discontinuity 

(fracture) along the edge between the microcantilevers active area and its support. This 

fracture has its origin at the step height originated between the sacrificial layer edge and 

the substrate. In most cases, it causes the release of the microcantilevers active area 

together with the sacrificial layer when the layer is removed (etched away). This difficulty 

was solved by using the bare silicon substrate surface as sacrificial layer, presented in 

previous sections. Following that procedure, several arrays of AlN piezoelectric 

microcantilevers (of a wide range of dimensions) could successfully be fabricated and 

released along this work.  
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4.2. VIBROMETRY: SIMULATION AND MEASUREMENTS 

After the results related to device manufacturing, vibrometry measurements are 

presented herein in order to characterize the final device performance. 

 

4.2.1. Piezoelectric constant measurement 

 The d33 piezoelectric constant was measured by the direct piezoelectric effect in 

700 nm AlN/ 100 nm Cr structures, delivering a value of -4.6 pC/N. Most piezoelectric 

materials show higher values of d33 (ZnO [174], LiNbO3 and LiTaO3 above 10 pC/N, BaTiO3 

and PZT 190 pC/N, whereas in the case of PZT compositions it rises to values between 100 

and 600 pC/N) [175]. However, as it has been mentioned, all these materials showing 

better piezoelectric properties are grown at high temperature (300°C of bismuth titanate 

Bi4Ti3O12 [176], 700°C of lithium niobate LiNbO3 [29], around 600⁰C for PZT [105] and 

1000⁰C of lithium tantalite LiTaO3 [177], which increases processing cost and jeopardizes 

compatibility with CMOS technology. In our case, the piezoelectric d33 constant shows a 

lower value, but it proves to be high enough for the microcantilever´s activation and, 

most important, our fabrication process is compatible with standard CMOS technology 

and high throughput requirements. 

For AlN thin layers deposited by reactive sputtering, the d33 piezoelectric constant shows 

very different values depending on the substrate, sputtering conditions or AlN layer 

thickness. It also depends on the electric field applied, with the d33 value varying between 

3.0 and 3.5 pC/N when the AlN is deposited at 400°C [178] or from 5.0 to 6.1  pC/N when 

deposited over amorphous SiO2, depending on the RF bias power and substrate roughness 

[179]. It has also been studied how an increase of the AlN over silicon substrate film 

thickness results in higher piezoelectric coefficient (from 2 to 5 pC/N for 300 to 2400 nm 
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thick AlN respectively) [180]. When the AlN is deposited over platinum (Pt) at 300°C, the 

value varies from 2.75 to 5.15 pC/N depending also on the AlN thickness [181]. 

In addition, in comparison with AlN thin layers synthesized at low temperatures, a value 

of 6.5 pC/N is found over Ti, also in a CMOS compatible process [109]. At higher 

sputtering temperatures over different substrates (400⁰C) [182], this parameter shows 

lower d33 values such as 3.54 pC/N over Si, 3.4 pC/N over Pt, 1.8 pC/N over cobalt Co and 

1.6 pC/N over SiO2. These values were improved (4.0 pm/V and 3.1 pm/V on Pt and Mo) 

by these authors in other publications [183]. In summary, considering that our 

piezoelectric material has been synthesized at room temperature, it can be concluded 

that it provides better piezoelectric properties in comparison with most of the AlN data 

found in the literature (deposited over different substrates and in different conditions, 

most of them at higher temperatures). 

 

4.2.2. Simulation and Laser Doppler Vibrometry characterization 

 The characterization of the first out-of-plane modes of the aluminium nitride 

piezoelectric microcantilevers was carried out by using the Laser Doppler Vibrometry 

(LDV) technique at the Fraunhofer Institute IAF. The nature of the different vibration 

modes detected has been studied and compared with that obtained by a finite element 

model based simulation (Comsol Multiphysics), showing flexural as well as torsional 

modes. 

Computer FEM simulations were performed, providing a reasonable comparison with the 

experimental results. Figure 4.25 shows a Comsol image of the 50 µm in width and 250 

µm in length microcantilever under an applied external voltage of 5V. A dashed line along 

the middle of the supporting silicon layer has been added as reference of the 

microcantilever symmetry. 
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Figure 4.25. Comsol simulation of a microcantilever 

The model based on the finite element method (FEM) was constructed using Comsol 

Multiphysics [184]. Comsol is a software with unique capabilities in MEMS design, 

modelling and simulation, using finite elements. Several authors have previously built 

models for cantilevers, using Comsol Multiphysics [185][186]. 

The elementary theory of microcantilever bending permits obtaining the resonance 

frequency ωi for a given piezoelectric biform of length a, width b, mass density per unit of 

area ρ and flexural rigidity D. The ith order natural frequency can be calculated from the 

following equation: 

ωia
2√

ρ

D
= ci (10) 

where ci is a parameter which depends on the ratio a/b [187]. 

Material constants are provided by the Comsol Multiphysics material database. The 

model using this simulation contains 12.757 tetrahedral elements and comprises only the 

suspended beam and a small part of the rest of the device, which is considered to be 

perfectly clamped through certain mechanical boundary conditions. Our 3D model was 

the basis of two types of calculations; on one hand, it was used to determine the natural 

frequencies of the modelled vibrating cantilever. At the same time, the model was also 

used to study the response of the cantilever when excited by an ac voltage applied 
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between the electrodes, at different frequencies. This set of simulations allowed us to 

obtain valuable information about displacements, stresses and reaction charges on the 

surfaces. 

The microcantilever vibration has been characterized by measuring the out-of-plane 

displacement of surfaces by laser doppler vibrometry. The performance of the 

microcantilevers has been determined by applying a so called periodic chirp signal to the 

Cr electrodes in a frequency range from 50 kHz to 2 MHz. This electric stimulus consists of 

a superposition of sinusoidal signals designed to keep constant the amplitude in the 

frequency domain and hence allow for a uniform excitation. Two different decoders were 

used to measure at low and high frequencies, with bandwidths of 50 kHz and 2 MHz, 

respectively. Electrical access to the metal electrodes was done using tips mounted in 

probe heads.

 

Different modes were detected with this system as can be seen in the figure 4.26. The 

White Light Interferometry images (Figure 4.26a) show the static shape overview of the 

microcantilevers before being excited, or a detail of one cantilever (Figure 4.26b). The 

gradient (of different colours) on the beam surface indicates different height values. Both 

images show a slight tensile stress of the structures, but this static bowing does not affect 

the vibration modes significantly. 

The vibration modes measured by LDV are shown in Figure 4.26c. The classification of the 

modes was made using Leissa’s nomenclature [188]. The first number n corresponds to 

the number of nodal lines (i.e. no vibration) along the beam, and the second one m is the 

number of nodal lines perpendicular to the beam axis. Three flexural modes [(0,0), (0,1) 

and (0,2)], and three torsional modes [(1,0), (1,1) and (1,2)] are clearly differentiated in 

Figure 4.26c. By observing these modes, we can see how modes (0,1) and (0,2) are 

flexural with one nodal line in case of mode (0,1) and two in the case of mode (0,2) 

perpendicular to the cantilever. Mode (1,0) is torsional (one nodal line appears in the 

centre of the cantilever parallel to it), whereas mode (1,1) has both components 

longitudinal and torsional (two perpendicular nodal lines). Mode (1,2) has also two 

perpendicular lines and another one parallel to the beam, showing also both longitudinal 

and torsional components. All the resonances detected show a symmetric displacement 

with respect to the dashed line represented in figure 4.25. 
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Figure 4.26. Vibrometry results and FEM analysis for the out of plane modal shape of the first 

six resonant frequencies of the cantilever. 

Table 7 shows the resonant frequencies detected by the vibrometer in the 50 kHz to 2 

MHz range, and the corresponding frequencies calculated by the FEM analysis. These 

values and their corresponding displacement are represented in figure 4.26c. 
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Mode   (0,0)  (1,0)  (0,1)  (1,1)  (0,2)  (1,2) 

Laser Vibrometry (MHz) 0.085 0.279 0.524 
 

0.903 1.362 1.711 

Comsol (MHz) 0.091 0.268 0.506 0.905 1.313 1.744 

 

Table 7: First six frequency peaks measured with LDV and calculated by FEM. 

Despite these differences, it can be asserted that the agreement between theoretical and 

experimental data for these six frequencies and their modal shapes studied is reasonably 

good. The small discrepancy found in table 7 between the FEM and the experimental 

frequencies for each mode has an average value of 3%. This error may be attributed to a 

number of factors, such as the fact that the FEM calculation of the frequencies did not 

involve energy losses like mechanical damping. In addition, the uncertainty in the actual 

geometry of the cantilever (thickness of electrodes and AlN layer, mainly) and the 

deviations in the constants used for the FEM analysis might also be sources of error. The 

impact of underetching in the area of cantilever clamping (figure 4.26a) due to the 

isotropy of the final release etching step, also affects to this variation in the frequency 

values. 

This manufacturing error implies also that most modes have a smaller displacement 

response than the simulated one. It affects mostly the high-index modes, especially with 

torsion components. 

In order to analyze and compare with other publication’s results, the quality factor Q of 

these data has been calculated. 

𝑄 =
𝑓𝑟

∆𝑓
  (11) 

This factor is obtained by the Gatti approximation [189] by which fr is the resonant 

frequency and Δf is the difference between two frequencies at which the displacement is 

equal to the maximum displacement divided by the root square of two. Low damping 

corresponds to high values of Q and to a sharp peak response; high damping corresponds 

to low values of Q and to smaller amplitudes at resonance. The results of this analysis are 

presented in table 8: 
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Mode (0,0) (1,0) (0,1) (1,1) (0,2) (1,2) 

Q 6.5 18.07 19.06 
 

18.16 13.99 21.06 

Table 8: Quality factor for the six modes measured 

AlN based microcantilevers quality factor values can rise to several hundreds 

[66][190][191]. The reduced Q value might be due to the underetching of the support 

area. In our case, the highest Q value is achieved for the mode (1,2) and consequently, 

according to our measurement, it is the most promising mode for mass sensing  [192]. 
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5. CONCLUSIONS AND FUTURE WORK 

 

 The main conclusions and results obtained during this thesis regarding the 

piezoelectric material, MEMS devices fabrication and its optimization and characterization 

are presented in this chapter. The future work principally related to the CMOS integration 

and applications resulted from this work is also presented here. 

The principal aim of this thesis work has been the development of a high throughput and 

CMOS compatible AlN piezozelectric microcantilever fabrication process. For this purpose, 

every step of the three layer structure Cr/AlN/Cr fabrication has been meticulously 

optimized. Growth conditions such as target power were studied in order to get c-axis 

oriented AlN over Cr at room temperature. The different recipes to etch by dry and wet 

etching techniques AlN and Cr layers were also studied, as well as the final silicon etch 

that releases the structure. Different device fabrication options such as the use of Al as 

electrode or Cr as mask have also been discussed. 
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The whole process is carried out at room temperature and hence, unlike most fabrication 

process involving piezoelectric materials, this fabrication process is CMOS compatible. 

Different methods to integrate the manufacturing process with interleaved  and post 

CMOS standard fabrication processes are also proposed. 

Regarding the different release approaches studied during the optimization process, the 

use of nickel silicides, nickel, photoresist and aluminum wells as sacrificial layers has been 

investigated. The main difficulty related to these approaches is the formation of a 

discontinuity (fracture) along the edge between the microcantilever’s active area and its 

support caused by a step height. In most cases, it causes the release of the 

microcantilever’s active area together with the sacrificial layer when the latter is removed 

(etched away). This difficulty was solved by using the bare silicon substrate surface as a 

sacrificial layer. 

To probe the device viability, a study of the vibration response of the cantilevers was also 

carried out. A Laser Doppler vibrometer and the Finite Element Method were used to 

optically characterize and simulate (respectively) the performance of the manufactured 

piezoelectric microcantilevers under an applied electric field. The experimental 

frequencies obtained precisely follow the simulation data allowing us to detect flexural 

modes as well as torsional modes with a symmetrical displacement referred to the line of 

symmetry along the cantilever. 

The piezoelectric parameter was also measured, obtaining a slight lower value than most 

piezoelectric materials (grown at high temperatures) but significantly good considering 

other AlN samples synthesized at high temperature instead of low temperature, as in our 

case. 

In conclusion, this technology is very promising for the manufacture of high-throughput 

CMOS compatible piezoelectric MEMS (microcantilevers). 

Different improvements and new studies can be done for future work after analyzing the 

results obtained during this thesis. Concerning material aspects, the piezoelectric constant 

of the thin AlN layer can be improved. Adding scandium (Sc) to the composition of the 

piezoelectric material improves this property considerably. AlN has been obtained at 

room temperature and thus CMOS compatibility is guaranteed. As future work, the 

optimization of AlScN synthesis at room temperature on these substrates has to be done 

to develop a CMOS compatible device with better piezoelectric response. 



114 
 

The AlN piezoelectric microcantilevers studied here can be used for many different 

applications, such as sensors devices. Moreover, biochemical sensors can be developed 

with this technology.  

As future work, it can be very interesting to test these devices to detect illnesses by 

coating a specific antibody to the microcantilever surface. Due to the versatility of the 

device as well as to its high throughput and low manufacturing cost, the development of 

this application could be an important improvement on the biodetection field. 

 

 

 

 

 

  



115 
 

BIBLIOGRAPHY 

[1] Gad-el-Hak, The MEMS Handbook, 2010th ed. London: CRC press, 2001. ISBN: 
1420050907. 

[2] Z. Zhou, Z. Wang, and L. Lin, Microsystems and Nanotechnology. Springer, 2012. 
ISBN: 3642182933 

[3] R. H. Bishop, Mechatronic Systems, Sensors, and Actuators: Fundamentals and 
Modeling, vol. 19. CRC Press, 2007. ISBN: 1420009001. 

[4] O. R. K. Clemens John E, Johnstone Ben B, “Method of preparing electrostatic 
shutter mosaics,” US2749598 A, 12-Jun-1956. 

[5] “International Roadmap for semiconductors,” 2013 edition Micro-electro-
mechanical systems (MEMS) summary. 

[6] M. Meeker, “Internet Trends 2014,” in Internet Trends, 2014, pp. 1–164. 

[7] F. M. Wanlass, “Low stand-by power complementary field effect circuitry,” 
US3356858-A, 1963. 

[8] R. R. Schaller, “Moore’s law: past, present and future,” IEEE Spectr., vol. 34, no. 6, 
pp. 52–59, Jun. 1997. 

[9] M. R. Tripathy, “Nano CMOS,” Journal of Scientific Review, vol. 1, no. 1. pp. 19–23, 
31-May-2009. 

[10] R. J. Baker, CMOS Circuit Design, Layout, and Simulation. Wiley-IEEE Press, 2010. 
ISBN: 1118038231. 

[11] W. M. Arden, “The International Technology Roadmap for Semiconductors—
Perspectives and challenges for the next 15 years,” Curr. Opin. Solid State Mater. 
Sci., vol. 6, no. 5, pp. 371–377, Oct. 2002. 

[12] R. J. Baker, CMOS: Circuit Design, Layout, and Simulation. John Wiley & Sons, 2011. 

[13] G. S. May and C. J. Spanos, Fundamentals of Semiconductor Manufacturing and 
Process Control. John Wiley & Sons, 2006. ISBN: 0471790273. 

[14] M. J. Madou, Fundamentals of Microfabrication: The Science of Miniaturization, 
Second Edition. CRC Press, 2002. ISBN: 0849308267. 

[15] A. Kshirsagar, P. Nyaupane, D. Bodas, S. P. Duttagupta, and S. A. Gangal, 
“Deposition and characterization of low temperature silicon nitride films deposited 
by inductively coupled plasma CVD,” Appl. Surf. Sci., vol. 257, no. 11, pp. 5052–
5058, Mar. 2011. 

 



116 
 

[16] W.-C. Hsiao, C.-P. Liu, and Y.-L. Wang, “Influence of thermal budget on 
phosphosilicate glass prepared by high-density plasma chemical-vapor deposition,” 
J. Vac. Sci. Technol. B Microelectron. Nanom. Struct., vol. 23, no. 5, p. 2146, Sep. 
2005. 

[17] M.-A. N. Eyoum, “Modularly Integrated MEMS Technology,” Electrical Engineering 
and Computer Sciences University of California at Berkeley, 2006. 

[18] J. H. Smith, S. Montague, J. J. Sniegowski, J. R. Murray, “Embedded 
Micromechanical Devices for the Monolithic Integration of MEMS with CMOS,” 
Proc. Int. Electron Devices Meet., pp. 609 –612, 1995. 

[19] A. J. A. Yasaitis, M. A. Perez-Maher and J. M. Karam, “A modular process for 
integrating thick polysilicon MEMS devices with sub-micron CMOS,” Proc. SPIE 
Micromach. Microfab. Process Technol. VII, vol. 4979, 2003. 

[20] W. Kuehnel and S. Sherman, “A surface micromachined silicon accelerometer with 
on-chip detection circuitry,” Sensors Actuators A Phys., vol. 45, no. 1, pp. 7–16, 
Oct. 1994. 

[21] J. M. C. G. Krishna Kumar, Nishit A. Choksi, “Method of forming monolithic CMOS-
MEMS hybrid integrated, packaged structures,” US8101458B2, 24-Jan-2012. 

[22] A. Witvrouw, A. Mehta, A. Verbist, B. Du Bois, S. Van Aerde, J. Ramos-Martos, J. 
Ceballos, A. Ragel, J. M. Mora, M. A. Lagos, A. Arias, J. M. Hinojosa, J. Spengler, C. 
Leinenbach, T. Fuchs, and S. Kronmuller, “Processing of MEMS gyroscopes on top 
of CMOS ICs,” in ISSCC. 2005 IEEE International Digest of Technical Papers. Solid-
State Circuits Conference, 2005., pp. 88–89. 

[23] J. Verd, A. Uranga, J. Teva, J. L. Lopez, F. Torres, J. Esteve, G. Abadal, F. Perez-
Murano, and N. Barniol, “Integrated CMOS-MEMS with on-chip readout electronics 
for high-frequency applications,” IEEE Electron Device Lett., vol. 27, no. 6, pp. 495–
497, Jun. 2006. 

[24] P. F. Van Kessel, L. J. Hornbeck, R. E. Meier, and M. R. Douglass, “A MEMS-based 
projection display,” Proc. IEEE, vol. 86, no. 8, pp. 1687–1704, 1998. 

[25] A. Witvrouw, “CMOS-MEMS Integration: Why, How and What?,” in 2006 IEEE/ACM 
International Conference on Computer Aided Design, 2006, pp. 826–827. 

[26] J. erik Ramstad, “CMOS-MEMS integration,” 2006. 

[27] A. G. Mukherjee, M. E. Kiziroglou, A. S. Holmes, and E. M. Yeatman, “Die-level 
integration of metal MEMS with CMOS,” in 2008 2nd Electronics Systemintegration 
Technology Conference, 2008, pp. 169–174. 

[28] D. B. P. Gr. Lucuta, Fl. Constantinescu, “Structural Dependence on Sintering 
Temperature of Lead Zirconate-Titanate Solid Solutions,” J. Am. Ceram. Soc., vol. 
68, no. 10, pp. 533–537, Oct. 1985. 



117 
 

[29] Z. Lu, R. Hiskes, S. A. DiCarolis, R. K. Route, R. S. Feigelson, F. Leplingard, and J. E. 
Fouquet, “Epitaxial LiNbO3 thin films on sapphire substrates grown by solid source 
MOCVD,” J. Mater. Res., vol. 9, no. 09, pp. 2258–2263, Mar. 2011. 

[30] H. P. Lobl, M. Klee, C. Metzmacher, W. Brand, R. Milsom, P. Lok, and F. van Straten, 
“Piezoelectric materials for BAW resonators and filters,” in 2001 IEEE Ultrasonics 
Symposium. Proceedings. An International Symposium (Cat. No.01CH37263), 2001, 
vol. 1, pp. 807–811. 

[31] K. Uchino, Advanced Piezoelectric Materials: Science And Technology. Elsevier, p. 
696, 2010. ISBN: 1845699750. 

[32] S. Sedky, A. Witvrouw, H. Bender, and K. Baert, “Experimental determination of 
the maximum post-process annealing temperature for standard CMOS wafers,” 
IEEE Trans. Electron Devices, vol. 48, no. 2, pp. 377–385, 2001. 

[33] H. Takeuchi, A. Wung, X. Sun, R. T. Howe, and T.-J. King, “Thermal Budget Limits of 
Quarter-Micrometer Foundry CMOS for Post-Processing MEMS Devices,” IEEE 
Trans. Electron Devices, vol. 52, no. 9, pp. 2081–2086, Sep. 2005. 

[34] W. J. Choi, Y. Jeon, J.-H. Jeong, R. Sood, and S. G. Kim, “Energy harvesting MEMS 
device based on thin film piezoelectric cantilevers,” J. Electroceramics, vol. 17, no. 
2–4, pp. 543–548, Dec. 2006. 

[35] J. Fritz, “Translating Biomolecular Recognition into Nanomechanics,” Science (80), 
vol. 288, no. 5464, pp. 316–318, Apr. 2000. 

[36] G. Wu, H. Ji, K. Hansen, T. Thundat, R. Datar, R. Cote, M. F. Hagan, A. K. 
Chakraborty, and A. Majumdar, “Origin of nanomechanical cantilever motion 
generated from biomolecular interactions,” Proc. Natl. Acad. Sci., vol. 98, no. 4, pp. 
1560–1564, Feb. 2001. 

[37] J. Fritz, “Cantilever biosensors.,” Analyst, vol. 133, no. 7, pp. 855–63, Jul. 2008. 
ISBN: 13645528. 

[38] H. H. Alan, B. Murphy, and S. Ogletree, “Microcantilever-based Biodetection,” 
School of Engineering and Applied Sciences Northwestern University, 2007. 

[39] M. Calleja, J. Tamayo, A. Johansson, P. Rasmussen, L. M. Lechuga, and A. Boisen, 
“Polymeric Cantilever Arrays for Biosensing Applications,” Sens. Lett., vol. 1, no. 1, 
pp. 20–24, Dec. 2003. 

[40] J. Tamayo, P. M. Kosaka, J. J. Ruz, Á. San Paulo, and M. Calleja, “Biosensors based 
on nanomechanical systems.,” Chem. Soc. Rev., vol. 42, no. 3, pp. 1287–311, Feb. 
2013. 

[41] M. Calleja, P. M. Kosaka, Á. San Paulo, and J. Tamayo, “Challenges for 
nanomechanical sensors in biological detection,” Nanoscale, vol. 4, no. 16, p. 4925, 
Jul. 2012. 

 



118 
 

[42] R. McKendry, J. Zhang, Y. Arntz, T. Strunz, M. Hegner, H. P. Lang, M. K. Baller, U. 
Certa, E. Meyer, H.-J. Güntherodt, and C. Gerber, “Multiple label-free biodetection 
and quantitative DNA-binding assays on a nanomechanical cantilever array.,” Proc. 
Natl. Acad. Sci. U. S. A., vol. 99, no. 15, pp. 9783–8, Jul. 2002. 

[43] C. A. Savran, S. M. Knudsen, A. D. Ellington, and S. R. Manalis, “Micromechanical 
detection of proteins using aptamer-based receptor molecules.,” Anal. Chem., vol. 
76, no. 11, pp. 3194–8, Jun. 2004. 

[44] C. M. Domínguez, P. M. Kosaka, A. Sotillo, J. Mingorance, J. Tamayo, and M. Calleja, 
“Label-free DNA-based detection of Mycobacterium tuberculosis and rifampicin 
resistance through hydration induced stress in microcantilevers.,” Anal. Chem., vol. 
87, no. 3, pp. 1494–8, Feb. 2015. 

[45] J. Pei, F. Tian, and T. Thundat, “Glucose biosensor based on the microcantilever.,” 
Anal. Chem., vol. 76, no. 2, pp. 292–7, Jan. 2004. 

[46] A. Gupta, D. Akin, and R. Bashir, “Detection of bacterial cells and antibodies using 
surface micromachined thin silicon cantilever resonators,” J. Vac. Sci. Technol. B 
Microelectron. Nanom. Struct., vol. 22, no. 6, p. 2785, 2004. 

[47] P. Grodzinski, M. Silver, and L. K. Molnar, “Nanotechnology for cancer diagnostics: 
promises and challenges.,” Expert Rev. Mol. Diagn., vol. 6, no. 3, pp. 307–18, May 
2006. 

[48] G. Wu, R. H. Datar, K. M. Hansen, T. Thundat, R. J. Cote, and A. Majumdar, 
“Bioassay of prostate-specific antigen ( PSA ) using microcantilevers,” Nature, vol. 
19, no. September, 2001. 

[49] L. Loo, J. A. Capobianco, W. Wu, X. Gao, W. Y. Shih, W.-H. Shih, K. Pourrezaei, M. K. 
Robinson, and G. P. Adams, “Highly sensitive detection of HER2 extracellular 
domain in the serum of breast cancer patients by piezoelectric microcantilevers.,” 
Anal. Chem., vol. 83, no. 9, pp. 3392–7, May 2011. 

[50] S. K. Vashist, “A Review of Microcantilevers for Sensing Applications,” 
Nanotechnology, vol. 3, p. 1, 2007. 

[51] V. Cimalla, J. Pezoldt, and O. Ambacher, “Group III nitride and SiC based MEMS and 
NEMS: materials properties, technology and applications,” J. Phys. D. Appl. Phys., 
vol. 40, no. 20, pp. 6386–6434, Oct. 2007. 

[52] O. Ambacher, “Growth and applications of Group III-nitrides,” J. Phys. D. Appl. 
Phys., vol. 31, no. 20, pp. 2653–2710, Oct. 1998. 

[53] K. Tonisch, V. Cimalla, C. Foerster, H. Romanus, O. Ambacher, and D. Dontsov, 
“Piezoelectric properties of polycrystalline AlN thin films for MEMS application,” 
Sensors Actuators A Phys., vol. 132, no. 2, pp. 658–663, Nov. 2006. 

 



119 
 

[54] A. Ababneh, M. Alsumady, H. Seidel, T. Manzaneque, J. Hernando-García, J. L. 
Sánchez-Rojas, A. Bittner, and U. Schmid, “c-axis orientation and piezoelectric 
coefficients of AlN thin films sputter-deposited on titanium bottom electrodes,” 
Appl. Surf. Sci., vol. 259, pp. 59–65, Oct. 2012. 

[55] P. M. D. A. Dubois, “Stress and piezoelectric properties of aluminum nitride thin 
films deposited onto metal electrodes by pulsed direct current reactive 
sputtering,” J. Appl. Phys., vol. 89, no. 11, pp. 6389–6395, 2001. 

[56] E. Iborra, J. Olivares, M. Clement, L. Vergara, A. Sanz-Hervás, and J. Sangrador, 
“Piezoelectric properties and residual stress of sputtered AlN thin films for MEMS 
applications,” Sensors Actuators A Phys., vol. 115, no. 2–3, pp. 501–507, Sep. 2004. 

[57] G. F. Iriarte, J. G. Rodríguez, and F. Calle, “Synthesis of c-axis oriented AlN thin films 
on different substrates: A review,” Mater. Res. Bull., vol. 45, no. 9, pp. 1039–1045, 
Sep. 2010. 

[58] G. Piazza, P. J. Stephanou, and A. P. Pisano, “Single-Chip Multiple-Frequency ALN 
MEMS Filters Based on Contour-Mode Piezoelectric Resonators,” J. 
Microelectromechanical Syst., vol. 16, no. 2, pp. 319–328, Apr. 2007. 

[59] C. Caliendo, “Gigahertz-band electroacoustic devices based on AlN thick films 
sputtered on Al2O3 at low temperature,” Appl. Phys. Lett., vol. 83, no. 23, p. 4851, 
Dec. 2003. 

[60] R. Lanz and P. Muralt, “Bandpass filters for 8 GHz using solidly mounted bulk 
acoustic wave resonators.,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 52, 
no. 6, pp. 936–46, Jun. 2005. 

[61] D. L. DeVoe and A. P. Pisano, “Modeling and optimal design of piezoelectric 
cantilever microactuators,” J. Microelectromechanical Syst., vol. 6, no. 3, pp. 266–
270, 1997. 

[62] M.-A. Dubois and P. Muralt, “Measurement of the effective transverse 
piezoelectric coefficient e31,f of AlN and Pb(Zrx,Ti1−x)O3 thin films,” Sensors 
Actuators A Phys., vol. 77, no. 2, pp. 106–112, Oct. 1999. 

[63] K. Krupa, M. Józwik, C. Gorecki, A. Andrei, Ł. Nieradko, P. Delobelle, and L. 
Hirsinger, “Static and dynamic characterization of AlN-driven microcantilevers 
using optical interference microscopy,” Opt. Lasers Eng., vol. 47, no. 2, pp. 211–
216, Feb. 2009. 

[64] J. Hernando, J. L. Sánchez-Rojas, U. Schmid, A. Ababneh, G. Marchand, and H. 
Seidel, “Characterization and displacement control of low surface-stress AlN-based 
piezoelectric micro-resonators,” Microsyst. Technol., vol. 16, no. 5, pp. 855–861, 
Jan. 2010. 

[65] A. Andrei, K. Krupa, M. Jozwik, P. Delobelle, L. Hirsinger, C. Gorecki, L. Nieradko, 
and C. Meunier, “AlN as an actuation material for MEMS applications,” Sensors 
Actuators A Phys., vol. 141, no. 2, pp. 565–576, Feb. 2008. 



120 
 

[66] A. Ababneh, A. N. Al-Omari, H. C. Qiu, T. Manzaneque, J. Hernando, J. L. Sánchez-
Rojas, A. Bittner, U. Schmid, and H. Seidel, “Pressure dependence of the quality 
factor of piezoelectrically driven AlN/Si-microcantilevers,” in Proceedings of SPIE - 
The International Society for Optical Engineering, 2013, p. 876334. 

[67] H. Qiu, D. Feili, X. Wu, and H. Seidel, “Resonant-mode effect on fluidic damping of 
piezoelectric microcantilevers vibrating in an infinite viscous gaseous 
environment,” Sensors Actuators A Phys., vol. 232, pp. 1–7, Aug. 2015. 

[68] J. Hernando, J. L. Sánchez-Rojas, A. Ababneh, H. Seidel, Ü. Sökmen, E. Peiner, and 
U. Schmid, “Characterization and simulation of high-quality AlN-actuated resonant 
suspended beams,” in SPIE Europe Microtechnologies for the New Millennium, 
2009, p. 73620. 

[69] V. Cimalla, F. Niebelschutz, K. Tonisch, C. Foerster, K. Brueckner, I. Cimalla, T. 
Friedrich, J. Pezoldt, R. Stephan, and M. Hein, “Nanoelectromechanical devices for 
sensing applications,” Sensors Actuators B Chem., vol. 126, no. 1, pp. 24–34, Sep. 
2007. 

[70] G. Piazza and A. P. Pisano, “Two-port stacked piezoelectric aluminum nitride 
contour-mode resonant MEMS,” Sensors Actuators A Phys., vol. 136, no. 2, pp. 
638–645, May 2007. 

[71] R. H. Olsson, K. E. Wojciechowski, M. S. Baker, M. R. Tuck, and J. G. Fleming, “Post-
CMOS-Compatible Aluminum Nitride Resonant MEMS Accelerometers,” J. 
Microelectromechanical Syst., vol. 18, no. 3, pp. 671–678, Jun. 2009. 

[72] P. Ivaldi, J. Abergel, M. H. Matheny, L. G. Villanueva, R. B. Karabalin, M. L. Roukes, 
P. Andreucci, S. Hentz, and E. Defaÿ, “50 nm thick AlN film-based piezoelectric 
cantilevers for gravimetric detection,” J. Micromechanics Microengineering, vol. 
21, no. 8, p. 085023, Aug. 2011. 

[73] S. M. Yang, T. I. Yin, and C. Chang, “A biosensor chip by CMOS process for surface 
stress measurement in bioanalyte,” Sensors Actuators B Chem., vol. 123, no. 2, pp. 
707–714, May 2007. 

[74] J. Curie and P. Curie, “Development, via compression, of electric polarization in 
hemihedral crystals with inclined faces,” Bull. la Soc. Minerol. Fr., vol. 3, pp. 90–93, 
1880. 

[75] J. Curie and P. Curie, “Contractions and expansions produced by voltages in 
hemihedral crystals with inclined faces,” Comptes Rendus, vol. 93, pp. 1137–1140, 
1881. 

[76] J. F. Nye, Physical properties of crystals. Clarendon Press, 1985. ISBN: 0198511655. 

[77] S. E. Boeshore, “Aluminium Nitride Thin Films on Titanium: Piezoelectric 
Transduction on a Metal Substrate,” 2006. ISBN: 0198511655. 



121 
 

[78] G. F. Iriarte, “Surface acoustic wave propagation characteristics of aluminum 
nitride thin films grown on polycrystalline diamond,” J. Appl. Phys., vol. 93, no. 12, 
p. 9604, May 2003. 

[79] K. Krupa, “Opto-numerical analysis of AlN piezoelectric thin film operating as an 
actuation layer in MEMS cantilevers,” Warsaw University, 2009. 

[80] A. E. Gorodetsky, R. K. Zalavutdinov, A. P. Zakharov, W. L. Hsu, B. V. Spitsyn, L. L. 
Bouilov, and V. P. Stoyan, “AlN films grown on diamond and silicon carbide,” Diam. 
Relat. Mater., vol. 8, no. 7, pp. 1267–1271, Jul. 1999. 

[81] Y. Baik and R. A. L. Drew, “Aluminum Nitride: Processing and Applications,” in Key 
Engineering Materials,  vol. 122–124, p. 553, 1996. 

[82] X.-H. Xu, H.-S. Wu, C.-J. Zhang, and Z.-H. Jin, “Morphological properties of AlN 
piezoelectric thin films deposited by DC reactive magnetron sputtering,” Thin Solid 
Films, vol. 388, no. 1–2, pp. 62–67, Jun. 2001. 

[83] M. J. Madou, Fundamentals of Microfabrication: The Science of Miniaturization, 
Second Edition. CRC Press, 2002 p.752. ISBN: 0849308267. 

[84] O. Elmazria, V. Mortet, M. El Hakiki, M. Nesladek, and P. Alnot, “High velocity SAW 
using aluminum nitride film on unpolished nucleation side of free-standing CVD 
diamond,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 50, no. 6, pp. 710–
715, Jun. 2003. 

[85] F. Martin, M.-E. Jan, S. Rey-Mermet, B. Belgacem, D. Su, M. Cantoni, and P. Muralt, 
“Shear mode coupling and tilted grain growth of AlN thin films in BAW resonators,” 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 53, no. 7, pp. 1339–1343, Jul. 
2006. 

[86] M.-A. Dubois, P. Muralt, and V. Plessky, “BAW resonators based on aluminum 
nitride thin films,” in 1999 IEEE Ultrasonics Symposium. Proceedings. International 
Symposium (Cat. No.99CH37027), 1999, vol. 2, pp. 907–910. 

[87] A. Sanz-Hervás, M. Clement, E. Iborra, L. Vergara, J. Olivares, and J. Sangrador, 
“Degradation of the piezoelectric response of sputtered c-axis AlN thin films with 
traces of non-(0002) x-ray diffraction peaks,” Appl. Phys. Lett., vol. 88, no. 16, p. 
161915, Apr. 2006. 

[88] T. Palacios, F. Calle, E. Monroy, J. Grajal, M. Eickhoff, O. Ambacher, and C. Prieto, 
“Nanotechnology for SAW devices on AlN epilayers,” Mater. Sci. Eng. B, vol. 93, no. 
1–3, pp. 154–158, May 2002. 

[89] M. Clement, L. Vergara, J. Sangrador, E. Iborra, and A. Sanz-Hervás, “SAW 
characteristics of AlN films sputtered on silicon substrates.,” Ultrasonics, vol. 42, 
no. 1–9, pp. 403–7, Apr. 2004. 

 



122 
 

[90] J. G. Rodriguez, G. F. Iriarte, F. Calle, D. Araujo, M. P. Villar, and O. A. Williams, 
“Sputter optimization of AlN on diamond substrates for high frequency SAW 
resonators,” in Proceedings of the 8th Spanish Conference on Electron Devices, 
CDE’2011, 2011, pp. 1–4. 

[91] K. M. Lakin, J. Belsick, J. F. McDonald, and K. T. McCarron, “Improved bulk wave 
resonator coupling coefficient for wide bandwidth filters,” in 2001 IEEE Ultrasonics 
Symposium. Proceedings. An International Symposium (Cat. No.01CH37263), 2001, 
vol. 1, pp. 827–831. 

[92] R. H. Olsson, J. G. Fleming, K. E. Wojciechowski, M. S. Baker, and M. R. Tuck, “Post-
CMOS Compatible Aluminum Nitride MEMS Filters and Resonant Sensors,” in 2007 
IEEE International Frequency Control Symposium Joint with the 21st European 
Frequency and Time Forum, 2007, pp. 412–419. 

[93] H.-J. Butt, B. Cappella, and M. Kappl, “Force measurements with the atomic force 
microscope: Technique, interpretation and applications,” Surf. Sci. Rep., vol. 59, 
no. 1–6, pp. 1–152, Oct. 2005. 

[94] V. M. Pantojas, W. Otaño-Rivera, and J. N. Caraballo, “Statistical analysis of the 
effect of deposition parameters on the preferred orientation of sputtered AlN thin 
films,” Thin Solid Films, vol. 492, no. 1–2, pp. 118–123, Dec. 2005. 

[95] M. W. Christoph Eggs, Ansgar Schäufele, “Method of producing a thin-film 
resonator,” US7805820 B2, 05-Oct-2010. 

[96] D. T. Y. Bradley Barber, Tony LoBianco, “Semiconductor seal ring,” US7557430 B2, 
07-Jul-2009. 

[97] U. S. Edward Martin Godshalk, Rick D. Lutz, Masud Hannan, Ralph N. Wall, 
“Optimal acoustic impedance materials for polished substrate coating to suppress 
passband ripple in BAW resonators and filters,” US8952768 B2, 10-Feb-2015. 

[98] D. T. Y. Bradley Barber, Tony LoBianco, “Semiconductor seal ring and method of 
manufacture thereof,” US8143105 B2, 27-Mar-2012. 

[99] R. G. Kepler and R. A. Anderson, “Piezoelectricity and pyroelectricity in 
polyvinylidene fluoride,” J. Appl. Phys., vol. 49, no. 8, p. 4490, Aug. 1978. 

[100] N. Setter, Electroceramic-Based MEMS - Fabrication-Technology and Applications. 
Springer, 2005. ISBN: 0198511655. 

[101] M.-A. Dubois and P. Muralt, “Properties of aluminum nitride thin films for 
piezoelectric transducers and microwave filter applications,” Appl. Phys. Lett., vol. 
74, no. 20, p. 3032, May 1999. 

[102] Y. Nemirovsky, A. Nemirovsky, P. Muralt, and N. Setter, “Design of novel thin-film 
piezoelectric accelerometer,” Sensors Actuators A Phys., vol. 56, no. 3, pp. 239–
249, Sep. 1996. 



123 
 

[103] N. . Emanetoglu, C. Gorla, Y. Liu, S. Liang, and Y. Lu, “Epitaxial ZnO piezoelectric 
thin films for saw filters,” Mater. Sci. Semicond. Process., vol. 2, no. 3, pp. 247–252, 
Oct. 1999. 

[104] S. H. Chung and C. C. Chou, “Electromechanical analysis of an asymmetric 
piezoelectric/elastic laminate structure: theory and experiment.,” IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control, vol. 46, no. 2, pp. 441–51, Jan. 1999. 

[105] P. Muralt, “PZT thin films for microsensors and actuators: Where do we stand?,” 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 47, no. 4, pp. 903–15, Jan. 
2000. 

[106] S. Schwyn, H. W. Lehmann, and R. Widmer, “Waveguiding epitaxial LiNbO3 layers 
deposited by radio frequency sputtering,” J. Appl. Phys., vol. 72, no. 3, p. 1154, 
Aug. 1992. 

[107] E. M. C. Fortunato, P. M. C. Barquinha, A. C. M. B. G. Pimentel, A. M. F. Gonçalves, 
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ANNEX 1 

Chemical compound Mass fraction wt % Commercial product 

Hydrochloric acid HCl 36 VLSI Selectipur BASF 

Phosphoric acid H3PO4 85 GPR Rectapur VWR 

Sulfuric acid H2SO4 95-97 Merck Chemicals 

Nitric acid HNO3 65 VLSI Selectipur BASF 

Hydrofluoric acid HF 36 VLSI Selectipur BASF 

Acetic acid CH3COOH 99.8 Sygma Aldrich 

Hydrogen peroxide H2O2 31 VLSI Selectipur BASF 

Potasium hydroxide KOH 85 Merck Chemicals 

Sodium hydroxide NaOH 99 BDH Analr 

Amonium hydroxide NH4OH 35.05 Mullinck Rodt 

Ethylene glicol HOCH2CH2OH 99.8 Merck Chemicals 

Table 9: Chemical compounds composition of the chemical solvents used in this work   
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