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Abstract

Smart systems are the combined result of different advances in microelectronics leading to an increase
in computing power, lower energy consumption, the addition of new features, means of
communication and especially its integration and application into our daily lives. The evolution of the
field of smart systems is promising, and the expectations are high in many fields: Industry, transport,
infrastructure and environment monitoring as well as housing, consumer electronics, health care
services but also defense and space applications. Nowadays, the integration of more and more
functions in smart systems is leading to a looming energy issue where the autonomy of such smart
systems is beginning to be the main issue. Therefore there is a growing need for autonomous sensors
and power sources. Developing energy harvesters and self-powered sensors is one way to address this
energy issue. Among the technologies studied, piezoelectricity has the advantage to be compatible
with the MEMS industry, it generates high voltages and it has a high direct coupling between the
mechanic and electric physics. Among the piezoelectric materials, semiconductor piezoelectric
nanowires (NWs) could be a promising option as they exhibit improved piezoelectric properties and
higher maximum flexion.

Among the different piezoelectric NWs, ZnO and GaN NWs are the most studied, their piezoelectric
properties are more than doubled at the nanoscale. They have the advantage of being IC compatible
and reasonably synthesizable by top-down and bottom-up approaches. Especially we studied the
hydrothermal growth of ZnO NWs. In order to use them we studied the behavior of ZnO NWs. We
performed analytical study and FEM simulations of a ZnO NW under bending. This study explains the
piezoelectric potential distribution as a function of the force and is used to extract the scaling rules.
We have also developed mechanical AFM characterization of the young modulus of ZnO and GaN
NWs. Following we perform piezoelectric AFM characterization of these NWs, verifying the behavior
under bending stresses. Once physics understood, we discuss limitation of our piezoelectric NWs
models and a more realistic model is developed, closer to the experimental configurations. Using this
model we evaluated the use of ZnO NW for force and displacement sensors by measuring the potential
generated, and from experiments, the use of GaN NW for force sensor by measuring the current
through the NW. But energy harvesting is also necessary to address the energy issue and we deeper
investigate this solution. To fully understand the problematic we study the state of the art of
nanogenerator (NG) and their potential architectures. We analyze their advantages and disadvantages
in order to define a reference NG structure. After analytical study of this structure giving the basis for
a deeper understanding of its operation and challenges, FEM simulations are used to define
optimization routes for a NG working in compression or in bending. The fabrication of prototypes and
theirs preliminary characterization is finally presented.

Keywords: NEMS, Energy harvesting, Nanostructures, AFM, Piezoelectric Nanowires.
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Résumé

Les systemes intelligents sont le résultat combiné de différentes avancées en microélectronique et en
particulier de I’augmentation des puissances de calcul, la diminution des consommations d’énergie,
I'ajout de nouvelles fonctionnalités et de moyens de communication et en particulier a son intégration
et application dans notre vie quotidienne. L'évolution du domaine des systémes intelligents est
prometteuse, et les attentes sont élevées dans de nombreux domaines : pour la surveillance dans
I'industrie, les transports, les infrastructures et I'environnement, ainsi que dans le logement,
I'électronique grand public et les services de soins de santé, mais aussi dans les applications pour la
défense et I’aérospatial. Aujourd’hui, l'intégration de plus en plus de fonctions dans les systémes
intelligents les conduisent vers un probleme énergétique ou I'autonomie devient le principal probléme.
Par conséquent, il existe un besoin croissant en capteurs autonomes et sources d'alimentation. Le
développement de dispositifs de récupération d’énergie et de capteurs autoalimentés est une fagon de
répondre a ce probléme énergétique. Parmi les technologies étudiées, la piézoélectricité a lI'avantage
d'étre compatible avec l'industrie des MEMS. De plus elle génére des tensions élevées et elle posséde
un fort couplage direct entre les physiques mécaniques et électriques. Parmi les matériaux
piézoélectriques, les nanofils (NFs) semi-conducteurs piézoélectriques pourraient étre une option
prometteuse car ils présentent des propriétés piézoélectriques plus importantes et une plus grande
gamme de flexion.

Parmi les différents NFs piézoélectriques, les NFs de ZnO et de GaN sont les plus étudiés. A I'échelle
nanométrique leurs propriétés piézoélectriques sont plus que doublées. lls ont l'avantage d'étre
compatible avec 1’industrie microélectronique et raisonnablement synthétisable par des approches top-
down et bottom-up. En particulier, nous avons étudié la croissance par voie chimigue de NFs de ZnO.
Pour les utiliser correctement, nous avons étudié le comportement des NFs de ZnO. Nous avons
effectué une étude analytique et des simulations par éléments finis (FEM) d'un NF de ZnO en flexion.
Ces études décrivent la distribution du potentiel piézoélectrique en fonction de la force et permettent
d’établir les régles d'échelle et de dimensionnement. Ensuite, nous avons développé la caractérisation
mécanique par AFM du module de Young de NFs de ZnO et de GaN, puis nous avons effectué des
caractérisations piézoélectriques par AFM de ces NFs pour vérifier leur comportement sous des
contraintes mécaniques de type flexion. Une fois leur comportement physique compris, nous discutons
des limites de notre modéle de NFs piézoélectriques en flexion et nous développons un modele plus
réaliste et plus proche des configurations expérimentales. En utilisant ce nouveau modele, nous avons
évalué le potentiel des NFs de ZnO pour les capteurs de force et de déplacement en mesurant le
potentiel généré sous une contrainte, puis, sur la base d’expériences, nous avons évalué I'utilisation de
NFs de GaN pour les capteurs de force en mesurant le courant au travers des NFs contraints. De
méme, nous avons évalué le potentiel de ces NFs pour les applications de récupération d'énergie liées
aux capteurs autonomes. Pour bien comprendre la problématique, nous avons étudié 1’état de I’art des
nano générateurs (NG) et leurs architectures potentielles. Nous analysons leurs avantages et
inconvénients, afin de définir une structure de NG de référence. Apres une bréve étude analytique de
cette structure pour comprendre son fonctionnement et les défis, nous avons effectué plusieurs
simulations FEM pour définir des voies d'optimisation pour les NG utilisé en mode de compression ou
de flexion. Enfin la fabrication de prototypes et leurs caractérisations préliminaires sont présentées.

Mots clés : NEMS, Récupération d’énergie, Nanostructures, AFM, Nanofil piézoélectrique.
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Notations

Symbol  Description Value Unit

a Cristal mesh parameter m

A Surface m?

C Capacitance F

c Elasticity matrix Pa

d Diameter m

D Electric displacement Cc.m?

o Constant of proportionality between the charge and C.N' or
the stress at zero or constant electric field. The index m.v?!
refers to the indices of the matrix coefficients.

E Electric field v.m?

€pq Constant of proportionality between the charge and c.m?
the deformation at zero or constant electric field. The
index refers to the indices of the matrix coefficients.

F Force N

f Frequency Hz

G Free enthalpy J
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Introduction: Development of autonomous sensors

Over the last few years miniaturization progress resulted in microelectronics to an increase of the
computing power together with a decrease of the energy consumption of each transistor, thus opening
a new era of portable devices (laptops, cell phones, tablets). Simultaneously the development of
MEMS created new functions bringing additional features while the evolution of communication
technologies allowed them being organized into networks, leading to the concept of smart systems. It
is the integration of multi-functional micro or nano devices with the capability to sense, control,
communicate and actuate (or respond) which could be organized into an internet of things. Recently
this concept met a large success in many fields such as in industry for the predictive maintenance of
machinery, in automotive with tire pressure sensors for example and in infrastructure and environment
for monitoring failures, cracks and temperature variations. But also in housing for presence wireless
sensors, in consumer electronics with smart phone and health care services with blood pressure
sensors. And, in defense and space applications, with for monitoring equipment and people (border
surveillance).

Currently smart systems are everywhere in our daily life, resulting in the integration of more and more
functions and capabilities. Despite all the progress in decreasing the power consumption, smart
systems are consuming more and more energy. Thus an energy issue of autonomous systems is
looming. Therefore there is a growing need for autonomous sensors and power sources. But batteries
are taking a lot of space. For example, smart phone battery currently holds toughly only one day.
Batteries do not evolve a lot and have poor perspectives. In addition it can be difficult to replace them
when considering huge autonomous sensors networks in harsh environments. Thus the development of
energy harvester and self-powered sensors is an effective way to complement batteries by extending
the operating time of smart systems and solving this energy issue.

Among the energy available in our daily life environment, mechanical energy is widespread and one
of the most abundant in power. Then within mechanical energy harvesting technologies,
piezoelectricity has the advantages to be possibly compatible with the IC industry, it generates high
voltages and it has a high direct coupling between the mechanic and electric physics compared to
electromagnetic or electrostatic. Currently the study and application of nanowires (NWSs) is drawing a
lot attention due to their integration capabilities and enhanced properties at nanoscale. For the same
reasons, among the piezoelectric materials, semiconductor piezoelectric NWs could have a
competitive advantage as they exhibit enhanced piezoelectric properties and withstand multiple
integrations routes with the IC industry.

This problematic is new and in the IMEP-LAHC laboratory in Grenoble, the work on piezoelectric
NWs started in 2011 with the electromechanical AFM characterization of GaN NWs [1]. The main
goal of this thesis is to study the electromechanical behavior of GaN and ZnO semiconductor
piezoelectric NWs for mechanical force and displacement sensors and energy harvesting applications.
This work has been developed through the collaboration with several laboratories that provided
samples of bottom up GaN NWs (Neel Institute, Grenoble, France), top down GaN NWs (CHREA,
Nice, France) and bottom up ZnO NWs (Chimie Paris, France). In addition, CBD growth of ZnO NWs
and nanogenerator (NG) prototyping have been studied thanks to a close collaboration with Georgia
Tech, Atlanta, USA. In this thesis, GaN and ZnO NWs have been studied and evaluated as sensors or
integrated in energy harvesters using theoretical models to proof of concept devices.
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To address these objectives the research conducted are presented in this manuscript and distinguished
into 4 steps:

1.

First we describe the context of the looming energy issue of autonomous sensors which is related
to the current IC industry market integrating still more features into micro devices which decrease
their autonomy. Thus batteries are not sufficient anymore to power autonomous sensors for a long
term use. To address this problem we decided to develop energy harvesting and low self-powered
sensors based on piezoelectric NWs. Among the possible energy sources we chose to harvest the
mechanical energy thanks to the piezoelectric phenomenon. More specifically we focused on
piezoelectric semiconducting ZnO and GaN NWs for their good properties and compatibility with
the IC industry. We present the theoretical bases of the piezoelectric physics, materials properties,
applications and we also discuss piezoelectric NWs properties.

Then we study various fabrication processes of ZnO and GaN NWSs. We have chosen to develop
the hydrothermal growth of ZnO NWs in IMEP-LAHC. But before to use NWs array it is
important to theoretically study the behavior of individual ZnO NWs. Thus we performed an
analytical study and FEM simulation of a ZnO NW under bending. This study explains the
piezoelectric potential distribution as a function of the force and extracts scaling rules of ZnO
NWs. Then we investigate the mechanical AFM characterization of individual ZnO and GaN
NWs. While the Young modulus of ZnO and GaN individual NW could be a clue of any
mechanical scale effect, we perform AFM characterization of these NWs to have a deeper insight
into the behavior of individual NW under bending stress. Preliminary PFM and electrical
characterization are then discussed.

Once their individual physics better understood, we discuss the limits of the piezoelectric NWs
models and a more realistic model is developed, closer to the experimental NWs array
configurations and taking into account NWs size distribution. We study the behavior of ZnO NW
under high forces (nonlinear mechanic) and as a function of shape, substrate material,
surrounding environment and doping. Following, simulation show that it was possible to use ZnO
NWs for force and displacement sensors by monitoring the potential generated and that their
sensitivity and space resolution could be tune by selecting the NWSs. Experimentally GaN NWs
for force sensor is demonstrated by measuring the current through the NW.

But energy harvesting is also necessary to address future energy issue in autonomous devices and
we deeper investigate mechanical energy harvesters. First we give a state of the art of the
mechanical energy resources and the systems of mechanical energy harvesting. For that ZnO and
GaN NWs could be good candidates. To fully understand the problematic we study the state of
the art of NGs and their potential architectures. We analyze pros and cons in order to define a
reference NG structure for our study. After an overall analytical study of this structure to have a
deeper understanding of its operation, we perform multiple FEM simulations to define
optimization routes and to design an optimized NG working in compression or in bending.
Finally we fabricate and characterized NG prototypes.

Chapter 1. Context and theoretical bases



Chapter I. Context and theoretical bases

1.1. Energy supply issue for autonomous systems

I.1.1. Driving trend: reduction of energy consumption and integration
of new functions

Since the beginning of the microelectronics industry, the miniaturization of electronic components has
allowed a continuous reduction in their power consumption to the point that, while the processors
become more powerful (Moore's Law), power consumption remained substantially the same. The
index of consumption of a transistor within Intel processors, standardized by its operating frequency
has been decreasing in recent years [2]. Improving the energy efficiency of electronics components
made possible to operate increasingly complex systems (microprocessors, memories ...).

This outstanding improvement of microelectronic technologies (typically CMOQOS) has been
complemented by the emergence and the development of new technological processes allowing the
surface and volume machining of silicon. These new techniques have allowed the development of
electro mechanical systems. Thus was born the concept of MEMS (Micro-Electro-Mechanical
Systems). The first MEMS appeared in the 1960s, but it was only in the 1980s that this technology
took off with pressure sensors on silicon, print nozzles (printers) or accelerometers (airbags) and
replaced the older technologies. Since then, MEMS experienced significant growth and are still
booming.

By definition, MEMS are composed of mechanical and electronic components with um size, allowing
the realization of sensing functions (pressure, acceleration, mass ...) or actuators (motors ...). These
structures are obtained by techniques used in microelectronics such as lithography, etching, deposition
... and are characterized by the presence of a "free" element capable of moving under the action of
external forces (acceleration, pressure, voltage ...). Today, MEMS market covers diverse fields in
defense (micro-caps), medicine (micro-pumps, micro-valves, blood pressure), electronics (micro-
relays, printers nozzle jet ink), telecommunications (accelerometers, magnetometers, gyroscopes in
phones and game consoles, optical data transfer), automotive (sensor for paths correction,
management of the airbag, tire pressure sensors) aeronautics or biology.

1.1.2. From MEMS to Smart systems

Thanks to the combination of microsystems improvement and scale reduction of new elementary
functions due to MEMS technologies, it is now possible to imagine a full system, “intelligent”, able to
measure, treat and to transmit information (acceleration, pressure, temperature ...), all integrated into
less than 1cm2. With tens, a hundred or a thousand of these smart systems, it becomes possible to
design a network capable of mappings (pressures, temperatures ...) and transmit this information to a
management system. Furthermore, in order to limit costs, weight and to simplify installation, the
general will is to integrate the wireless technology to these systems and to make them autonomous.
The elementary block of these systems is the autonomous system or more often the autonomous
sensor. An autonomous sensor is an integration of multi-functional micro or nano devices with the
capability to sense, control, communicate and actuate (or respond) which could be organized into a
network (Figure 1).
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These smart systems made of autonomous sensors lie at the crossroads of four areas of progress:

e The evolution of silicon technology with a reduction in size and power consumption of
electronic components at equivalent performance, allowing a reduction of microsystems
power consumption to less than a microwatt.

e The contribution of MEMS features that, with higher photolithography resolution, can design
and manufacture extremely compact functional objects (sensors and actuators) and thus
minimally invasive. Today the integration level of MEMS is very advanced and microsystems
are increasingly complex and heterogeneous [3].

e the evolution of computers and networks since the birth of the concept of the computer in
1960 [4] have made spectacular progress: it is possible to design reconfigurable ad hoc
networks where nodes are mobile, with fault-tolerant connections.

e The evolution of energy storage has been widely miniaturized with energy densities rising
sharply since the advent in the 1990s of Li-ion batteries [5].

One of the most widespread applications of autonomous sensors is the network of wireless sensors:
many autonomous sensors are distributed over the area to be monitored, where they collect relevant
data from their environment (temperature, gas, vibrations ...) and then transmit it to the user or to a
dedicated system of automatic diagnosis [6]. The first proof of concept of such a wireless sensors
network is the Smart Dust [7] with the aim to design microscopic sensors for monitoring a military
operation field. The idea was to integrate into 1mm?® sensors, power supply, electronics, optical
communication system and microprocessor.

Societal and economic issues of wireless sensor networks are important as they relate to the
integration of intelligence around the human being and his environment in many application fields:
health (monitoring of sickness ...), the environment (fire prevention ...), security (military or civilian),
food, transportation (tire pressure control ...), aeronautics, space and housing. According to the
Technology Review from MIT, wireless sensor networks are one of the ten technologies that will
change the world and our way of life. In the short term, three main application areas are interesting for
autonomous sensor networks:

e The environmental monitoring and study
e Monitoring to interact with the environment
e Monitoring of human activity (health, mechanical structures, industrial equipment ...)

For the operation of such autonomous sensors which are capturing, processing and transmitting data, it
is necessary to supply electricity. In the case of a network of autonomous sensors, each building block
must have its own source of energy. Thus, energy supply and management of electrical energy is a
central issue in the design of autonomous sensors. The integrated microelectronic modules are
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becoming smaller and they are consuming less and less power. Strategies of network organization to
minimize the RF transmissions [8], optimize the components, limit the frequency and precision of
measurement are implemented, but they all provide only a limited economy of the energy resources
embedded. Therefore new approaches considering energy harvesting are now deeply investigated to
increase the life time of autonomous sensors.

1.2. Towards self-powered smart sensors

1.2.1. Batteries limits: a need for new energy sources

With the arrival each year of new technologies, it is thus clear that the power supply of microsystems
and especially autonomous sensors will become a challenge. Our project takes place in the current
need for these systems to find autonomous and continuous sources of energy where power on the scale
of microwatts is usually needed. There are various possibilities to address the problem of powering the
autonomous systems:

e Improve the energy density of storage systems.
e Develop novel methods to distribute power to nodes.
o Develop technologies that enable a node to generate or harvest its own power.

One possibility is to use batteries. Research to increase the storage density of both rechargeable and
primary batteries has been conducted for many years and continues to receive substantial focus [9],
[10]. But it appears that the electrochemical tanks even if they are little used or not, lose the stored
energy because of the phenomenon of self-discharge. The self-discharge is 30% of the total load per
month for NiMH storage against 2-3% per month for Lithium storage [11]. In addition, we are already
seeing the environmental problems that the arrival of any new technology poses today. This is
particularly the case with regard to batteries of a growing number of autonomous devices such as
mobile phones which presents difficulties to be properly recycled. Extend the autonomy of these
devices would be a valuable help for this example of environmental problem. The past few years have
also seen many efforts to miniaturize fuel cells which promise several times the energy density of
batteries [12], [13]. While these technologies promise to extend the lifetime of wireless sensor nodes,
they cannot extend their lifetime indefinitely. The too low energy density of electrochemical storage
limits the lifetime of deployed sensors networks. In addition, such a sensor network will be almost
impractical if each sensor has to be powered by a battery because of the huge number of sensors. They
would imposes a difficult maintenance because of their possible difficult access (e.g. in hostile
territory, delicate body, fragile structures or hard environment) and environmental and health
concerns.

Many passive electronic devices, such as electronic ID tags and smart cards, are powered by a nearby
energy rich source that transmits RF energy to the passive device, which then uses that energy to run
its electronics [14]. However, this method is not practical when considering dense networks of
wireless nodes because an entire space, such as a room, would need to be flooded with RF radiation to
power the nodes. The amount of radiation needed to do this would probably present a health risk and
today exceeds regulations.

Nevertheless, the current low power consumption of smart sensors makes possible to use the energy
harvested from the environment to power such a system [15]. Therefore, new technologies that can
harvest energy from the environment as sustainable self-sufficient micro / nano-power sources offer a
possible solution. In addition a wireless sensor can have an active mode but most importantly, a

1.2. Towards self-powered smart sensors 5



standby mode, during which the device is “sleeping” with minimum energy consumption. The power
generated by an energy harvester may not be sufficient to continuously drive the operation of a device,
but an accumulation of charges generated over a period of time is sufficient to drive the device for few
seconds. This could be of practical use for devices that have standby and active modes, such as
glucose and blood pressure sensors for example, which are only required to be in active mode
periodically. The energy generated when the device is in standby mode is likely to be sufficient to
refill a battery and drive the device when it is in active mode.

1.2.2. The emergence of energy harvesters and self-powered sensors

By reducing the scale of sensors, the power consumption has also decreased and it becomes possible
to power microsystems using only the energy present in the environment: light, vibrations or
temperature gradients for instance. The major advantage of energy harvesting is the realization of
completely autonomous microsystems requiring no human intervention throughout the life of the
system. Energy harvesting aims to power portable or fixed electronic devices in order to make them
energy independent. The target markets are devices where it is difficult to change or recharge batteries
when the systems are placed in concrete (building security) or in hard to reach places (monitoring the
environment, on animals, in humans). Moreover, in the case of a wireless sensor network consisting of
1,000 building blocks, it quickly becomes expensive to change the batteries of each element one by
one every 5 years. In each case, the energy harvesting can solve the problem of energy supply.

However, it is also potentially the most difficult method to exploit because each environment has
different forms of ambient energy, and therefore, there is no one general solution that will fit all, or
even a majority, of applications. The first limitation in the use of energy harvesting systems comes
from physics: the recoverable power depends on the size of the system. To stay in the dimensions of
the order of 1 cmd, the power output of the energy harvesting system sould be in the order of 10-
100uW in the ideal case. The microstructures of energy harvesting are therefore not intended to
continuously feed a laptop or a mobile phone, instead, they are ideally suited to provide the energy
required to operate simple sensors (measuring pressure, acceleration, temperature ...). The main
advantage of energy harvesting is the duration of the power supply: in theory, it lasts as long as there
is the energy source required by the harvester in the environment. However, the second limitation
comes from non-predictable variations of the energy present in the environment of the sensor. For
example for solar energy it is possible to predict the night but not the clouds that can drastically reduce
the energy harvested. Thus, there still remains a need to combine a system of energy storage to energy
harvesting devices to supplement the intermittent and inadequacies of production and consumption of
energy. Progresses on the storage devices are needed. The comparison between the finite energy
reservoir (electrochemical storage) and the energy available in the surrounding environment is made
by S.J. Roundy in 2003 [16]. These phenomena are specific to each storage system and in all cases
they are not feasible or convenient for systems where the maintenance at long-term want to be
avoided. Finally the objective of the ambient energy harvesting is to provide flexibility to the energy
storage device and thus to be less restrictive and cheaper for investment and operating.

1.2.3. From an economical point of view

Yole [17] analyzed that the 2009 economic crisis has hit hard the semiconductor industry with a fall in
turnover of 23%. Over the same period the market for MEMS related to consumer applications
behaved pretty well, since it generated 1.2 billion USD, with an increasing trend. In 2010, the MEMS
market represented 8.6 billion USD [17]. The majority of turnover was achieved through print heads,
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pressure sensors, accelerometers, inertial sensors and gyroscopes. However, they found that the
turnover distribution is changing due to the emergence of new markets related to the integration of
MEMS in consumer electronics. The iSuppli study [18] forecast that this market will be drived by the
development of consumer electronic (smartphones) which should represent 30% of the MEMS’s
turnover and telecommunications (BAW filters, RF Switch ...).

They forecast that MEMS industry has a strong future and claim that despite the global economic
downturn, innovation is still there. Innovation in MEMS no longer comes solely from new devices, but
also from the integration of mature MEMS technologies into new applications. Along with mature
devices used for new applications, innovation in new MEMS devices is active and will continue to
strongly participate to the MEMS market growth in the next years [19]. 15 emerging MEMS
technologies have been identified by Yole and are supposed to enter into the market within the next 5
years. Most of those developments have been motivated by the same 3 forces: The smartphone
industry, the home-care industry and the Internet of things.

In 2012, the IC industry saw a 2% decline, but Yole reveals that the MEMS sector managed another
10% growth to become an $11B business. Analysts expect a 12-13% annual growth rate through 2018
to create a $22.5B MEMS market, growing to 23.5 billion units. Consumer will be the leading MEMS
application with increasing needs for sensory interface. Meanwhile, the traditional major MEMS
markets of micro mirrors and inkjet heads have matured and slowed. Thus analysts note that the
expanding demand for MEMS in both smartphones and automotive applications is creating a rising
group of players that can expect to see solid sales in their future. It is interesting to note the market for
standalone accelerometers is decreasing as mobile devices increasingly use combo and compact
sensors. Considering the evolution and the prediction made on the MEMS market, this trend will
probably continue.

It is difficult to predict the revenue that will generate energy harvesting in the next years since energy
harvesting is still emerging. Energy harvesting to supply power to MEMS autonomous sensors is a
rapidly growing field and now widely explored. Energy harvesting may be developed in small devices,
but it could be a big market in just 10 years from now. That according to recent research from
IDTechEx [20], which is forecasting revenue for these technologies at around 4.4 billion USD by
2021. Today, the biggest outlet is in consumer electronics gadgets. But emerging applications for
smart grid and energy storage should reshape the market over the next decade, according to
IDTechEx.

Nowadays, most of the harvesters used in the above market segments are solar cells followed by
electrodynamos, two relatively mature energy harvesting technologies. However, many new
technologies are now taking some market share supplying power in fields not possible before. This
includes thermoelectrics, but piezoelectric energy harvesters have even greater interest due to their
small form factor and high efficiency. Thus in 2021, these four energy harvester types should have
near similar market share for industrial sensing applications. IDTechEx figures that there could be 250
million wireless sensors deployed by that time, powered by energy harvesters. In 2014 there will be
1.6 million in place. There will be a big leap in 10 years’ time.
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1.3. Potential of piezoelectric NWs for energy harvesting

1.3.1. Availability of mechanical energy

The main advantage of energy harvesting is the duration of the power supply which remains as long as
there is the adapted energy source in the environment. Nevertheless ambient resources, including those
present in the human environment, are not necessarily renewable but are "almost free" resources.
These resources could be limited in power but may be sufficient for various applications. Ambient
energy resources, particularly in the human environment are diverse. Many energy sources (Table 1)
are likely to provide sufficient levels of power to supply communicating autonomous systems: the
mechanical energy resulting from vibration, strains or stresses, the photovoltaic solar energy coming
from the sun or the artificial light, the electromagnetic energy, the thermal energy or the chemical
energy from biological processes are examples of natural energy or inherent in human activity, which
are being considered to power supply autonomous systems. The comparison of these different sources
is difficult because it dependents on many factors and the targeted application. However conventional
comparative studies [16], [21] were able to compare the power densities of most of conventional
sources. It appears that the exploitation of the energy from mechanical vibrations can potentially
provide high energy density similar to solar energy. Mechanical energy source also has the advantage
of being simple to implement and to be available in many applications where solar energy is not
always available, especially in domestic, industrial and transport environments where the use of
autonomous sensor networks may be considered. The characteristic of mechanical energy resources
and their harvesting will be discuss in the energy harvesting section (Chapter IV.).

Table 1 Power density of various technologies for energy harvesting [16], [21]

Technology Power density

Outside photovoltaic (cell performance 15%, incident irradiance of 100 15000 pW/cm? Direct sun
mW/cm?) 150 uW/cm? Cloudy day
Inside photovoltaic (performance 6%, incident irradiance of 0.5 mW/cm?) | 6-30 pW/cm?
Piezoelectric (shoe inserts) 330 uw/cm’

Vibrations ( small microwave oven) 116-200 uW/cm®
Thermoelectric (for a 10°C gradient) 10-40 pW/cm®

1.3.2. The interest of NW for piezoelectric energy conversion

The transformation of the ambient energy into electricity is currently driving one of the largest
scientific efforts. In addition the development of piezoelectric materials is a key technology in a wide
range of industrial and consumer products: actuators (resonators, speakers, motors, inkjet printer, cell
phones cameras, etc.), sensors (shock sensors, acoustic devices, sonar, arrays for Structural Health
Monitoring, etc.) and energy related applications (transformers and energy harvesters). But very few
experimental and theoretical studies on the piezoelectric effect at nanoscale can be found in the
literature. At nanoscale, NWs are foreseen as fundamental building blocks of future electronic,
electromechanical and optoelectronic nanosystems [22]. Given the remarkable progress in their
synthesis in the last two decades [22], [23], researchers demonstrated unique and new nanosystems
with innovative functionality such as high-mobility single- NW transistors [24], strain-controlled logic
gates [25], single- NW lasers [26] and strain sensors [27] for example. Most of these applications are
the result of the enhancement of the material properties at the nanoscale including mechanical [28] and
electromechanical [29], [30] properties. Among NWs, those that exhibit piezoelectricity have received
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increased attention. The most studied are NWs made up of single material such as ZnO [31], GaN
[32], BaTiO3 [33] and CdS [34]. ZnO is the most studied material, not only in the form of NW but
also nanoribbons [35] and nanobelts [36]. Unfortunately, and contrary to NWs, the growth of these
nanostructures occurs randomly on top of the substrate and, therefore, their implementation into a
working device is even more complex than the integration of ordered NWSs. The success of these NWs
is due to their high potential for nanosystems with great functionality. For example, strain sensors with
increased sensitivity, provided by the piezoelectric effect, are possible [37]. Another example that
received most attention are NGs [38] where the piezoelectric phenomenon is used to convert
mechanical energy to electrical energy to power supply autonomous sensors and smart systems [39].
Although all these applications are very promising, reliability, robustness, and performance
optimization remain to be addressed. Nevertheless studies on properties of piezoelectric
semiconducting NWs [40], such as ZnO and GaN NWSs, show a large improvement of the
piezoelectric properties at nanoscale compared to bulk material. Thus the understanding of the
piezoelectric phenomena at the nanoscale should allow optimizing and fabricating better structures
generating more voltage at a lower strain (improved piezoelectric coefficients). Indeed, for
performance optimization it is desirable to know which set of NW morphological (diameter, length),
structural (crystal structure, defect type and density), and electrical properties (conductivity) gives the
best performance for a particular application. Thus this could be translated directly into a better
sensibility for applications as sensors, transducers or into a higher power density and voltage for
mechanical energy harvesting applications, which is one of the markets addressed.

Several groups are presently involved at various extents in the domain of energy harvesting using
nanostructures. However, only few of them have integrated their nanostructures into a working device
able to harvest energy [31], [41], [42]. Moreover, several theoretical and experimental aspects are still
under hot debate within the scientific community [43]. Presently, the most studied piezoelectric
nanostructures are ZnO NWs, in particular those carried out by Z. L. Wang and collaborators at
Georgia Tech, who have been the initiators of the current interest in NW based energy harvesting
devices. Princeton University has developed PZT nanoribbons on polymers and PZT nanofibers [41],
as well as at Berkeley, in which nanofibers (based on PVDF) have been integrated into a working
mechanical energy harvesting device [42]. Some of these realizations have led to patents [44]-[46] in
USA and Asia. In Europe, contributions can be found from Germany [47] and France [1], [48].
European projects addressed mechanical energy harvesting based on nanostructures:
NANOFUNCTION, devoted to explore new concepts, processes and nanodevices for adding
functionalities to CMOS.

A recent experimental study at IMEP-LAHC on the piezoelectric effect on GaN NWs with an
embedded heterojunction (GaN/AIN/GaN) shows that this kind of structure enables to generate almost
10 times more voltage than simple homogeneous GaN NWSs [1]. This result suggests that the
piezoelectric coefficient could be multiplied by 10 using an AIN embedded heterojunction in a GaN
NW. Based on experimental results on heterostructured NWs, we can expect an improvement on the
piezoelectric coefficient (dss) of 4 times compared to ZnO. However these results were preliminary
and need to be supported by a thorough understanding of the mechanisms of this improvement in order
to open the way to further optimization. Therefore we need to investigate in details the piezoelectric
physical mechanisms and the various optimization routes offered by material, doping and contact
engineering. For the present study, GaN and ZnO have been chosen due to their maturity in terms of
electronic and optoelectronic applications and their integration capabilities. In addition, besides their
rather good piezoelectric coefficients, GaN and ZnO have the advantage to be able of reliable and
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reproducible doping and the compatibility with Si technology, in particular the possibility to be grown
on Si substrates. Furthermore, GaN can be chemically and dry-etched, enabling top-down processing,
and allows for a large variety of quantum heterostructures to be built when alloyed with In and Al.

All this makes the semiconductor piezoelectric NWs perfect candidate for the study and the realization
of mechanical energy harvesters. Our study will be first performed at the level of the individual NW,
and then extended to the understanding of collective effects in an array of NWSs, which is the structure
of use for practical applications. The goal is to study and exploit the piezoelectric effect in ZnO and
GaN NWs for fundamental and applied purpose with realistic applications. Among these applications,
mechanical energy harvesting has been chosen as a core application of interest and mechanical
displacement and force sensors as a promising prospect.

1.4. Semiconducting piezoelectric materials

1.4.1. Introduction to the piezoelectric phenomenon
1.4.1.1. History of the piezoelectricity

The word "piezoelectricity" comes from Greek ("piézein” = leverage) and means "pressure
electricity”. This name was proposed by Hankel in 1881 to name the phenomenon discovered a year
before by brothers Pierre and Jacques Curie working on the relationship between pyroelectricity and
crystal structure. While pyro electricity reflects the coupling between thermal effects and electrical
effects, piezoelectricity characterizes the coupling between the mechanical and electrical quantities.
This is a feature available to some materials that have the propensity to become electrically polarized
as a result of mechanical stress (direct effect) and, conversely, can be deformed mechanically by the
action of an electric field (reverse effect). In 1880 the Curies brothers began to experimentally
demonstrate this phenomenon by applying mechanical stress on certain phases of a quartz crystal
[49]-[51]. Then they observed that positive and negative charges appear on different parts of the
surface of a quartz crystal. This phenomenon was approached in the middle of the nineteenth century
by René Just Hally. This discovery immediately attracted the attention of scientists. The Curie brothers
confirmed one year after their discovery, the existence of the reverse process, predicted in 1881 by
Gabriel Lippmann [52]. The theory associated with this phenomenon has been almost entirely
developed in the late nineteenth century. During the First World War, piezoelectricity entered in the
field of practical applications. In 1917 Paul Langevin used quartz crystals to generate compression
waves which gave birth to sonar. In the 1940s, the discovery of piezoelectric salts such as BaTiOs;
increased the electromechanical coupling. In 1950-60, the emergence of new ceramics created a
renewal of the interest for piezoelectricity, through the use of lead oxides (PZT). The main advantages
of these materials reside in their excellent piezoelectric properties and a high electromechanical
coupling coefficient, leading to high operating efficiency and high linearity properties. The bulk
ceramics, used to perform micro displacements or micro positioning, are now integrated as films
increasingly thin. Recently other derivatives of PZT materials (PZNT, PMN-PT, PLZT ...) are
developed because of their superior properties than PZT. But piezoelectric nanostructures open new
possibilities for piezoelectricity.

1.4.1.2. Definition of the piezoelectricity

Piezoelectricity is the property possessed by few materials to be electrically polarized under the action
of mechanical stress and vice versa to be deformed when an electric field is applied to them (Figure 2).
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Figure 2 Schematic of the (a) direct piezoelectric effect and (b) inverse piezoelectric effect.

The piezoelectric effect is not present in all materials. In crystals for example, only crystals composed
of at least two compounds and having no center of symmetry have this characteristic. On the 32
classes of crystalline solids known [53], 21 classes have no center of symmetry and of these, 20 have
the piezoelectric property. In such a piezoelectric crystal at rest (no external mechanical stress), the
centers of gravity of positive and negative charges of each elementary cell coincide (Figure 3a).
Therefore, the effects of positive and negative charges are mutually canceled. The electrical neutrality
is reached. When strain is applied on the material, the crystal lattice is distorted, thereby causing
separation of the centers of gravity of the positive and negative charges which generates small dipoles
[54] et al. 2001 (Figure 3b). The poles facing inside the material distribution cancel each other and a
charge appears on surfaces of the material (Figure 3c). The material is polarized in a preferred axis. In
fact, interactions exist between the electrical, thermal and mechanical phenomenon, but some
considerations allow to only take into account the electro-elastic coupling relative to piezoelectricity
[55].
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Figure 3 Simple molecular model explaining the piezoelectric effect, (a) undisturbed molecule, (b) a molecule
subjected to external force, (c) effect of polarization on the surfaces of a material.

Figure 4 represents a piezoelectric material on which a pressure is applied. Two metal plates used as
electrodes are deposited on the surfaces where charges of opposite sign appear. Assume that these
electrodes are in short circuit via a galvanometer. When we exert a certain pressure on the
piezoelectric material, a charge density appears on crystal areas in contact with electrodes. This
polarization generates an electric field that causes the flow of existing free charges in the connected
conductors. According to their sign, the free charge carriers move towards the contacts, where the
charge density generated by the polarization of the crystal is of opposite sign. This flow of free
charges will continue until the free charges neutralize the effect of the piezoelectric polarization
(Figure 4). When the pressure on the crystal is released, the piezoelectric polarization of the material
will disappear, and the flow of free charges will thus be reversed, so to return to the initial state [56]-
[58]. If an electrical load is connected instead of a short circuit, and if a variable pressure is applied, a
current will flow through the resistor and mechanical energy will be transformed into electrical
energy.
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Figure 4 Schematic of the direct piezoelectric phenomenon on a short circuited plezoelectrlc material (a)
undisturbed state, no current through the circuit, (b) piezoelectric material subjected to an external force, a
current flows through the circuit to neutralize the piezoelectric potential.

1.4.2. Piezoelectric equations

The core idea of piezoelectricity is in the notion of coupling between the mechanical and electrical
properties. Both are linked through a tensor representation. Thus, before discussing the equations of
piezoelectricity, it is important to define the different electrical and mechanical parameters in play as
well as their coupling tensor [56]. Then we will introduce the piezoelectric physics and equations but
only considering linear effects [59]. The nonlinear phenomenon or dynamic effects will not be taken
into account [60].

Piezoelectric materials are anisotropic; it is conventional to choose the axis 3 as the collinear axis to
the direction of the remnant polarization of the material (Figure 5). The other two directions form a
direct triad (orthonormal) with axis 3. Thus 3 translations and 3 rotations are allowed. To describe
these movements the single subscript notation use the numbers 1, 2, 3, 4, 5, 6 and the pair notation use
i, j =1, 2, 3 (Figure 5). In this work, only piezoelectric materials with wurtzite structures will be
considered, thus all the tensors will be simplified by considering the geometry of the structure.

A Single subscript Pair subscript

3(z) p 1 11
<ﬂ - 2 22
LS 2(y) 3 33

4 23 o0r32

5 5 13o0r31

1(x)
4 6 12o0r21

Figure 5 Schematic of the movements considered in a piezoelectric material and table of their notation in single
subscript and pair subscript

1.4.2.1. Definition of electrical parameters

The electric field E is a vector quantity that expresses the force created by distant electrically charged
particles. This field is expressed in N.C™ equivalent to V.m™ and is represented by:

V.E = % Equation 1

where p, is the residual electrical charge density (C.m™) and & the permittivity (F.m™?).

The electric displacement D (C.m™) represents how an electric field E influences the organization of
electrical charges in a given environment. It is represented by:
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V.D = p, Equation 2

The permittivity ¢ (F.m™) is a measure of the “resistance” encountered during the formation of an
electric field in a medium. It represents how an electric field affects, and is affected by a dielectric
medium.

e=¢p& =¢6.(1+yx) el=p71 Equation 3

where ¢, = 8.85 10 F.m™ is the vacuum permittivity ¢, the relative permittivity of the material, x the electric
susceptibility of the material and f the inverse of the permittivity.

In the very simple case of linear, homogeneous, isotropic materials with instantaneous response to
changes in electric field, the relation between E and D is:

D=¢E+P Equation 4
where P is the intrinsic polarization of the material.

Table 2 Summary of the electrical parameters

Name Expression Unite Matrix size
Electric displacement field D cm? (3,1)
Electric field E v.m™ (3,1)
e oD ,1
Permitivitt =— F.m 3,3
y £=-F (3,3)
I O0E 4
Inverse permitivitty L= D m.F (3,3)

1.4.2.2. Definition of the mechanical quantities

The mechanical parameters are summarized in Table 3. The mechanical stress T (N.m) is a physical
quantity that expresses the internal forces that neighboring particles of a continuous material exert on
each other. Inside a body, this is a measure of the average force per unit area on which internal forces
act. These internal forces are generated in response to external forces applied to the body. For
example, for an homogenous cylinder compressed by a small force F, the stress is

F
T = yi Equation 5

Where F is the applied force and A the top surface of the cylinder.

The strain S (%) or deformation, quantifies the transformation of a solid volume under the effect of
applied forces. This volume change is quantified by the strain tensor which is the ratio of the
displacement over the initial volume. The strain is in general a tensor quantity. Physical insight into
strains can be gained by observing that a given strain can be decomposed into normal and shear
components. The amount of stretch or compression along material line elements is the normal strain,
and the amount of distortion associated with the sliding of plane layers over each other is the shear
strain. This could be seen by an elongation, shortening, or volume changes, or angular distortion. For
example, a cylinder under axial compression has a strain given by:
-1
l
Where 1 is the length of the cylinder before compression and [’ its length after compression

S = Equation 6

The elasticity matrix ¢ (c;j in N.m); in the case of an anisotropic material, relates the deformation and
the mechanical stress instead of using the Young's modulus (Y) (isotropic case). This tensor initially
contains 81 elastic coefficients, however, Due to the inherent symmetries only 21 elastic coefficients
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of the latter are independent and it can be greatly simplified by the symmetry of the structures that we

study.
For continuous media, the Hooke’s law describes the relation between the stress and the strain:
T=-cS§ where cl= Equation 7

Where s is the stiffness matrix (m2.N?)
Table 3 Summary of the mechanical parameters

Name Expression Unite Matrix size
Stress T N.m? (6,1)
Strain S % (6,1)

. oT _
Elasticity c=— N.m? (6,6)
aS

Stiffness s = Z_; m? .N? (6,6)

1.4.2.3. Piezoelectric coefficients and relations

To relate the electrical and mechanical parameters of a piezoelectric material, the piezoelectric
coefficients are defined Table 4.

d is the proportional constant linking the electric displacement to the stress for a given electric
field

e is the proportional constant linking the electric displacement and the strain for a given
electric field

g is the proportional constant linking the electric field and the stress for a given electric
displacement field

h is the proportional constant linking the electric field and the strain for a given electric

displacement field

Table 4 Summary of the piezoelectric coefficients

Name Expression Unite Matrix size
oD as
d d= (6_T) - (6_E> CNormv? (3.6)
E T
oT oD
e —(_25) = (&2 c.m? 3,6
¢ ( aE)S (as)E (3.6
aS O0E y 1
J g (aD)T ( 6T)D ©3)
oT 0E
h h= (— 5) - (— %) V. or N.C (6.3)
S D
The relations between these coefficients are the following:
d=clg=est Fquation 8
e=gh=dc FEquation 9
g=p"d="hs? Equation 10
h=pSe=gcP Equation 11

Exponents (D, E, T, S) means that these quantities are assumed to be zero or constant.
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In the direct piezoelectric effect case, the equation giving the electric displacement field D generated
by the stress T at constant electric field is:

D; = Z dip - Tp Fquation 12
p

In the same way the equation giving the electric displacement field D generated by the strain S at
constant electric field is:

D; = Z €iq -Sq Equation 13
q

The laws of electrostatics explain how an electric displacement D is equal to the appearance of a
surface charge Q at the interface of a dielectric, this means the surface of the piezoelectric crystal
considered. Therefore the above equation can also be written in function of the applied force F on
these surfaces in the form:

Q= z dij. Fy Equation 14
j

Concerning the reverse piezoelectric effect, the equation giving the stress T generated by an electric
field at constant strain is:

T, = - z eip - Ex Equation 15
%

Where the exponent t reflects the transpose of the considered matrix.

And the equation giving the strain S generated by an electric field at constant stress is:

Sq = Z dlth -Ej Equation 16
K

1.4.2.4. Main piezoelectric equations

Now we can write the piezoelectric equations connecting the electrical and mechanical equations,
taking into account the direct and reverse piezoelectric effect (the notation is not given as a tensor for
clarity). Electromechanical coupling can be observed in the Gibbs energy function of the material G,
in function of the stress T and the electric field E [61], [62]:
1 1 ,
G = —EsijiTj — dy TEy — Ee,IlEkEl Equation 17
From the above equation we can deduce the following relations:

For the strain:
G E . )
Si = |0_T| = S;;T; + Exdy aveci,j € {1..6}etk € {1..3} Equation 18
For the electric displacement:
aG
Dy, = |ﬁ| = dyT; + euE; aveci,j € {1..6}etk € {1..3} Equation 19
k

From these equations we can deduce all the piezoelectric relations between the mechanical and
electrical quantities taking into account the piezoelectric coupling effect:
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S=SET+d.E T=cES—e.E
d D=dT+&E D=eS+&E
S=s0.T+g.D T=c0.S—h.D
7 E=—gT+pB.D E=—hS+pD

Figure 6 Relation between the piezoelectric quantities.
The combination most commonly used is:

{Tp = Cpq-Sq— €y Ey

Equation 20
Di = eiq .Sq +

1.4.3. Piezoelectric materials

Piezoelectric materials can be of different nature. Some natural crystals as quartz, berlinite, sucrose
and topaz are inherently piezoelectric. Synthetic materials can also be piezoelectric. We can classify
the artificial piezoelectric material into 3 classes: the single crystals, the ceramics and the polymers.

1.4.3.1. Single crystals

Natural or synthetic piezoelectric materials crystal can be classified in large families according to their
chemical composition, crystal structure, or their scientific and industrial interest. The piezoelectric
effect is not present in all crystals. Indeed, only materials having no center of symmetry have
piezoelectric characteristics.

A crystal is a regular and periodic arrangement of atoms. The most popular and used piezoelectric
single crystals existing in the natural and artificial state is quartz (SiO,). It has a very good temperature
stability and high mechanical linearity. There are other single crystals synthesized like lithium niobate
(LiNbO,) or the lithium tantalate (LiTaO3) which have high Curie temperatures (it is the temperature
where a material's permanent magnetism changes to induced magnetism), low dielectric permittivity
and low piezoelectric coefficients. We then distinguish the single-domain and multi-domain if one or
more directions of polarization coexist in the single crystal. In crystallographic description, multi-
domain crystals are not strictly single crystals but twinned crystals, which is why they are often
confused with piezoceramic. Today, multi-domain single crystals like PZN-PT and PMN-PT are by
far the piezoelectric materials with the largest piezoelectric coefficients and the best electromechanical
coupling

1.4.3.2. Ceramics

A ceramic material is solid at room temperature and is neither metallic nor organic. The ceramics are
made by high-temperature solidification of a plastic paste (mineral glass) or sintering (heating
agglutination) of a dry powder previously compressed, without going through a liquid phase
(polycrystalline ceramics). By assimilation we call "ceramic" these manufactured materials.

Belonging to the ferroelectric family, the piezoelectric ceramics are mainly binary or ternary mixtures
with a distorted perovskite structure. They are usually mixtures of oxides (generally based on
titanates) formed of crystalline element (particles) each having a spontaneous polarization. By
applying a high electric field, the polarizations of the grains are aligned and a macroscopic
polarization is generated. In principle, there is no limitation to the forms and directions of polarization
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of the ceramic elements, which is their great advantage compared to single crystals. They are the most
common piezoelectric materials because of their high piezoelectric coefficients. This properties is far
superior compared to those of all the other families of compounds [63]-[66]. The first piezoelectric
synthetic material based on barium titanate (BaTiO3) was synthetized after 1945 [67]. Among the
piezoelectric synthetic material, the ferroelectric oxides from perovskite structure are the most
common. PZT: lead zirconate titanate (1954) is the most common piezoelectric ceramic used in
industry. The great advantage of these piezoelectric materials is their fabrication. These ceramics are
obtained by sintering which allows to perfectly control the grain size and therefore adjust their
dielectric, mechanical and piezoelectric properties on request [68]. But this manufacturing method has
some limitations at smaller dimensions.

1.4.3.3. Polymers

A polymer is a macromolecule, organic or not. Historically, products arising from the linkage of
repeating units or monomer by covalent chemical bonds have been the primary focus of polymer
science; emerging important areas of the science now focus on non-covalent links. Since their
discovery in 1969, the piezoelectric semi-crystalline polymer films of PVDF have been extensively
used in the manufacture of sensors and piezoelectric applications. Unlike piezoelectric ceramics,
where the crystal structure of the material creates the piezoelectric effect, in polymers, the long chains
intertwined are attracted or repelled when an electric field is applied. These polymers are ferroelectric
[68] and have the advantage of being resilient to chemicals, naturally flexible and light. PVDF for
example is also biocompatible, making it a very good candidate for use in the biomedical field [42],
[69], [70]. However their piezoelectric properties are modest compared to ferroelectric oxides and
strong polarization is necessary [71].

1.4.3.4. The case of semiconducting crystals

A semiconductor is a material that has the electrical characteristics of an insulator, but with a high
probability that a charge can contribute to an electric current, although small, is large enough. In other
words, the electrical conductivity of a semiconductor is intermediate between that of metals and that of
insulators. Piezoelectric semiconductors mostly belong to the group I1-V1 such as ZnO and group IlI-
V nitride such as GaN (Figure 7). These two families of semiconductors have a large direct band gap
(Zn0O= 3.37eV and GaN=3.43eV) ideal for micro and nanoelectronics. They are used in a wide range
of applications: optics [26], [72], optoelectronics [73], [74] and sensors [75] for example.
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Figure 7 Mendeleyev's periodic table (a) 11-VI semiconductor materials (b) I11-V semiconductor materials

Oxides from 11-VI elements and IlI-V nitrides elements crystallize in two main phases: wurtzite
(hexagonal) and zinc blende (cubic). Wurtzite structure belongs to the space group P6smc and zinc
blend to the space group F43m in Hermann Mauguin notation [53]. Only the wurtzite structure is
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piezoelectric [76]. The oxygen atoms (for ZnO) or nitrogen atoms (for GaN) form an hexagonal
lattice. The Zn and Ga atoms occupy half of the tetrahedral sites available. We obtain two sub-
compact hexagonal networks. The parameters used to describe the structure are the side of the
hexagon in the plane (0001) and c corresponding to the height of the mesh along the axis [0001].

1.4.3.5. The case of ZnO and GaN

Among semiconducting piezoelectric wurtzite compounds, ZnO and GaN are the most extensively
characterized under various geometries and especially as NWs and many applications have been
reported on piezotronics and optoelectronics. In this work we mainly focused on the mechanical,
electrical and piezoelectric properties of these materials.

Zinc oxide has been used for centuries for many purposes such as painting, roofs and cosmetics. The
first work on ZnO crystal appeared in 1930 [77]. Difficulties both for obtaining bulk crystals and p-
type doping have slowed its development for several years. The rebirth of ZnO took place in 1995
with the UV laser emission from ZnO thin films at room temperature [78] because of its thin layers
and nanostructures rather easy to produce compared to other similar materials at this time. Nowadays,
even if 111-V semiconductors have been studied for UV emission, ZnO still attracts researchers. ZnO is
inexpensive, relatively abundant, chemically stable, easy to prepare and non-toxic. Most of the doping
materials that are used with ZnO are also readily available. Thus today, the most widely publicized
application for ZnO is an ITO replacement for displays [79] and photovoltaic panels, where ZnO could
simplify the manufacturing process and lower the costs of transparent conductors. But new
applications for ZnO are much broader than that. In addition to cost savings, ZnO offers the following
properties: high carrier mobility, transparency, wide band gap and low temperature process. However,
technical difficulties exist, one important challenge is that there is yet no “stable” p-type doping.

The first synthesis of 11I-N was in the early 20th century. In 1907, Fichter et al. [80] synthesize
polycrystalline AIN, GaN followed in 1932 by Johnson et al. [81]. However, it is only in 1971 that it
was obtained in large areas GaN single crystals on sapphire substrate using HVPE (Hydride Vapor
Phase Epitaxy) [82]-[84], metal organic precursors MOVPE (metal organic vapor phase epitaxy) [85]
and by MBE (molecular Beam Epitaxy) [86]. These first layers of mono crystalline materials, although
very defective, allowed the first experimental measurements of the gap of GaN [87], [88] and the
synthesis of the first device based on nitrides, the LED (Light Emitting Diode) [83]. Since the 1970s,
Il nitride materials such as: GaN, AIN, InN and their alloys have been presented as interesting
semiconductors for the development of optoelectronic devices. Then, for several years, advances in the
field of Il nitrides have been relatively limited compared to other semiconductors. Several
technological problems prevent their development: the lack of substrate lattice matching with GaN, the
difficulties to dope p-type and the high residual n-type doping. A radical change occurred in 1983
when Yoshida [89] successfully synthetized GaN by MBE with good quality by using an intermediate
layer of AIN, used at low temperature on a sapphire substrate. This method, applied to MOVPE, was
refined and perfected by Alasaki Amano between 1986 and 1989 [90], [91]. They presented the first
layers of GaN p-type doped using magnesium atoms [92] and the first GaN diodes emitting in the UV
(3.35eV), and blue (2.9eV) [93], [94]. Nowadays, the characteristics of 111-V semiconductors such as
their large direct band gap, their high thermal conductivity, high breakdown field, high mechanical
stability and electron mobility, attract the research in many areas especially microelectronics.

a.Crystal properties
ZnO crystal as found in nature is known as Zincite. It usually crystallizes in the hexagonal close-
packed wurtzite phase. However it can be synthesized in the cubic zinc blende phase when deposited
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on some substrates of cubic symmetry. Throughout this work, we focus only on the ZnO wurtzite
structure. The ZnO wurtzite hexagonal close-packed structure can be described as a succession of
alternating planes, positively or negatively charged and consisting of the tetrahedron formed by the
ions Zn** and O respectively. This tetrahedral coordination results in a piezoelectric non-Centro
symmetric structure [95].

The 11 nitrides are semiconductors I11-V with direct gap, composed of nitrogen atoms and elements of
column 13 (p-block) of Mendeleyev's periodic classification: these compounds GaN, AIN, InN and
their alloys. 111-N materials exhibit a stable wurtzite phase. This is an exception in semiconductor I11-
V whose most easily synthesized phase is the zinc-blende phase [96].

The wurtzite structure consists of two hexagonal subnets, comprising a group Il or Il atoms (cations)
the other being oxygen or nitrogen (anions). The two subnets are shifted along the c-axis by a value of
3/8xc for non-deformed ideal wurtzite structure. Although it put into play anions and cations, the bond
between II-111 atoms and oxygen or nitrogen atoms is covalent. However, it is obviously also highly
ionic because involving 11** or 11I°** cations and anions O or N*. Each atom is at the center of a
tetrahedron and therefore forms four bonds metal-nitrogen. By convention, the +c (or [0001]) is
defined by the direction of the Zn-O or Ga-N bond. Table 5 summarizes the parameters of the crystal
lattice of ZnO and GaN. The c/a ratio corresponds to the length of the cation-anion binding. This
structure has no center of symmetry. Therefore directions [0001] and [0001] are not equivalent.

Table 5 Crystal lattice parameters for ZnO and GaN as function of the crystal structure at 300K [75], [97]-
[100].

Parameters Wurzite Zinc Blende
a(A) c(A) cla a(A)
ZnO 3.249 5.2069 1.602 4.47
GaN 3.189 5.185 1.626 4.5

In practice, this means that we can expect that the properties, as well as growing conditions differ
depending on whether the material is oriented +c or -c. These two orientations (or polarities) are
respectively called polarity metal (Zn or Ga) and polarity O or N. If the metal-oxygen or nitrogen bond
points to the surface, the surface polarity is metal or it is O or N polarity. Figure 8 shows these two
situations. It should be noted that the growth in one direction or the other will not presage the
preferential termination of the surface metal atoms O or N. In particular, about the growth of metal
polarity materials, the surface will tend (in vacuum) to be completed by metal atoms [101] Under sub
atomic nitrogen flow (the case of PA-MBE), the surface will be covered with a layer of nitrogen atoms
[102], [103]. The nature of the polarity influences the surface morphology and stability of the
structure. It has been shown that thin layers of GaN with a N polarity are more reactive and can be
etched unlike GaN layers with a Ga polarity [104]-[107]. The polarity obtained for the growth of thin
film structures depends on the substrate used, the composition and growth conditions of the buffer
layer [108], [109]. The Ga orientation or [0001] is the most common for 2D structures. For the growth
of GaN NWs, the polarity of the structures is controversial. Indeed, it has been shown that GaN NWs
grow along the N polarity or Ga polarity depending on growing conditions and choice of substrate has
also been observed [110]-[112]. It was also observed that the two polarities can coexist in the same
sample [113], [114].
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Figure 8 Schematic of the 111-N element bond as function of the polarity (a) metal +c (b) nitride —c.

As indicated, a piezoelectric semiconductor is formed by the regular assembly of positive charge
carriers (cations) and negative (anions). If the barycenter of the positive and negative charges do not
superpose, it appear in the material an electric field which polarize the semiconductor. If the
polarization occurs under stress, it is called piezoelectric polarizations. If the polarization is intrinsic of
the material, it is called spontaneous polarization. Due to the strong ionicity of Ill-nitrogen bonds and
due to the absence of an inversion center, Ill-nitride are characterized by the existence of a
spontaneous polarization in their steady state. Indeed, there is a difference in electronegativity between
the metal and nitrogen, nitrogen having a higher electronegativity. This means that the electron cloud
of the 11I-N or 11-O bond is shifted to the nitrogen and oxygen respectively. The centroids of positive
and negative charges do not overlap in the individual cell, thereby creating a dipole therein, giving rise
to a macroscopic polarization along the ¢ axis. In addition, the structure of wurtzite Il1-nitrides is not
an ideal structure and the tetrahedron is slightly distorted. This makes the 111-N bond shorter in the
[0001] direction, thus shifting the centroids of positive and negative charges [98], [115]. Table 6
shows the estimated spontaneous polarization on ZnO and GaN.

Table 6 Spontaneous polarization in ZnO and GaN wurtzite crystal

GaN Zn0O

Pepont (V) | -0.029 [98] -0.057 [100], [115]

The total polarization in the material is then:
P= Byiezo T Pspont Equation 21
Where P is the total polarization, P,.ez0 the piezoelectric polarization and P, the intrinsic polarization.

b.Semiconducting properties

Zinc oxide is a I1-VI semiconductor with wide direct band gap of 3.37eV at room temperature [116],
[117]. Concerning GaN, it is a I11-V wide direct band gap semiconductor of 3.4eV at 300K [118], thus
very similar. For optoelectronic applications, the control of doping p and n is essential. But the
simultaneous control of both doping type in large band gap materials is difficult: doping is said
asymmetric [119]. For ZnO, the unintentional doping is n-type, while the p-type doping is very
difficult to obtain. The intrinsic defects such as oxygen vacancies (VO) and interstitial zinc (Zn;) are
not the cause of unintentional n-doping. Indeed, VO is a deep donor and Zn; is a superficial donor, but
its formation energy is very high [120], [121]. Nevertheless these intrinsic defects may compensate
possible acceptors during the p-type doping, thus the Fermi level get close to the valence band and the
formation energy of donor levels decreases. The valence band of ZnO is very small, therefore the p-
type doping is very difficult. Similarly the valence band of GaN is quite small which explains the
average quality of its p-type doping of GaN.

The dopants usually used for ZnO generally belong to groups Il and IV. The n-type intentional
doping is usually done with elements of the column Il in substitution of zinc such as Al, Ga, and In
reaching electron concentrations of 10%cm™ and resistivity of 10Q.cm [122]. The minimal residual
electron concentration observed is 10**cm™ for the unintentionally doped ZnO [123]. Residual
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concentrations observed in the literature are generally much higher, on the order of 10*’cm?. The
unintentional n-type doping is due to residual impurities that may be present in the source material
(such as Al, Ga and In), or hydrogen [124]-[126] which can be found in most growing methods.
Indeed, various studies have shown that hydrogen can easily diffuse into the crystal lattice and interact
with point defects to form more stable complexes [127]-[130]. Although hydrogen is present in traces
in most semiconductors, it usually has an amphoteric role regarding doping, that is to say it is as much
as a donor as an acceptor. However, it mainly behaves as a donor in ZnO and can no longer be self-
compensated. This feature damages the control of doping. Indeed, in the case of a residual n-type
doping, the presence of donors must be compensated by acceptors before starting to really boost the p-
type doping considered. To summarize for ZnO films having a thickness between 0.1um and 10pum
deposited on sapphire substrates, the n-type doping reached very high values between 10*’cm™ and
5.10"%cm™ [131], [132]. The n-type doping can be reduced to values close to 10*°cm™ using a ZnO
buffer between the substrate and the film [132]. The lowest value (10"cm™®) have been found for films
of ZnO with thicknesses between 0.1mm and 1mm [133], [134]. On NWs, the n-type doping typically
varies between 10'°cm™ and 5.10*%cm™ [135], [136].

The early unintentionally doped GaN was n-type, which at the time was believed due to nitrogen
vacancies. The high n-type background carrier concentration on the order of 10*¥cm™ was difficult to
minimize and the absence of a shallow acceptor did not help. Nevertheless, early work using zinc
compensation led to the demonstrations of metal-insulating-n-type GaN LEDs [137]. p-type GaN
research progressed in 1989 [92] with the use of a low temperature AIN buffer layer and Mg doping.
Nowadays conductivity modulation can be achieved by doping with donors such as Si, O and Ge or
with acceptors such as Mg, Zn and Be. Si and Mg are primarily the n-type and p-type dopants of
choice. Si doping is used to produce films with free electron concentrations from the low 10* to the
mid 10%cm™ with almost complete room temperature donor activation. Furthermore, Si doped GaN
can be grown with bulk electron mobility above 300 cm?%V.s. The maximum reproducible hole
concentration achieved in p-GaN with conventional doping techniques rarely exceeds 10**cm™ without
compromising the surface morphology. Furthermore, the deep nature of the Mg acceptor leads to a
poor room temperature hole activation of several percent. This leads to high Mg concentrations for
heavy p-doping which can degrade hole mobility.

c.Electrical properties

ZnO and GaN materials can be highly conductive or resistive depending of their synthesis process. In
function of whether they act as a metal, a semiconductor or an insulator, several electrical quantities
are useful to describe their behavior. For example, the resistivity p is a physical quantity of interest
depending of the areas covered by applications. For microelectronic devices such as transistors, low
resistivity is preferable to facilitate the current transport. For applications of electromechanical
transduction, a high value of p is preferable to avoid screening the electric field created by the
piezoelectric effect.

The resistivity of ZnO extends over several orders of magnitude, with values from 10°Q.cm to
10%Q.cm [138]. Generally, thick films are highly resistive (p~10°Q.cm) [139] while the resistivity for
thin films extends on several orders of magnitude. Depending on the elaboration methods, there will
be thin films very conductive (p~10°Q.cm) [140], [141] or poorly conductive (p=~10°Q.cm) [142]
which are similar to bulk properties [143]. Concerning NWs, their resistivity extends over a wide
range of values from 107Q.cm to 150Q.cm [144]. For an n-type semiconductor, the resistivity p and
conductivity o=1/p are related to the mobility of electrons and holes through the relationships:
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Conductivity in n — type semiconductor: ¢ = q.l,.n Equation 22

Conductivity in p — type semiconductor: o = q.Up.p Equation 23
where u, and u;, the electron and hole mobility, n and p the electron and hole concentration.

The mobility . is a characteristic of conducting and semiconducting materials. It is expressed in
em?.V™.s™. At low electric fields, the drift velocity v is proportional to the electric field and mobility:

Vo = e E Fquation 24
Where v is the current density and E the electric field [145].

It defines the ease that charges have to move in the influence of the electric field. The higher the
mobility, the larger the current density will be for a given electric field:

f= q-ﬂe-n-ﬁ Equation 25
Wheref is the current density and E the electric field [145].

Usually thick films exhibit high mobility (u:>100 cm®V's™). For thin films, y varies depending of
the process, the growing conditions and the post-processing. It is generally in the order of 30-150
cm®.V's™ [132]. Concerning ZnO NWs, the values of . are comparable to thin films [135] or even
smaller [146].

The electrical properties of ZnO can vary depending of the environment. First of all the electronic
properties of ZnO are very sensitive to temperature 6. When 6 increases, thermal agitation causes an
increase in energy levels of the electron donor levels that are in the conduction band. For the average
doped ZnO (n<10""cm™®), n is proportional to 62 . is also related to the temperature by a law 0% with
a ranging from a=3/2 for low temperatures to 0=-3/2 for high temperatures [147]. Secondly the
pressure P also has an impact on the electronic properties of ZnO. When P increases, the crystal lattice
is compressed and the space between the impurities is reduced, resulting in an increase in the
concentration of defects. However, this effect is compensated by the piezoresistive effect: an increase
in P tends to increase the gap between donors levels and the conduction band, making it more difficult
to ionize. For high pressure (P>15GPa), wurtzite ZnO undergoes a stable phase transition to a cubic
crystal lattice. ZnO in its cubic structure is still a semiconductor, but it is not anymore piezoelectric.
Finally, surface defects can also affect the electronic transport properties of ZnO. Several studies have
indeed demonstrated the dependence of conductivity with the environment of the sample. This
dependence is mainly due to the adsorption of the surrounding molecules, which will modify the
electronic properties at the surface of the single crystal [148] and trap charges on the surface of ZnO,
which induces a decrease in conductivity. This physicochemical property of ZnO is at the origin of its
use as a sensor for various gases like O, [149] , H,O [150], N,O [151] and CO [152].

As we have seen, thick films of ZnO are generally very resistive. In its bulk form ZnO is often
regarded as a dielectric. A dielectric material does not contain electrical charges that could move
macroscopically. In other words, this is a medium that cannot conduct electricity. As such, it is
sometimes called electrical insulator. The dielectric materials are characterized in particular by their
dielectric permittivity and dielectric strength. Permittivity describes the response to a given applied
electric field. Due to their anisotropy, the relative permittivity of ZnO and GaN had the form of a 3x3
tensor reflecting the symmetry of the crystal and has the following form:

&1 O 0
e=|0 ¢&; O Equation 26
0 0 &33

Where ¢ is the permittivity, ey, is the in-plane permittivity and 13 the normal permittivity.

22 Chapter 1. Context and theoretical bases



However, in the case of IlI-N, the difference between €11 and €33 is low. It is even negligible in the
case of AIN. The dielectric strength of an insulating medium is the maximum value of the electric field
that can sustain the medium before the start of an electric arc (and therefore a short circuit).

As for Il1-nitride materials, they have very interesting transport properties. The combination of a high
voltage breakdown, high electron mobility (up to 2650 cm?®.V*s™ for bi-dimensional electron gas) and
the possibility of obtaining high surface electron density using heterostructures such as (Al,
Ga)N/GaN, make these materials a good choice for the realization of future microelectronic devices.
The electrical properties of ZnO and GaN are compared in Table 7.

d.Mechanical properties
I11-N materials are highly anisotropic materials. Their mechanical properties are defined by a stiffness
matrix c. The shape of the stiffness matrices of a material depend on its crystal structure. In the case of
I11-N materials, the stiffness matrix has the following form [153]:

€11 €12 (13

C12 €11 (13

€13 C13 C33
c= Equation 27
Cas

Cas
Ce6
Coefficients ¢y, and ca; represent the stiffness of the crystal under normal stress, in the plane and along

the axis of the crystal respectively. Coefficients c;3 and c;, represent the stiffness of the crystal faces
due to shear stresses. The coefficients ¢4, and ceg describe the torsional behavior of the crystal. The
mechanical properties of ZnO and GaN are compared in Table 7.

The limit of plastic deformation of ZnO is low (10 MPa), especially compared to GaN (100 MPa).
This means that during the application of stress, dislocations are more readily induced in ZnO than in
GaN. The dislocation mobility is also relatively high in ZnO. Yonenaga et al showed that during the
production of heterostructures, the dislocations are formed relatively easier in ZnO than in GaN [154].
Thus, the homo-epitaxial growth on substrates without dislocations is to avoid the propagation of the
highly mobile dislocations in the heterostructures.

e.Piezoelectric properties
Piezoelectricity is related to the non-symmetry of the crystal lattice. However, depending on the
materials, the lack of symmetry is not marked in the same way. For example, the less symmetrical
structure (triclinic) has 27 independent piezoelectric coefficients (Its strain tensor is not a symmetric
matrix). However, piezoelectric ceramics with a wurtzite or perovskite structure are more symmetrical
and the number of coefficients decreases. The piezoelectric coefficient matrices are then 3x6 matrices
whose shape depends on the class of crystalline piezoelectric material considered. In the case of 11-VI
and I11-N semiconductor piezoelectric materials, the e and d matrices have the following form:

0 0 0 0 es 0

e=|0 0 0 es 0 0 Equation 28

€31 €3 €3 0 0 o
It may be noted that the matrices e and d are reduced to three non-zero elements: es;, €33, €15 and day,
dss, dis, which correspond to the three main operation modes: the longitudinal, transverse and shear
mode respectively [56] as shown in Figure 9.
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Figure 9 Three main operation modes: (a) the -Iongitudinal mode 33, (b) the transverse mode 31 and (c) the
shear mode 15.

It is noted that the components of the piezoelectric polarization present in the crystal plane (ie. P, and
Py) depend only of shear stresses. In contrast, the vertical component of the polarization (P,) reflects
the influence of all the normal stresses. In most scenarios, the value of the P, component of the
polarization vector is several orders of magnitude higher than its planar components. Thus, if P is the
electric polarization, any distribution of electric dipoles will have the same effect as a charge
distribution of volume density p

p = —div(P) Equation 29
P expressed in C.m™ has a surface density ¢ equal to:

oc=P.7 Equation 30
where n is the normal vector to the surface in question (directed outwards) expressed in C.m™.

As mentioned before, ZnO and GaN possess three piezoelectric coefficients: ess, es; and ess. In the
case of a single crystal of ZnO, es; and es; relate the polarization P along the c axis to the deformation
of the mesh along the c-axis and in the plane orthogonal to c. e;5 describes the polarization induced by
shear deformations. The values of the piezoelectric coefficients of ZnO and GaN bulk crystals are
listed in Table 7. For thin films, the piezoelectric coefficients are of the same order of magnitude.
These are highly correlated to the temperature of the substrate during the deposition phase. es; reaches
a maximum for temperatures of around 200°C. The use of doping (using copper for instance) also
increases es; [155]. In both cases, this is also certainly due to the fact that the films have a better
orientation along the c-axis [156]. The values of the piezoelectric coefficients are generally reported
for the matrices d or e as these are more convenient to use. Table 7 gives the common values of
piezoelectric coefficients of ZnO and GaN. Although the differences between the various reported
results are much larger than those observed in the case of stiffness coefficients, they are much less
discussed within the scientific community. It should be emphasized that this is an important source of
potential error for modeling.

The piezoelectric coefficients of ZnO are higher than those of other 11-VI piezoelectric
semiconductors. In its 1D form, ZnO has high elasticity and good resistance to fatigue. Although little
has been done at the nanoscale, it seems that the piezoelectric properties of ZnO nanostructures are
superior to those of bulk ZnO. In addition, its manufacturing processes are controlled at large scale
(processes compatible with industry) and ZnO contains no lead unlike PZT for example which is
important against toxic pollution. Moreover, it offers interesting possibilities in terms of
heterogeneous integration in microelectronic industries. The piezoelectric properties of GaN are lower
than those of ZnO and AIN. However GaN and AIN are well above any other 11I-N and 11-V
materials. Nevertheless, the piezoelectric performance of GaN, ZnO and AIN are very different from
those of piezoelectric ceramics such as PZT or alloy of barium titanate BaTiOs. The piezoelectric

24 Chapter 1. Context and theoretical bases



coefficients of these ceramic materials are usually 50 to 200 times higher than those of Il nitrides
[157] in their bulk state.

Table 7 Physical properties of ZnO and GaN.

Zn0O GaN
Phase Wourtzite Wurtzite
Density p, (g.cm™) 5.606 6.150
Young modulus Y (GPa) Y=111.2 [100], [158] Y=210 [159]
Poisson ratio v 1v=0.33 [160] to 0.356 [161] 1v=0.183 [162] to 0.198 [163]
Elasticity c;; (GPa) €11=209  c1p,=121 €11=390  ¢;,=145 [165]
C13=105 c33=211 €13=106  €33=398 [166]

Cumh25 =T [164] | cu=105  comlS2 [167]

Intrinsic polarization P; (C.m?)  |Pi=-0.047 to -0.057 [100], [115] |-0.029 [98]

Piezoelectric coeficient e,5=-0.45 to -0.59 e;5=-0.30 to0 -0.30
e; (C.m?)
e3;=-0.51t0 -0.61 e3;=-0.33 t0 -0.49
e33=1.22 [168] to 1.14 [153] 33=0.65 [168] to 0.73 [169]

Dielectric Constant ¢ £=8.656 [170] £=8.9[171]

Relative permitivitty &, €11=8.22 [168] to 8.49 [172] €11=9.5 [168]
€33=7.40 [172] to 7.83 [164] €33=10.4 [173]

Band gap Eq (eV) E;=3.40 (direct) [167] E,=3.42 (direct) [167]

1.5. State of the art of piezoelectric applications

1.5.1. Applications of bulk piezoelectric materials

Piezoelectric devices have applications in many areas. The direct effect is used in sensor applications,
such as force or displacement sensors. The reverse effect is used in actuation applications, such as
motors and accurate positioning devices. Specifically, 3D nanoscale movements required in a number
of instrumental characterization techniques with atomic resolution (scanning probe microscopes type
STM, AFM, NSOM fields ...) are generally provided by piezoelectric elements. Other applications
include acoustic technology (production and detection of sound), power electronics (high voltage
generation), electric transformers, resonators and oscillating systems (electronic frequency
generation), mass spectroscopy (microbalance) and optics (optical assemblies). Piezoelectricity also
finds its place in everyday applications, for example as a source of ignition for lighters.

1.5.2. Piezoelectric nanostructures using semiconductor materials

1.5.2.1. From ZnO single crystal to nanostructures

In addition to the 2D thin film, 1D nanopillars and 0D nanoparticles, there are many exotic ZnO
nanostructures such as nanoribbons, nanotetrapods, nano desert roses, nanopropellers, etc. These
structures can be obtained by physical means using different synthesis methods such as MOCVD,
MBE and CVD between others, but also chemically, for example, using the reaction at a controlled pH
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of zinc acetate and hydroxide. The latter methods are of significant interest due to the quantity of
material produced and the relatively low cost of the materials necessary to the synthesis [174], [175].
NWs have been grown on a variety of substrates (more or less conductive and expensive). It is
interesting to note that most of the grown nanostructures are highly anisotropic. This anisotropy is due
to the presence of charged planes according to the directions +c (0001) being negatively charged and -
¢ (0001) being positively charged [176]. The existence of such planes is considered disruptive to the
structure because of the strong dipole moment they induce. To minimize their energy, nanostructures
will try to avoid having such plans, which has the effect of anisotropic growth along the c-axis,
leading for example to propeller or pillar structures [177], [178].

The transition from single-crystal to nanostructures may induce nano-specific effects, such as quantum
confinement or the exaltation of surface effects. But quantum confinement effects are only accessible
at very small sizes. The exaltation of surface effects varies as the surface / volume ratio and can
therefore play a role in the structures of a size about 50 nm [28], [29]. In this case, the only difference
with the bulk phase is rather related to the form and synthesis of the structures considered [179].

1.5.2.2. Nanostructure effect and characteristics

At the nanoscale, materials react differently. For example a piezoelectric NW will bend at lower forces
compared to a microwire. Its electromechanical properties may vary. This may be due to several
phenomena that are increasingly studied even if few experiment, simulations and theoretical
calculations have been realized on ZnO and GaN semiconductor piezoelectric NWs. However a
review of mechanical and electromechanical properties of piezoelectric NWs has been done by
Espinosa [40] where is discussed most of the aspects and difficulties of this domain.

a.The role of defects

Stacking faults [180], [181], inversion of domain boundaries [182], [183], dislocations or nanopipes
[184], and surface defects [185] have all been reported on nanostructures [169]. Their presence
depends mainly on the nanostructure synthesis method used. For example, MBE used for some of our
GaN NW samples generate high crystalline quality and few stacking faults [186], while the more
intensively used VLS method used for the growth of our ZnO NWs is known for higher density of
such defects [181]. Defects can affect mechanical [185], optical [187] and electrical [188] properties
of the material at nanoscale. Today the role of defect in mechanical behavior is widely accepted
although their precise influence in NWs is still under investigation. It has been shown that dislocations
increase the number of collisions of the free carriers and therefore limit the carrier mobility [189].
Dislocations can also contribute to a leakage current through GaN/AIN heterostructures [190].
Stacking faults change the local band structure [191]. But the possible influence of defects on the
piezoelectric properties of nanostructures is largely unknown. Dislocations and inversion domain
boundaries have an effect on bulk piezoelectricity. Dislocations modify the local strain fields and
create a local piezoelectric polarization [191]. This affects the electric fields near surfaces or interfaces
[192]. As a result, the overall piezoelectric response may change. However, the occurrence of
dislocations in nanostructures are not as extended as in bulk or thin-films [181], [183] because they
can migrate to the surface and disappear. But the role of stacking faults and surface defects is not fully
elucidated. Concerning the inversion of domain boundaries, it creates an inversion of the direction of
the piezoelectric response. There exists evidence that this type of defect appears in NWs [182], [183],
although it is not clear to what extent.
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b.Dopants

Intentional or unintentional doping is possible during the NW synthesis. Dopants in NWs play a role
in the conductivity of the carrier and therefore influence the electromechanical response. Concerning
piezoelectric materials it can have a strong impact on the amplitude and time constant of the
piezoelectric phenomenon [144], [193]-[195]. If the conductivity is high, the direct piezoelectric
response will decrease as free charges introduced by dopants can screen the piezoelectric potential
[196].

c.Mechanical properties

The mechanical properties of nanomaterial such as the Young modulus and the fracture strength are
key values to estimate the deformation or strain undergo by nanostructures under a load. It is
especially important for piezoelectric material where electro mechanical coupling plays a major role
for applications. Failure and fracture mechanism are also important because they influence the
mechanical reliability and robustness of the systems and determine the mechanical operational limits
of the devices. Many experimental and modeling approaches have been used to characterize the
mechanical properties of piezoelectric NWSs. The state of the art concerning piezoelectric NWs has
been reported in by Espinosa et al. [40].

As summarized by Espinosa, most of the techniques developed for mechanical characterization of one-
dimensional nanostructures have been applied to ZnO NW. Currently, there is a general consensus on
the existence of a size-effect on the modulus of elasticity for ZnO NWs oriented in the [0001]
direction, [28], [197]. But the failure values and mechanisms, although known to be higher than in
bulk, are still under investigation. It has been shown that the Young modulus increases as the
diameters decrease below 100 nm whereas in larger NWs the modulus of elasticity agreed well with
the bulk value. In addition the size-dependence measured in bending modes is stronger than the one
measured under uniaxial loading [198]. ZnO NWs have fracture strengths several times higher than
that of bulk. In principle, the fracture behavior of ZnO NWs may be the result of a combination of
surface defects [185] and point defects [199]. However, the quantification of each defect role in the
fracture mechanism remains under study.

Similar to ZnO, several methods have been applied to the elastic characterization of GaN NWs but
very little has been reported on failure properties. Bernal et al. [200] summarized the elasticity results
reported in the literature, which, similarly to ZnO, show significant scatter due to defects role and
experimental artifacts. Nevertheless studies show that GaN NWs display bulk elastic properties for
diameters larger than 20 nm. As commented by Espinosa it is in contrast to the stronger size effect
observed in ZnO NWs (at 80nm). Nevertheless, for our simulations we will keep the bulk mechanical
properties of ZnO and GaN from the literature. But we should keep in mind that the defect density and
the mechanical properties of nanomaterial depend a lot on the fabrication process used. At least
concerning the NWs we studied, if the maximum stress in the NW is higher than its bulk fracture
strength then the simulations are not realistic.

d.Electrical properties

The small section of the NWs makes them very sensitive to surface effects. Conduction in NWs is
strongly influenced by surface states [201]. Indeed, in an n-doped GaN NWs, surface states are known
to pin the Fermi level. To meet the electronic neutrality of the NW, a depletion region is created on its
surface. Electrical conduction is confined to the core of the NW in the non-depleted zone. There is a
dependence of the radial profile strip according to the diameter of the NW. It exist a critical diameter
below which the NW is fully depleted. This critical size depends on the doping of the NW and also of
the Fermi level at the surface which depends on the surface states. By varying the density of surface
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states by different mechanisms (photoconductivity [202], environmental parameters [203], molecules
addition [204]), the electrical conduction in the NW will change . The large variation in the critical
diameter depending of surface conduction makes NWSs very sensitive to their environment. When the
diameter of the NW is less than the critical diameter, the NW is completely depleted and sideband
curvature decreases as the radius decreases, thereby reducing the effect of the space charge zone.

The influence of the nanostructure on electron transport is highly dependent on the experimental
methods used to probe the transport properties and the size of the nanostructures studied. Indeed, an
individual nanostructure, larger than ten nanometers, shows no quantum effects. In this case, the
conductivity comes from the extended states, but its activation energy strongly depends on the
atmosphere in which the experience takes place. These measurements confirm the importance of
surface quality on transport mechanisms, which has already been seen in the case of single crystal and
exalted in the case of nanostructures. In addition, these results are related to the transport
measurements (I-V) on single NWs. Hall Effect measurements, which could give us information about
the doping of such NWs, cannot be done on single NWs because of their shape. If the surface has an
important role in the case of individual nanostructures, one important question would concern the
effect of nanostructuring on an assembly of such objects.

Thus the electrical transport properties of NWs differ significantly from those of bulk material. A
review shows that the resistivity of ZnO NWs varies between 10 and 10°Q.cm [150]. This variation
of the resistivity of eight orders of magnitude is attributed in particular to the crystallinity, the density
of local defects and surface morphology. But a crucial parameter is the ambient atmosphere: resistivity
varies over several orders of magnitude depending on whether the measurement is done under
vacuum, air, nitrogen or oxygen. This is due to the adsorption of molecules on the surface that trap
more or less carriers. Under UV illumination, the resistivity decreases because the molecules are
desorbed by the photo-induced carriers. For example, concerning NWs grown at CEA-LETI, two
studies on electrical properties were performed. They have shown that the electrical conduction under
vacuum was realized by a two-dimensional electron gas on the surface of the NWs [205]. On the
contrary, the presence of holes was measured at the surface of the NWs when they are encapsulated by
a polymer [206]. This was attributed to a curvature of the conduction band at the interface with the
polymer. These studies show that surface effects are predominant for the electrical conduction on ZnO
NWs.

e.Piezoelectric properties

In contrast to the characterization of mechanical properties, where atomic structural characterization,
experimental measurements and simulations have been performed, much remains to be done in
establishing synthesis-structure-properties relations in the field of nanopiezoelectricity. Due to
coupling between mechanical and electrical effects, these experiments are more challenging than
nanomechanical ones, and as a result the number of studies focusing on characterization of
piezoelectricity in NWs is much smaller when compared to those on mechanical characterization.

In the particular case of piezoelectric semiconducting materials, piezoelectric force microscopy (PFM
11.5.4.) has been applied to ZnO nanobelts on the (0001) surface and the piezoelectric constant ds; was
measured from 14.3 to 26.7pm/V [36] which is higher than the bulk constant (9.9pm/V). But they
observed that the effective piezoelectric constant decreased by increasing the frequency of the applied
electric field. Another study reported a piezoelectric constant ds3 of 7.5pm/V on ZnO nanopillars of
diameters around 300nm [207]. A similar study reported a variation of piezoelectric constant from 0.4
to 9.5pm/V [144] for ZnO nanorods with diameters from 150 to 500nm and length from 400 to
600nm. These results are lower but they found a direct correlation between the piezoelectric
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coefficient and the resistivity of the nanorods studied. Indeed nanorods with low piezoelectric constant
had low resistivity from 0.1 to 155Q.cm. This confirms that electrical properties have an effect on the
piezoelectric response [196]. PFM have also been applied to individual GaN NWSs with 65nm diameter
[208]. Wurtzite GaN NWs grown by catalyst-free MBE process revealed a piezoelectric constant
(di5=10pm/V) three times higher than that of bulk. For NWs with diameters from 64 to 190nm,
piezoelectric coefficients d3;=12.8pm/V, d;3=8.2pm/V, and d;s=10.2pm/V were measured, which show
that piezoelectric constants of GaN NWs can be up to six times that of bulk values [30]. Despite all the
challenges, experimental results point to an enhancement of piezoelectricity for NWs below 100nm.

Computational investigation of piezoelectricity by ab-initio methods is mainly limited due to the
computational cost of simulation of large size NWs. As a result, studies are rare, with most
calculations dealing with homogeneous nanostructures smaller than 5nm. Ab initio methods have been
utilized several years ago to calculate the bulk piezoelectric properties of ZnO nanostructures [98].
Recently, Dai et al [209] introduced size-effects in piezoelectric NWs models and extracted surface
piezoelectric constants, FEM methods on ZnO NWs [47], [210], [211], Atomistic Field Theory and
FEM methods on BaTiO3; nanocubes [212], and recent DFT approaches on ZnO nanostructures [213],
showing apparent piezoelectric constants that can be larger or smaller than the expected bulk values
[29], [214]. Especially Espinosa and co-workers studied the size-dependence of piezoelectricity in
GaN and ZnO NWs for diameters from 0.6 to 2.4nm, using first principle-based DFT calculations. A
giant piezoelectric size effect was observed [29] for both NWSs with almost two orders of magnitude
enhancement in piezoelectric coefficient that could be achieved if the diameter of the NW is reduced
to less than 1nm.

In order to understand the size-dependence, the authors performed an analysis of distribution of
charges and dipole moments. One of the observations from the computational modeling was that the
absolute value of polarization in NWs was smaller than the bulk value. However, when normalized by
the volume, the NWs exhibited larger values. For the same number of atoms, the NW had smaller
volume respect to the bulk material due to the radial contraction caused by surface relaxation. This
observation asserted that the reduction of volume due to surface reconstruction in NWs plays an
important role in the enhancement of the piezoelectric constants [29]. Similar trend were found in ZnO
NWs up to 2.8nm in diameter [215]. In that work, it was found that ZnO NWs have larger effective
piezoelectric constant with respect to their bulk counterparts due to their free boundary. Another study
focusing on the surface piezoelectricity shows that at nanoscale this contribution becomes important
because of the increase of the surface to volume ratio [209].

Table 8 Piezoelectric coefficients in nanostructured materials compared to the bulk.

dss (pm/V) Theoretical (nano) Experimental (nano) Experimental (Bulk)
PVDF - -38 [42] -25 [216]

PZT - 101 [64] 650

ZnO 168.2 [29] 14-26.7 [36] 9.93 [36]

GaN 65.8 [29] 12.8 [30] 1.86 [29]

PMN-PT - 381 [217] 2500 [217]

An inspection of these data (Table 8) reinforces the idea that further characterization efforts are needed
to reduce the existing scatter and identify size effects trends in the piezoelectricity of NWs. In addition
computational studies still need to simulate larger sizes. Another fact is that there is a gap in the
characterization of piezoelectricity between 10 and 100nm. This size range is very relevant as the
advantages of scaling usually appear below 100 nm. In addition, NW diameters, achievable with
current synthesis methods, are typically above 10nm. The coupling of improved experimental
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techniques, which allow in situ structural characterization, and enhanced computational methods are
needed before reaching a unified set of values and better understanding the physics behind the
observed effects. One thing seems sure, according to the publications, the decrease in the size of
piezoelectric structures leads to the improvement of the conversion of mechanical energy into
electrical energy. This explains the interest of research teams and companies which want to synthesize
and integrate these objects in energy conversion devices and sensors.

|.6. Conclusion

In this first chapter we have introduced the scientific and international context of the thesis, mostly in
terms of energy issues of smart systems and autonomous sensors. Indeed, these systems are consuming
more and more energy while the improvement of battery capacity is very moderate and not sufficient
enough to support this trend. One solution to address this problematic is to develop self-powered
sensors and energy harvesters. We have presented a state of the art of energy sources that are available
in our daily life environment altogether with the main technologies to harvest them. Among the
different principles, mechanical energy harvesting presents the significant advantage to be highly
related to human activities with high energy densities that makes it very promising for future industrial
implementation into different objects. Piezoelectric technology and more precisely piezoelectric NWs
devices seem to be relevant to efficiently harvest mechanical energy. The success of these NW-based
devices relay mostly in their high potential for nanosystem integration with great functionality. For
example, strain sensors with increased sensitivity, provided by the piezoelectric effect [37], or NGs
[38] to power supply autonomous sensors [39] have already been demonstrated. Most NW-based
applications utilize semiconducting NWSs [40] such as ZnO and GaN NWs, which show a large
improvement on their piezoelectric performance at nanoscale when compared to bulk material
efficiencies. However a deeper understanding of the piezoelectric performance of such NWs is needed
as only few works have been done on the study of the electromechanical properties of such individual
NWs. We will thus study in detail in Chapter 1l the piezoelectricity and we deeper investigate the
properties of ZnO and GaN NWs at the nano scale.
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Chapter Il.  Piezoelectric study of ZnO and GaN NWs

The understanding of the piezoelectric phenomenon and the knowledge of piezoelectric material
physics allow a wide range of applications. In addition the evolution in semiconductor physics and
micro fabrication process led to the synthesis of micro and nano structures such as NWs and their
application in microelectronic. Thus we can imagine new devices such as nano mechanical sensors or
energy harvesters. But for research and development, controlling an easy fabrication process of ZnO
NWs is a key point. Therefore we reviewed the various method to synthetize ZnO and GaN NWSs.
Then we chose and learned the hydrothermal synthesis of ZnO NWs and we studied its control for
future integration. Indeed, control the size and the density of NWs is important because that influence
their piezoelectric responses to stimulus. In addition we worked on the quality and the integration of
NWs carpet with few defects to properly use them. Then we need to understand the behavior of
piezoelectric semiconducting NWs such as ZnO and GaN NWs. In this context the analytical
modeling and the FEM simulation are two important tools to describe ZnO and GaN NWs and thus
scale and functionalize them in view of future applications. These approaches are complementary to
explain piezoelectric issues such as the inversion of the potential at the base of a bend ZnO NW.
Therefore we studied and developed these two aspects. At last, ZnO and GaN NWs have to be
characterized to study their real parameters and behavior in order to correct the models if needed and
develop functional applications. To proceed we chose near field methods and especially AFM
characterization to study the mechanical properties of ZnO and GaN NWSs such as their Young
modulus. Then piezoelectric studies were developed to measure the piezoelectric potential generated
by strained NWs and deeper investigate their piezoelectric effect.

11.1. Fabrication techniques of piezoelectric semiconductor
NWs

Recently, the characterization of nanostructures, and in particular ZnO and GaN piezoelectric
semiconducting NWs in order to integrate them into devices, has been the subject of numerous studies.
Indeed, these materials are compatible with the synthesis methods of nanostructures and with the
CMOS technology which makes them ideal candidates for multiple applications. Other studies are
trying to make nanostructures using piezoelectric ceramics or polymers, although the tendency is the
reduction of the piezoelectric effect due to their low crystallinity [42], [218]. Many techniques are
used to achieve growth of piezoelectric semiconductors NWs. Some growths can be performed on
various homogeneous substrates or with predefined patterns. A homogeneous substrate is a flat surface
corresponding to a crystal plane of the material used. A patterned substrate is a substrate having
undergone operations (lithography) to delimitate areas of preferential nucleation of NWSs. The growth
techniques of NWs have very different characteristics and very different results can be obtained. We
can classify these manufacturing processes into two categories (Table 9): bottom-up processes and
top-down processes. The first is to achieve nanoscale objects from a molecular precursor by chemical
synthesis and self-assembly of atoms or molecules. These techniques are based on the natural way in
which minerals crystallize. The second approach is to remove material from a large object to obtain an
object having smaller dimensions and desired shape. Finally, it is possible to combine top-down and
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bottom-up approach to achieve an orderly growth of NWs. A step of lithography or nano imprint is
typically used to pattern a thin layer of growth catalyst. Thus the localized growth of NWs will follow
along the defined patterns. In the following | will detail the Top-down etching process and the MBE
and MOCVD process whose we obtained ZnO or GaN NWs form different laboratory. Then the next
section will focus on the hydrothermal growth of ZnO NWs that we learned in Georgia Tech and
developed in IMEP-LAHC for extensive study of ZnO NWs.

Table 9 Manufacturing processes of piezoelectric semiconductor NWs.

Bottom-up Top-down

Chemical Synthesis Micro machining

Electro Chemical Synthesis Nano imprint

Pulse laser deposition (PLD) Deep reactive-ion etching (DRIE)

Chemical vapor deposition (CVD)
Metal organic chemical vapor deposition (MOCVD)
Molecular beam epitaxy (MBE)

[1.1.1. Top-down approaches

The top-down approach can be used to fabricate NWSs, by various means such as lithography or
electrophoresis. Recently gallium nitride nanostructures fabrication has focused on the bottom-up
approach since defect-free and high aspect ratios nanostructures can be grown. Nevertheless, some of
the perceived benefits, such as strain relaxation and the opportunity for three dimensional devices can
also be realized with top-down approach. In addition, top-down processing is more suited for wafer-
scale ordered arrays that can be reliably integrated into large-area devices than a bottom-up approach.
Such top down nanorods can be used to create photonic crystal structures [219], [220], scaffolds for
devices with 3D active areas [221]. Here we focused on lithographic top down process which consists
of:

e The deposition of the material layer wanted for nanostructures. The quality of the deposit is
important for the nanostructure quality and properties.

e The lithography of which depends the size and the pattern of the nanostructures.

e The etching of which depend the shape, aspect ratio and conformity of the nanostructure
compared to the mask.

This method can create very good GaN NW array [222] as shown on Figure 10.
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Figure 10 Top down GaN NWs array on sapphire substrate (CHREA).
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11.1.2. Bottom-up approaches
[1.1.2.1. The substrate issue

The delay in the development of Il1-nitrides compared to other 111-V semiconductor is largely related
to the lack of suitable substrate for epitaxial growth. The production of bulk GaN single crystals [223]
and AIN [224], which are substrates suited to the growth of nitrides with low dislocation densities of
10° cm™ [224], is at present very difficult and costly. The most commonly used substrates for
heteroepitaxial growth of nitrides are c-sapphire (0001) (the lattice mismatch with GaN is 14%),
silicon carbide (lattice mismatch: 3.4%) and silicon (111) (lattice mismatch: -17%). The large mesh
mismatch between these substrates and GaN in addition with the difference in the coefficient of
thermal expansion induces a high dislocation density in the epitaxial layers (10° to 10'° cm™). On
layers under tension, this can cause the formation of cracks during cooling of the sample from the
growth temperature to room temperature. This explains the difficulties and delays encountered in the
development of the growth techniques for of GaN NWs and their application in recent decades
compared to ZnO whose growth is much simpler and less expensive. These issues are much less
critical for NWs due to lateral strain relaxation.

11.1.2.2. NWs growth principle

Many NW growth mechanisms are based on the vapor—liquid—solid (VLS) growth process. The VLS
mechanism was proposed in 1964 as an explanation for silicon whisker growth [225] from the gas
phase in the presence of a liquid gold droplet placed upon a silicon substrate.

Surface diffusion

uoIsnIp woyepy

Growth governed by nucleation rates and
adatom surface diffusion

Deposited materials contribute to:

e Axial growth
e Lateral growth
e 2D growth

Figure 11 VLS growth mechanism. Diffusion process occurring during the nucleation and growth step of the
VLS mechanism. Impingement (act of encroaching) and adatom (atom that lies on a crystal surface) diffusion
control the NW growth (adapted from [226]).

The VLS method is a mechanism for the growth of one-dimensional structures, such as NWs, from
chemical vapor deposition. The growth of a crystal through direct adsorption of a gas phase on to a
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solid surface is generally very slow. The VLS mechanism circumvents this by introducing a catalytic
liquid alloy phase which can rapidly adsorb a vapor to super saturation levels, and from which crystal
growth can subsequently occur from nucleated seeds at the liquid—solid interface (Figure 11). The
VLS mechanism is typically described in three stages: first the preparation of a liquid alloy droplet
upon the substrate from which a wire is to be grown. Secondly the introduction of the substance to be
grown as a vapor, which is adsorbed on the liquid surface, and diffuses into the droplet. Thirdly the
super saturation and nucleation at the liquid/solid interface leading to axial crystal growth. The
physical characteristics of NWs grown in this manner depend, in a controllable way, upon the size and
physical properties of the liquid alloy. The advantages of the VLS process are its much smaller
reaction energy compared to normal vapor-solid growth, the fact that wires grow only in the areas
activated by the metal catalysts and the fact that the size and position of the wires are determined by
that of the metal catalysts.

11.1.2.3. Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy (MBE) is a technique of depositing single crystals. It sends one or more
molecular beams to a substrate previously chosen for epitaxial growth. It allows growing
nanostructured samples of several cm® MBE is widely used in the manufacture of semiconductor
devices, including transistors for cellular phones and WiFi.

a.MBE working mechanism

MBE s carried out under ultra-high vacuum (UHV) (10 °Pa) conditions where the mean-free-path
(distance between collisions) of source atoms or molecules is on the order of meters. Therefore,
evaporated source atoms (i.e. an effusion cell) act as a beam of particles directed towards the substrate.
The term "beam" means that evaporated atoms do not interact with each other or vacuum chamber
gases until they reach the wafer, due to the long mean free paths of the atoms. The growth rate of the
process is very slow, about one atomic layer per second, which allows the films to grow epitaxially.
MBE also offers the possibility of cutting the atomic flow almost instantaneously. This is the
technique of choice to obtain abrupt interfaces and to control the thickness at the monolayer scale. An
advantage of MBE is the ability to control the growth in situ using diffraction of high-energy electrons
at grazing incidence Reflection High Energy Electron Diffraction (RHEED). Thus it is possible to
know in real time the number of monolayers deposited, the variation of the lattice parameter and, the
2D-3D transitions (Jain et al. 2000). The absence of carrier gases as well as the ultra-high vacuum
environment results in the highest achievable purity of the grown films. MBE is a technique that has
several advantages compared to other epitaxy technigues:

e The growth rate is low, between 0.1 and 1um/h, allowing precise control of the thicknesses.
Slow growth allows also control a homogeneous doping of the material.

e The fast and easy opening and closing of cell's covers containing species allow to easily
changing the materials or its compositions. The advantage of this slow growth is to be able to
get sharp heterojunction in multilayer materials.

e The possibility to put dopant cells in the epitaxy chamber makes easy the doping of the grown
layers with a rather high accuracy.

e The very low pressure in the epitaxy chamber allows removing species that have not
participated in the growth cycle without the need to drain.

e The UHV environment of the MBE reactor allows the use of in-situ characterization
techniques using electrons or photons as a probe. Thus, a permanent and highly accurate
control of the surface and the quality of epitaxial layers can be assured.
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¢ MBE technology do not requires large quantities of toxic gases, as used in other synthesis
techniques of semiconductors, which results in improved safety.

However, the slow growth and the very pure atmosphere (otherwise the impurities come contaminate
the sample) make it a difficult technique to use in the world of industry.

b.Growth of NWs

To grow GaN and AIN structures in solid-source MBE, the Ga and Al elements are provided by an
effusion Knudsen cells. Nitrogen is supplied either by cracking ammonia NH; or by a radio-frequency
plasma cell which dissociates N, molecules in gas phase. The main parameters controlling the growth
are: (1) the temperature of the cell which determines the flow and (2) the temperature of the substrate
which determines the mechanisms of surface diffusion and incorporation of species. Elements such as
gallium and arsenic, in ultra-pure form, are heated in separate quasi-Knudsen effusion cells until they
begin to slowly sublime. The gaseous elements then condense on the wafer, where they may react with
each other. In the example of gallium and arsenic, single-crystal gallium arsenide is formed. NW
growth by MBE can be performed with or without a catalyst [227]. For the growth of IlI-nitrides
NWs, it is necessary to have a high substrate temperature and high ratio of V/III flow. The growth rate
is relatively low (0.1 to 1pum/h) which allows incorporating heterostructures defined close to the
atomic monolayer. It is thus possible to fabricate heterostructures within NWs, preferentially in the
axial direction as the axial growth is faster than the radial growth allowing a better control of the size
of the heterostructures.

Thank to collaboration with Neel Institute (CNRS) we characterized GaN NW samples grown by
MBE process. The GaN NWs have been grown on (111) Si wafer with and without a very thin AIN
seed layer (few nm). These GaN NW have n-type intrinsic doping and can be doped artificially using
Si as donor. The amplitude of this doping can be tune using different growing temperature from 1100
to 1250°C. Figure 12 shows an example of SEM images of GaN NWSs provided by Neel Institute.
Depending of the growth conditions and doping level, the diameter can vary from 25 to 60nm and the
length from 300 to 600nm. In addition the density of NW can by very high.
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Figure 12 NWs grown by MBE (R. Songmuang, Neel institute). (a) Undoped GaN NW on Si substrate, (b)
undoped GaN NW on Si p-type doped substrate.

Despite a better control of the synthesis of nanostructure, the ability to choose the polarity of material
depending on the substrate or the buffer layer, and the easier p-type doping of 11I-V compared to
MOCVD (because of the passivation of acceptor by hydrogen) ; MOCVD is today the main method
used to synthetize commercial nitride compound. This because of technical issues such as the
instability and uniformity problems of nitrogen cell and the high temperature required for example.
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11.1.2.4. Metal organic chemical vapor deposition (MOCVD)

MOCVD is the main technique for growing IlI-nitrides. Its flexible implementation, its relatively low
cost, the rapid growth over large areas compared to the MBE and the good reproducibility make it
interesting for the manufacture of industrial components. This epitaxy method is based on the use of
organometallic precursors consisting of metal atoms bonded to organic radicals.

a.MOCVD working mechanism

This method consists on the pyrolysis of organometallic compounds and hydrides (NHjz, SiH,)
transported by a carrier gas (N or H) in the vicinity of the substrate at high temperature. The flow of
the sources used are stabilized and then mixed immediately before their introduction into the reactor.
Epitaxy is made by the adsorption of precursors on the surface which diffuse and decompose. It
follows desorption of the by-products and their removal by the flow of an inert gas. For gallium,
trimethylgallium or triethylgallium are the main compounds used. The growth of GaN is made at a
temperature between 800°C and 1150°C. Growth rates depend on the deposition conditions but are in
the order of a few microns per hour.

b.Growing process and morphology

To make NWs by MOCVD growth, a catalytic growth using metal nanoparticles is generally used
(Au, Ni or Fe). NW growth of IlI-nitrides using this method was demonstrated in 2003 [228] (see also
section 11.1.2.2. concerning the VLS method). Another approach to grow NWs by MOCVD is to use
substrates with predefined patterns ex situ (defined patterns on a SiNx layer) [229]. For example, the
NWs grown by MOCVD at CEA Grenoble were made from an original technique allowing growing
NWs without catalyst and without ex situ predefined pattern. The method is based on an in situ SiN,
deposition of about 2nm. The inhomogeneity of the density and the roughness of the SiN, layer
permits the formation of islands of GaN [230] facilitating the NWs growth. Unlike the case of MBE,
radial growth is faster than the axial growth. The radial coverage is uniform over the six facets of the
NW. The NW heterostructures grown by MOCVD are thus core-shell heterostructures.

11.1.2.5. Hydrothermal growth process

In this thesis | have developed the hydrothermal growth in the IMEP-LAHC laboratory with the
collaboration of Professor Z. L. Wang's group from Georgia Institute of Technology. We will see in
more detail this growth technic at low temperature in the next part.

11.2. Hydrothermal grown of ZnO NWs layer

The learning of hydrothermal growth of ZnO has been done in Georgia Tech with the help of Dr. S.
Lee, K. Pradel and the interns F. Saunier and A. Lauri who | co-advised. The goal was to understand
and control the ZnO NW hydrothermal growth for experimental studies and developments.

11.2.1. Growth mechanism

The creation of the 1D structure of zinc oxide is obtained by hydrolysis of zinc salt into a
supersaturated basic solution, since divalent metal compound do not hydrolyze in an acid
environment. Into the basic solution we have the zinc ions, which can be present in the form of
different intermediates accordingly to the pH of the solution and their hydrolysis, which gives the
formation of the NWs. The wet chemical method used for the growth is driven by the minimization of
the Gibbs free energy for the whole system and is considered reversible. The growth process can be
divided in two parts: Firstly, the preparation of the growth solution. In water solution, the fabrication
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products will reacts to create aqueous solution where all the reactants are available for the growth with
good concentration. For the growth of ZnO NWs, the sub layers such as GaN template or ZnO seed
layer are generally used. Secondly the growth of ZnO NWs, it starts by thermally activating the
growth solution, putting the solution in a thermal drying oven, and the solution is brought to the
temperatures generally around 90°C [231], [232]. The next sections explain the growing steps and
show what is happening.

11.2.1.1. Preparation and dissolution reactions

To prepare the ZnO NW growth solution, mix Zinc Nitrate and Hexamethylenetetramine in water.
When diluted, Polyethylenimine and Ammonium hydroxide is added in the solution which is ready to
the growth after a short agitation. The chemical reactions happening during the preparation of the
solution and their equations are the following:

Equation 31 presents the reaction of dissolution of a salt in water giving the different reactants useful
for the growth reaction. It will provide the zinc ions that will concur in the NWs growth together with
O  ions provided by water.

Zn(N03)2 () + 6H20(aq) « Zn2+ (aq) + 2N03_ + 6H20(aq) Equation 31

where Zn(NO,), 6H,0 (4 is Zinc Nitrate. It is a solid compound, inorganic salt with acute toxicity. Zn* (ag) 1S ZINC
ion and NO;™ Nitrate ion in solution from the dissolution of Zinc Nitrate.

Equation 32 and Equation 33 involve the HMTA compound whose role is still not clear now. It is
believed that it acts as a weak base which coordinates and bridges the zinc ions creating highly
charged compound which will be absorbed faster by the polar surfaces. This first mechanism should
speed up the growth along the c-axis of the NWs The HMTA is a non-polar chelating agent absorbed
on the non-polar facets and thanks to its rigidity it hindrances the growth on the lateral sides of the
NWs favoring an anisotropic growth. Moreover, as can be seen from Equation 32 and Equation 33 the
HMTA plays the role of pH buffer. Basically due to its rigidity the HMTA molecules start to
hydrolyze in water and gradually release the HCHO and the ammonia. This is critical in the growth
process because if the HMTA would have released all the OH- ions immediately the pH of the
solution would have been changed into the one of an acid solution bringing the precipitation of the Zn
ions. Thus, a fast consumption of the nutrient inside the solution would have occurred disadvantaging
the aligned growth of the zinc oxide NWs. This is the reason why the HMTA is often referred as a pH
buffer since the rate of its hydrolysis increase with the decrease of the pH and vice versa, maintaining
in this way an equilibrium in the value of the pH during the growth process.

(CH3)6Ny () + 6H,0 (qq) «> 6HCHO (gy + 4NH; ) Equation 32

where (CH,)sN, () is hexamethylenetetramine (HMTA or Hexamine). It’s a solid organic compound, flammable,
toxic and highly water-soluble. HCHO , is formaldehyde. I¢’s a colorless organic gaseous compound. It’s
highly volatile and toxic and has irritating odor. It’s also a highly water-soluble gas. NH3 g is Ammonia, a
colorless, volatile and pungent smell gas. At the end of the growth, it is better to manipulate the solution under
an exhaust hood to avoid its inhalation.

NH, @ + H;0 (aq) © NH," (aq) + OH (aq) Equation 33

where NH," 5 is Ammonium ion in solution, coming from the protonation of NH;. OH (g is hydroxide ion in
solution, coming from the deprotonation of H,O.

I1.2. Hydrothermal grown of ZnO NWs layer 37



11.2.1.2. Optimized and fast growing process

The hydrothermal growth (Equation 34, Equation 35 and Equation 36) is performed at 95°C (or less:
85°C). In order to initiate the growth, a thin seed layer of Zinc Oxide (50 to 150nm) has been
deposited on the top of the substrate by a PVD process. Indeed, this seed layer reduces the crystal
structure mismatch between the substrate and the NWs and thus helps the growth to start providing
already the nucleation sites on the substrate. From this starting point the following growing reactions
occur.

Equation 34 shows the first and most important role of the ammonium, the main component of this
reaction, which is to provide a basic environment for the growth (which is the one required by a
divalent metal). But it also helps to mediate the heterogeneous nucleation of zinc oxide in the bulk
solution which otherwise could consume important reactant useful for the growth of the NWs.
Basically the ammonium coordinates with the zinc ions in the solution through Equation 34 stabilizing
the amount of compound inside the bulk solution. In fact the reversible reaction will move in one or
the other way accordingly to the concentration of zinc inside the bulk solution in order to maintain a
low level of super saturation and thus preventing the depletion of the reactant and then use it only for
the growth of the NWs.

Zn** (aq) + nNHz ) © Zn(NHs),"* Equation 34

(aq)

where NHj3 o) Is Ammonium hydroxide. It is hazardous to the aquatic environment, acute toxicity and corrosive
liquid. Better to manipulate it under an exhaust hood to avoid its inhalation. Zn(NHz),2* (aq) 1S @ Zinc complex.

Equation 35 illustrates why the presence of PolyEthylenlmine (PEI) in the reaction is really important
and accordingly to its concentration really different results can be achieved. The first and most
important role of the PEI is to prevent the homogeneous nucleation in the bulk solution; this is
achieved thanks to its strongly chelating ability with zinc ions. And it is the presence of the HCHO
which will allow the PEI to release the zinc ions and maintain the minimum super saturation level of
the solution (the reaction of Equation 35) during the growth of the wires. Moreover the PEI agent is
absorbed preferentially on some crystal facets, changing their Gibbs free energy and thus strongly
affecting the morphology of the wires. The main result of this effect is that longer and thinner NWs
can be obtained.

H(NHCH,CH,)NH, + HCHO — H(NHCH,CH,)NCH, + H,0 Equation 35

where H(NHCH,CH,)NH, is Polyethylenimine (PEI), a water-soluble polymer, acute toxicity and hazardous to
the aquatic environment.

Equation 36 is a reaction of precipitation. It is responsible of the formation of the NWs on the
substrate. A solid precipitate of Zinc Oxide is formed thanks to the insolubility of this compound in
aqueous solution and its super saturation in the same solution. The growth process can be described as
follow; the Zinc ions and the OH- ions coordinate and undergo dehydration due to a proton transfer
forming the zinc-oxygen ions bond. The agglomerate formed is a Zinc-OH compound with an
octahedral geometry whiles the molecules of water generated by the reaction flow back into the
solution. When these kinds of ions agglomerate reaching dimension, usually around 100-200 ions, at
the center of the agglomerate there is the nucleation of ZnO Wurtzite structure domain. The center of
the nucleation site contains zinc and oxygen atoms only whereas the external regions are still mainly
formed by agglomerate of zinc and OH" ions. With agglomerates of 200-300 ions we get nanometers
sized nuclei of zinc oxide. When a nucleation site is formed the molecule of the nutriment is favorably
absorbed on the highly energetic and polar surfaces along the c-axis such as the (+0001) in order to
minimize their surface over the whole volume of the structure. The polar surfaces of the wurtzite
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structure are an alternation of Zn" ions plane and O™ planes, thus the polarity is always maintained
during the growth, the absorption on this faces is continuous and the 1D dimensional structure with the
maximum area of non-polar surfaces exposed (energy minimization) to the solution is created.

20H (qq) + Zn** (4q) = ZN0 5y + H;0 (aq) Equation 36
where ZnO () is Zinc Oxide, the piezoelectric material, compound of the NWs.

Following this recipe, a ZnO NW carpet can be created on various substrates using a ZnO seed layer.
By tuning the concentration of the reactant, the temperature and the growth time it is possible to vary
the size, the shape and the density of hexagonal ZnO NWs. Experimentally the NWs we grown using
this method had a length between 4 and 7um (Figure 13). The diameters vary from 50 to 250nm and
the densities have been estimated between 10™ to 10°%cm™.
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O NW carpet grown using the optimized growing process. Various NW size (50 to 250nm of
diameter and 4 to 5um of length) and densities (5x10° to 10'°cm™) obtained by tuning the reactant concentration
and the growing time and temperature.

11.2.1.3. Synthesis and fabrication of ZnO NWs

The optimized hydrothermal ZnO NW growing process is efficient. It is fast (between 1 and 4 hours)
and allows growing NW carpet on various substrates. But the addition of Ammonium and PEI makes
the preparation and the growing techniques more difficult. Thus the manipulation and the setup are
harder and the tuning of the NWs is more complex. Mastering this growing method can take time.
However it is possible to grow ZnO NWs following the previous recipe without using Ammonium and
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PEI. The growing principle and process are the same and the chemical reactions are identical. The
preparation is easier but the NWs grown are a little bit different.

The non-addition of ammonium decreases the overall quantity of ammonium in the solution which is
only supplied by HMTA. This may change a little the pH solution. But above all, the lack of
ammonium allows the heterogeneous nucleation of zinc oxide in the bulk solution which consumes an
important quantity of reactant useful for the growth of the NWs. In addition, the absence of PEI allows
the homogeneous nucleation of zinc oxide in the bulk solution. It also results in a high super saturation
level of Zn** ions in the solution. By consequence, the nucleation of ZnO in the bulk solution occurs
and creates a lot of micro ZnO particles which precipitates and fall down similar to dust. Moreover
these dusts consume a lot of nutrient in detriment of ZnO NWs. This plus the absence of HCHO on
NW crystal facets lead to shorter and thicker NWs.

However this simple growing recipe, without ammonium and PEI, gave good results. But this requires
some precautions to be taken to prevent ZnO particle deposition during the growth process. The NW
length vary from 800nm to 1.5um (Figure 14), the diameter varies from 100 to 500nm and the density
is between 10%° and 10%cm.

EHT = 5.00 kv Signal A = InLens Date -7 Feb 2013 EHT = 10.00 kV/ Signal A = InLens Date :13 Mar 2013
WD = 9.9 mm Photo No. = 3683 Time 12:10:58 H WD = 5.6 mm Photo No. = 5013 Time :21:46:57

EHT = .00 kv Signal A = InLens Date :26 Mar 2013 Signal A = InLens Date :21 Dec 2012
WD = 7.8mm Photo No. = 6477 Time :14:42:46 I )—| WD = 8.2mm Photo No. = 6586 Time :16:58:15

Figur 14 ZnO NW carpetgrown using the simple gr6wing process. Various N size (10to 250nm of diameter
and 1 to 1.5um of length) and density (5x10° to 5%10°%cm™) obtained by tuning the reactant concentration and
the growing time and temperature.
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[1.2.2. Experimental setup

11.2.2.1. Preparation of the sample

The first step to grow ZnO NWSs on a substrate is to prepare the substrate by cleaning it and depositing
a ZnO seed layer with a thickness between 25 and 150nm. The role of the seed layer is to decrease the
lattice mismatch between the substrate and the grown material. If the materials have two different
crystal structures, to erase and adapt the crystals structures. Usually, on common substrates such as
silicon (Figure 15) a 25nm ZnO seed layer is sufficient. But on certain material layers such as a silicon
wafer with an Al,Os thin layer it is necessary to add a 150nm ZnO seed layer. The reason is that Al,Os
can have a strong Boehmite crystal structure which can propagate through a thin ZnO seed layer and
then create Boehmite ZnO structures on the top instead of ZnO wurtzite NWs. To deposit the ZnO
seed layer, sputtering or ALD equipment’s can be used in function of the desired thickness and
quality. Then the substrate is attached to a sample holder such as a kapton film or a slice of glass. The
ZnO seed layer can be patterned using photolithography process or a simple adhesive tape in our case
to define growing surfaces and realize a selective growth.

@ (c)

° il & sule

Figure 15 Different substrate layers for the growth of ZnO NWs. (a) A piece of silicon wafer attached on a
kapton film using an adhesive kapton tape on the edges, (b) a piece of electro polished aluminum plate attached
on a kapton film using an adhesive kapton tape on the edges, (c) and (d) a pieces of silicon wafer, with a ZnO
seed layer, attached to a glass plate using a double side adhesive kapton tape.

11.2.2.2. ZnO NW growth

To grow good ZnO NWs it is important to respect a few points, especially using the simple recipe:

e After the decantation of the prepared solution, it is better to take the clear solution on the top
using a pipe and not the dusts and mixture down the bottle (Figure 16a).

e To avoid any dust to deposit on the NW carpet the sample holder have be tilted face down in
the bottle (Figure 16b) or floating face down on the solution (Figure 16c). The position of the
sample in the bottle is very important using both recipes. In effect the concentration of nutrient
can vary between the bottom and the top of the bottle. So the growing rate and the NW size
can vary in function of the position of the sample in the bottle. Also when the sample is
floating the concentration of reactant can vary between the edge and the center of the sample
because of the near liquid-gas interface. Thus a noticeable difference in the NW size can
appear on the edges.
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Figure 16 (a) Growth solution while decanting after magnetic agitation, (b) sample tilted face down in the
growing solution and (c) sample floating on the top of the growing using Teflon tape.
o If dusts or defects are present on the seed layer, a quick ultrasound bath before the growth can
detach dust and defects and thus improve the regularity and uniformity of the growth.

Finally, when the sample is correctly placed in the bottle, the growth can start putting the bottle in the
oven and following the common or customized recipe according to the NW size and density desired.

11.2.2.3. ZnO NWs growing results

During the thesis, | synthetized ZnO NWs on pieces of silicon wafer with p-type and n-type doping
(Figure 17a). In addition | synthetized on other various substrates such as hydro polished aluminum
plates, aluminum foils, kapton films and slices of glass. The growing process is difficult to master to
get perfect ZnO NW carpets but we finally controlled it. Thus we were able to grow good quality of
ZnO NWs carpets on small piece of silicon wafer of 1cm? and we succeeded to extend it on 2 inches
wafer (Figure 17b).

Figure 17 ZnO NWs grown on (a) a 1cm square piece of silicon wafer and (b) a 2 inches silicon wafer.

The biggest challenge was to grow perfect ZnO NW carpets with very few dusts, defects and
contaminants. As shown on the Figure 18, various defects can grow on the sample (Figure 18a), dusts
can be deposited everywhere using the simple growth process (Figure 18b) and contaminants altered
the growth surface (Figure 18c).
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Figure 18 Sample growing issues. (a) Various macroscopic defects grown on the sample, (b) dusts deposited on
the sample and (c) contaminants that spread on the sample.

11.2.3. Growth issues

During the growth process, many difficulties may occur. These problems are due to defects that can
happen during the three steps of the fabrication of the NW carpet: On the first step during the
preparation of the sample the seed layer can be imperfectly deposited at certain locations. It can be a
lack of seed layer due to dusts or an adhesion problem of the seed layer (Figure 19a), or a hole due to a
mechanical defect or a mechanical impact (Figure 19b) or a very small bubble below or in the seed
layer (Figure 20). These problems will lead to a tiny hole with less or no NWs and it can even lead to
the explosion of the seed layer which creates hole and dusts.

Flgure 1 ZnO NWs grown by hydrothermalprocess on a silicon err W|th asputtered 50nm ZnO seed layer
(a) Seed layer hole and (b) silicon trough.
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Flgure 20 ZnO Nngrown by hydrotheal process on aS|I|conwaferW|th asputteredSOnZnO seed Iayer
(a) Growing problem due to a bubble and (b) growing problem because of a bubble under the seed layer.

Other defect can be formed during the growth itself. The sample can have some single NW which are
bigger compare to the rest of the NWs (Figure 21a). Or it can have some localized cluster of NWs
which grow like a flower over the carpet (Figure 21b). In these cases there is a local overgrow
problem which is probably due to a small seed layer defect or a tiny dust. These defects can also be
global. The NW defects can spread on a large scale with various NW sizes and densities randomly
distributed (Figure 22a) or organized (Figure 22b). During the growing process, defaulting structures
can grow because of a bad seed layer, contaminants and wrong reactant proportions. Thus can grow
some ZnO horizontal (Figure 23a) and vertical (Figure 23b) boehmite plates [233] which can spread
on the sample. These plates do not have a wurtzite structure and so they have bad or no piezoelectric
properties. Thus, they change the mechanical and piezoelectric properties of the NW carpet which
become less piezoelectric.

Date :13 Mar 2013 I EHT =10.00| kV Signal A = InLens Date :13 Mar 2013
Time :22:43:04 Photo No. = 5039 Time :22:13:56

Flgure 21 ZnONWs grownby hydrothermal process on a S|I|con waferW|th sputteredSOannO seed Iayer
(a) Single bigger NWs compared to the NW layer and (b) localized over growing cluster of NW.
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Figure 22 ZnO NWs grown by hydrothermal process on a silicon wafer with a sputtered 50nm ZnO seed layer
(a) Random size growing problem and (b) organized size and density growing problem.
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i:iue 23 ydrothérMa ZnO NWs)E)'giiiE: 51fe‘r with a ptered 50nm ZnO seedlyer (a) Horizontal and
(b) vertical ZnO boehmite plates which grow and spread on the ZnO NW layer.

Finally, after the growth it is important to take care of the final cleaning process. Indeed if the NWs
grown are thin and long they can bind together because of the capillarity forces (Figure 24a). So a
Critical Point Drying process is required to avoid this phenomenon. It is also important to amply wash
the sample with DI water to withdraw any particle (Figure 24b).
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Fiure 24 Zn NWs row by hydrothermal proceséton a silicon wafer with a sputtered 50nm ZnO seed layer
(a) ZnO NW drying problem due to capillarity forces and (b) NW’s dusts problem.
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11.2.4. Growth on various surfaces and topologies

When mastered, the hydrothermal growing process of ZnO NW is very good to cover large surfaces of
any substrate at low temperature and for a low cost. Despite the fact that it is difficult to grow perfect
NW carpets without any defect, these defects can be minimized. Another interesting quality of this
process is that it allows covering 3D patterns and structures with ZnO NWs (Figure 25). This
multiplies the possibilities of integration of ZnO NWs and could lead to improved devices and new
applications.
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Figure 25 ZnO NWs grown by hydrothermal process on ;iiwafer W|tha sptrd OOrﬁ_ iﬁo
(a) ZnO NWs grown on the edge of a sample and (b) ZnO NWs grown on a zig-zag surface.

11.3. Growth variability and distribution

Bottom-up growing processes does not allow fine control of the size of the NWSs. As the
electromechanical properties of the NW strongly depend on its dimensions, the statistical distribution
of the size and geometrical properties of the NW array could have an impact on the performance of
NW based sensors and energy harvesters. In the simulation works, we usually consider a network of
NWs perfectly identical in size. This ideal case may seem quite simplistic and far from real devices.
The most impactful geometrical parameter is the NW diameter which is reversely proportional to the
potential generated at constant force applied laterally. In order to experimentally estimate this
phenomenon, in collaboration with the CEA-Leti, we have analyzed the influence of the radius
distribution from several samples. The study has been performed on ZnO NW grown at CEA (Figure
26a & b) by bottom up approach (MOCVD) and GaN NW synthetized at CHREA by top down
techniques (Figure 26¢ and d).
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Figure 26 Experimental Gaussian distribution and fit of the radius distribution of (a) a sample of ZnO NWs
grown on sapphire substrate by MOCVD [234] and (b) a top down GaN NWs sample.

We have determined experimentally that the radius distribution of NWs followed a Gaussian
distribution with an average radius of 27 nm and a standard deviation c=4.4 for the ZnO NWSs grown
by MOCVD (Figure 26). While for the top down GaN NWs the average radius is 274nm and the
standard deviation is 6=15.3. We also noted variations of the geometric shape of the NWs. Some NWs
have a perfect wurtzite structure and therefore a perfect hexagonal geometry whereas others NWs have
a deformed hexagonal geometry with some edges larger than others. The wurtzite structures can also
be embedded into each other which can lead to one-dimensional structures with various shapes (Figure
14).

These variations of the size of the NWSs can change the value and the distribution of the generated
piezoelectric potential. This impact of this size distribution will be thoroughly investigated (11.4.1.3.).
This can have a negative effect on the experimental devices [235] but also a positive effect if exploited
in a clever way. One example of a positive effect will be mentioned later (111.2.2. ) for an application
as a force and displacement sensors [234].

11.4. Modeling of semiconductor piezoelectric NWs

11.4.1. Piezoelectric model of a NW under bending

It is essential for the study of ZnO NWs based devices to understand and calculate quantitatively,
analytically as well as by numerical simulation, the piezoelectric potential generated by a NW in
various configurations. The articles on the analytical calculation (based on the Lippmann theory of
piezoelectricity [236]) and the finite element modeling of a ZnO NW are very few. The first notable
proposal came from Professor Wang's group from Georgia Tech [210]. They proposed a model to
calculate the potential distribution generated by a ZnO NW when subjected to bending forces. The
NW is modeled by a cylinder, its diameter is 50nm and its length is 600nm. The NW is clamped at its
root and a force of 80nN is applied at the top. A zero voltage is applied to its base. Subsequently other
studies have investigated this problem using similar configuration [47], [235]. We will first use a
similar configuration to compare our results.
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I1.4.1.1. Configuration

The modeled ZnO NW has a vertical c-axis, positioned orthogonally to a substrate connected
electrically to the ground. From a mechanical point of view and provided that the NW has a length L
large enough compared to its diameter, clamped in z=0 and free at the other end. The NW is supposed
to have a perfect circular cross section. At the free end, at z=I, we apply a force F which is directed in
the y direction, uniformly distributed over the upper surface and which causes bending of the NW. The
NW and the associated system of axes are shown on Figure 27.

25nm

Figure 27 Schematic of a ZnO NW (I=600nm and r=25nm) under bending forces. It is clamped at root, free at
the other end and a transversal force F is horizontally applied on the top side wall of the NW.

Here the analytical and finite element models are being developed in the framework of small
deformations. This assumption is valid if the maximum radius of curvature (R; max) Of the bent beam
satisfy omax > 10L [237].

Y. I,

R max = 7l > 10.1 Equation 37

Where I is the quadratic moment of the NW:

L,=1,, = x*dr = D ;
xx vy 4 Equation 38

cercle

For the chosen geometry, we determine the maximum amplitude of the applied force as:

Y.L,

Frax = 02 Equation 39

The maximum amplitude of the force respecting the small strain assumption for NWs with length of
600nm and radius of 25nm is then F=10nN for ZnO and F=25nN for GaN. These forces are very low
and so a study of the nonlinear case under high forces will be necessary (111.1.1. ). But first we will
keep the small deformation assumption and the linear mechanics for benchmarking with the literature.
The material considered for the NW is ZnO. We used the values of the electromechanical and
piezoelectric properties given by the COMSOL software library for bulk piezoelectric ZnO material.

11.4.1.2. Analytical calculation

Mechanical and electrical parameters of the problem are governed by four equations: the mechanical
equilibrium equation, the equation of geometric compatibility, the constitutive equations of
piezoelectricity and the Gauss equation [59]. The first two equations are purely mechanical equations
whose solution determines the stress tensor T. In case we neglect the action of volume forces, the
equation of mechanical equilibrium is:
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VT =0 Equation 40

As for the equation of geometrical compatibility it ensures that the strain tensor S derives a
displacement field by imposing geometric constraints on S [238].

Sy, O*Sp _ 0%Su  0%Sa _ Equation 41
0x;0x,  0x;0x;, 0x;0x; 0x;0%x; quation

where I, j, k and | are tensor index. The piezoelectric constitutive equations are (1.4.2.4.):

— _ t
T, = Cpg-Sq — €xp - Ex

FEquation 42
Di = el-q.Sq - sik'Ek 9

Finally, taking into account the presence of a free charge density pe, the Gauss equation links the
divergence of the electric displacement D; to the charge density. But as a first approach we consider
that there are no free charges in the ZnO undoped NW. This is equivalent to say that it behaves like a
dielectric rather than a semiconductor. Thus we have:

V.D; =p, =0 Equation 43

To facilitate the search for an analytical solution, we make two important assumptions. First, we use

the simplified piezoelectric equations by applying the perturbation theory to (Equation 42). Thus it is

possible to rewrite the piezoelectric equations for different orders of approximation [210]. We used the

first order which takes into account the direct piezoelectric effect. The reverse effect of E on T is

neglected. Thus the piezoelectric equations become:
T, = cpg- S

Equation 44
Di = eiq.Sq - Eik'Ek q

The first term is simply Hooke's law. S and T are linked only by the elastic properties of the material.
Again, in order to facilitate the calculations, the second assumption is that the stiffness tensor is
isotropic, which is realistic given the low anisotropy of ZnO. The stiffness matrix is:

rl —v —v
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-v 1 —v

€12 €11 C13
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C13 €13 C33 ,

Spq = 2(1+v) Equation 45
Ca4
2(1+v)
Caq
2(1+v)
Ceé6

To determine the stress T, it is necessary to define the physical framework of the mechanical problem.
We are assuming small deformations, the beam sections are therefore parallel. The beam model used
is selected according to the form factor a=I/d of the NW. In our case the ZnO NW has a high form
factor (¢>10) which allows us to use the beam model of Euler-Bernoulli. If a<10, we cannot neglect
the rotational inertia of the beam sections. It is then necessary to use other approaches such as the
Timoshenko beam model. Mechanical stresses occur in the NW as a result of external mechanical
forces applied to it. These are of two kinds: the bending force F, which is applied to the surface of the
free end and the binding reaction that appears at the clamped boundary edge of the beam (Figure 27).
At the free end of the NW, the bending moment is zero, only the force applied is present. At the
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clamped side (supposed as perfect), no displacement of the beam is possible. A force and a moment
appear as a reaction to the force exerted on the free end. Thus the mechanical load tensor t; at the
extremities of the NW is (Table 10).

Table 10 Stress tensor (a) at the free end of the NW and (b) at the clamped boundary of the NW.
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In the general framework of a clamped beam, it has been shown that internal efforts depend only on
the constraints T, T, and Txz [239]. Thus, applying the empirical principle of Saint-Venant [240] to
a clamped beam in flexion [241] and respecting the geometric compatibility equation, the internal
stress tensor generated in the NW is of the following form [210], [235].

0
0
[Txx] f
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TZZ xx
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4L, 1+v
0
Then, following the Hook’s law, the strain induced is:
Sq = Spq-Tp Equation 47
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Equation 43 and Equation 44 give the direct piezoelectric phenomenon at the order 1. Thus the
remnant electric displacement DR is:

Df = ey .S, Equation 49
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From this equation, the three components of the remnant electric displacement are:

eis-F, 1+ 2v
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From the remnant electric displacement we can derive the equivalent piezoelectric charge density p®
which is:

— V.DR = pR Equation 51
Thus the remnant charge density is:
aDF, DK, 9DF E, e e .
pR = —7.DF = L Y 4 z 2(1+v)—+2 S 380y Equation 52
ox dy 0z Ixx Caa C13 (33

Recall that at the order 1, the electric displacement D; in the NW is zero because the material is
considered as a dielectric material with a density of free charges equal to zero. So we have the
following equalities:

VD, = V(e -Sq + & -E) = V(DF + &5, .E.) = 0 Equation 53

It should be noted that it is the divergence of D® rather than DF itself that induces E. If we simply
assume &.E=-D, we would arrive at an absurd electric field with non-zero curl. Instead we can use the
remnant equivalent piezoelectric charge p®. Equation 53 will be transformed into an elementary
electrostatic problem with the Poisson equation

—VDf = pR = V. (e . Ex) Equation 54

It is very important to note that, in Equation 52, the remnant charge is independent of the vertical
height z. Therefore, the electric potential is also independent of z. Physically it implies that the
potential is uniform along the z direction except for regions very close to the ends of the NW. This
means that the NW is approximately like a “parallel plate capacitor”. The details of the calculation of
the potential can be found in [210] in polar coordinates (r,0) and using ryw as the NW radius. They
showed that the piezoelectric potential generated is:

3

e e & + 3¢ r r
V= 7(2(1 + v) BinpH_ ﬁ) < . LEL S 3> Ty sin(0) (r < ryw) Equation 55
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€33 28011 Taw .
V= (2(1 + )— + 02— —) (— )r 35in(0) (r = ryw) Equation 56
8. Ixx Er11 Caa Y A nw

Thus we can deduce from the piezoelectric potential equation that the maximum potential occurs at
r=ryw and 0=90.

e3;  e33) 1 ;
2(1 + )_+2 ——=)—  (r=nw) Equation 57

. 7<
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T & + &r11 Caq €13 €33/ Tyw

Equation 57 shows that, for a given applied force, the piezoelectric potential generated by a
piezoelectric NW is inversely proportional to its radius and independent of its length. In linear
mechanics, if we consider an anisotropic material having a Young's modulus Y, the maximum
deflection of a clamped beam is connected to the force applied at the free end by the following
relationship:
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é = b1 Equation 58
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Thus the maximum piezoelectric potential as a function of maximum deflection is:

3
Nw

€31 €33
I3 ><(S‘max

€15
|4 =i—<2(1+v)—+2v———)
max 4(go + &r11) Caa €13 C33

Equation 59

In this case, at constant strain, the maximum piezoelectric potential is proportional to the cube of the
aspect ratio a/L of the NW.

By studying the analytical solution of our problem, we can note that the electric potential is directly
related to the size of the NW (radius and length). In the case of a NW of length I=600nm and radius
rnw=25nm undergoing a lateral force of 80nN, the analytical solution gives the following characteristic
values: a maximum tensile stress of 3.91GPa, a deflection of 145nm of the NW corresponding to a
maximum strain of 3% and a maximum value of the piezoelectric potential of 0.28V. These results are
in agreement with the theoretical values found in the literature [47], [210]. Subsequently they will then
be compared with the results of finite element simulation in the next section.

11.4.1.3. Finite Element Method simulation

To simulate the deformation of a piezoelectric NW we used COMSOL which is a Finite Element
Method simulation software for solving common physical problems but also able to combine several
domain of physics (multiphysics). There are four main steps before to simulate a problem: the choice
of the geometry, materials selection, the physics and the boundary conditions, and finally the meshing
of the structure. The study being in static mode, we worked in stationary regime.

The choice of the geometry strongly influences the simulation and must be close to the real geometry.
COMSOL allows to model geometries from simple elements, but the software also allows to import
more complex geometries from CAD software. The landmark chosen for modeling the NW is a 3D
Cartesian coordinate system and the selected unit is the nanometer. As described in the previous
section, the NW is treated as a cylinder and a border is defined on top of the NW in order to apply a
force. The dimensions are the same as those used for the analytical calculation: 600nm in length and
25nm in radius (Figure 28).

Concerning the material selection, COMSOL has a large library of materials, but it is also possible to
manually enter a new material with specific properties. For our simulations we used the bulk
piezoelectric ZnO from the COMSOL's library to simulate the ZnO NW as a first approximation.

We have to choose the physics depending on the study needed. COMSOL proposes the main equations
governing the general physics, but it is also possible to modify these equations and even add new ones.
The studies were conducted using only the MEMS module of COMSOL. This module contains
multiple physics including mechanical and electrical physics which are coupled in a sub-module of
piezoelectricity. This sub-module of piezoelectricity is suitable for solving our problem. It is important
to remember that the semiconducting properties of ZnO NW are reflected through its permittivity but
in the model ZnO is described as a dielectric because the physics of semiconductors is not directly
taken into account by the electrical module of COMSOL. We also specify in the software that we
work in the linear regime and use the constitutive equation of piezoelectricity (Figure 6). It is also
during this step that the boundary conditions of our system must be defined. These boundary
conditions will be used by the software to calculate and converge to a solution to the problem. This
calculation is performed by solving partial differential equations in a discrete manner. This step is the

52 Chapter I1. Piezoelectric study of ZnO and GaN NWs



most important, because each boundary condition ensures the existence and uniqueness of a solution.
There are several boundary conditions in our problem:

e The density of free charges in the NW is considered as zero.
V.D=p,=0 Equation 60

e The side walls of the NW are considered as free to move
e The mechanical strain is fixed at the root of the NW. The goal is to cancel all degrees of
freedom of the surface at the root of the NW, it is called fixed constraint or clamped.

6=0 Equation 61

e The potential is zero at the root of the NW. The electrical boundary condition is intended to
give a reference value to the potential.

V=0 Equation 62

e The bending force is applied on the upper portion of the NW in the y direction. To keep the
simulation comparable with the literature | will first consider a high lateral force of 80nN
which is superior to the limit of the linear mechanical behavior (Equation 39). However | will
first consider a linear physics and then | will address the non-linear case.

E, = 80nN Equation 63

The finite element method is based on a division of the space using a mesh. It is not necessary to use
regular mesh and it is important to refine the mesh where parameters are expected to show large
spatial variation (Figure 28). The more the mesh is fine the more the solution obtained by the finite
element method is accurate and close to the "real” solution to the equations. However, the calculations
could become longer and consume more PC memory. Special care must be taken, a not adapted mesh
can create artifacts in the solution. For our structure we chose a tetrahedral mesh (Figure 28) with a
12nm maximum height and 10pm minimum height.
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Figure 28 (a) Geometry of the ZnO NW used as a reference for the analytical calculation (I=600nm and
r=25nm). (b) NW meshes containing 276 656 tetrahedrons with a mesh refinement at the root.
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The simulation of a bended ZnO NW shows that the material stress is mainly concentrated at the base
of the NW and distributed in an anti-symmetric way relative to the neutral section of the NW. The
stress is mainly oriented along the z axis (T, component Figure 29a). The lower part at the left
undergoes traction (T ,,=4.09GPa at 2nm from the NW base) and the lower part at the right undergoes
compression (Tnin=-4.11GPa at 2nm from the NW base). As suggested by the distribution of efforts
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discussed above, the critical section is located at the clamped level where the stress is maximal.
However, the analytical stress T is valid only away from the sections loaded, and the value of the
stress calculated analytically is lower than the simulated value of the stress. Along the NW, the stress
T, decreases gradually as one move away from the anchor point of the NW (Figure 29a). However, we
note a small anomaly at the anchor point due to the mesh size and where the stress seems to decrease
locally. The distribution of the strain in the NW (Figure 29b) is similar to that of the stress and it
deform of the NW (Figure 29c¢ and d). Deformation occurs mainly near the anchor point of the NW,
this part is strongly curved whereas the free end of the NW is straighter and suffers few constraints.
Finally the maximum deflection of the NW ~130nm is considerable when compared to the NW length
(1I=600nm).
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Figﬂre 29 FEM simulation of a ZnO NW under bending. Z component of the mechanical (a) stress T, and (b)
strain, (c) total mechanical displacement and (d) Total mechanical displacement as function of the Z axis.

As mentioned before, the stress is mainly concentrated at the base of the NW. The charges of the
piezoelectric NW will so come to accumulate where the constraints are present, which explains the
electric displacement profile obtained inside the NW (Figure 30a). Indeed, in the equation of
piezoelectricity, the electric displacement is directly related to stress. The result is a zero electric
displacement along the neutral axis of the NW, and the latter increases as it approaches the lower sides
of the NW. Thus, as for the stress, the maximum value of the electric displacement is located on the
lower left and right sides of the NW (Dmax=0.045C.m?). We note however that the electric
displacement distribution in the X and Y components (Figure 30b and c) are negligible compared to
the electric displacement in Z. Then, it generates the electric field represented in Figure 30d.
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Figure 30 FEM simL'J'I'étion of a ZnO NW under bending. (a) Z component of the electrical displacement, (b) X
component of the electrical displacement, (c) Y component of the electrical displacement and (d) electric field
distribution in the YZ and XY middle planes.

Figure 31a shows the 3D pizoelectric potential distribution in the NW. We obtain equipotential
surfaces along the side of the NW as predicted by the analytical model. On the central longitudinal
section of the NW (Figure 31b) we observe an equipotential vertical distribution except at the ends of
the structure. Indeed, on the curves representing the evolution of the electric potential along the NW's
flanks in extension and in compression (Figure 31c) we see that near the free extremity of the NW
(area where the force is applied), the amplitude of the potential is a little higher. Similarly, we note at
the base a strong reversal of the electrical potential on an area of about 50nm. These observations are
consistent with the finite element simulations of [47], [210].
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In the central part of the NW, the electric potential generated is invariant along the z axis and anti-
symmetric along the y axis (Figure 32). The potential varies almost linearly close to the neutral axis,
then sharply decrease, which is consistent with the Equation 55 of the electric potential (r/rnw -
r*/ruw’). The electric potential is uniform along the NW and equal to 289mV on the extended side and
-289mV on the compressed side. Its distribution is somewhat similar to that of a plane capacitor.
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Figure 32 (a) XY middle cut view of the potential distribution of a piezoelectric NW (I=600nm and d=50nm)
under lateral bending force (F,=80nN). (b) Evolution of the electric potential across the middle of the NW as
function of the Y axis.

11.4.1.4. Validity and accuracy of the potential profile

Similar FEM simulation have been addressed in the literature [47], [193], [210]. They show that for a
similar ZnO NW (50nm of diameter and 600nm of length) similar results are obtained: under 80nN
such NW generates a difference of piezoelectric potential around 0.6V and 0.8V (without neglecting
the indentation phenomenon of the applied force) which is in the range of our results. The distribution
of the potential is also similar with strong reversal at the NW base. In addition the analytical model of
a bend piezoelectric NW is discussed and it shows that even restricting the piezoelectric equations to
the first order and neglecting the reverse piezoelectric effect, the difference of potential between the
analytical model and the FEM simulation, taking into account the full coupling of the piezoelectric
equations, is smaller than 6% which is a very good result. Thus it confirms the validity of the model
used and justifies the neglect of reverse piezoelectric effect for simple analytical calculations.

In order to fully understand the distribution of the piezoelectric potential generated by a bending force
applied at the free end of a NW, it is important to note that the analytical formulation of the stress (T)
is based on three simplifying assumptions:

e ZnO is considered as equivalent to an isotropic material.
o the reverse piezoelectric effect is not taken into account.
e T is determined using the principle of Saint-Venant [240].

The assumption of isotropy of the ZnO NW has in principle little influence on the results because ZnO
is hardly anisotropic. The second hypothesis has some effect against the value of the generated
piezoelectric potential. Analytical calculations do not take into account the reverse piezoelectric effect
while the FEM simulation takes it into account. Therefore a portion of the difference in the
piezoelectric potential generated between the analytical calculation and the FEM simulation is due to
this aspect. Finally a small mesh can have an effect on the exact value of the piezoelectric potential
generated, especially close to the base of the NW where the 3D distribution of the strain and the
electric potential is complex. Therefore we used a fine mesh on the NW and a refined one at its base
(Figure 28b) to get accurate and reliable results of the piezoelectric potential distribution. Table 11
compares these results with those in the literature.
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Table 11 Comparison of the results of analytical calculation, FEM simulation and references of the bending
model of a ZnO piezoelectric NW of 600nm length and 50nm diameter bended by a lateral force of 80nN. The
maximum stress and strain have been taken 2nm from the NW base to avoid any boundary effect.

Maximum stress | Maximum strain | Maximum displacement| Maximum potential
Analytical calculation 3,91GPa 3% 145nm 280mV
FEM simulation 4.09 GPa 3% 130nm 290mV
Georgia Tech[210] - - 145nm 268mV
Max Planck Inst [47] - - 133nm 300mV

In general our results are fairly close to the literature which can be explained by the fact that we use
the same theories and simulation tools. Note that the spread between our values extracted from
analytical calculations and FEM simulation are very close (error smaller than 3.6%). This error is
mainly due to the simplification at the order 1 of the piezoelectric equations in the analytical model.
Indeed, Professor Wang's group study [210] shows that on average the simplification at the order 1
induces an error on the analytical calculation lower than 6% compared to a fully coupled piezoelectric
system . In our case this error is 3.6%.

Finally the difference of the piezoelectric potential at the ends of the NW has still not be clearly
explained. The increase in potential at the free end of the NW can be explained by the effect of the
local stress created by the force applied on this region. This phenomenon was not considered in the
analytical expression of the internal stress in the NW because we used a general term whereas this
effect is a phenomenon of local deformation of matter. Instinctively, it is understood that the local
stress is a little stronger in the place where the force is applied than in the rest of the NW. But the
strong inverted piezoelectric potential at the root of the NW is more surprising. Indeed, this reversal of
the piezoelectric potential at the NW's root is not predicted by the analytical model. This is due to the
fact that we have determined the stress T with the principle of Saint-Venant. However, it is important
to note that the principle of Saint-Venant states that the form of T is valid away from areas of
application of external mechanical stresses [59]. That is to say not close to the free end where the force
Fy neither near the NW clamp where it undergoes a reaction which is composed of a force and a
moment. In practice, this approximation is valid in remote zones far from the loaded sections up to 2
or 3 diameters [239] that is to say at 100nm from the clamp and the free end. Therefore it is normal
that our model of the stress in the NW does not show this strong inversion. But it can be explained by
carefully observing the forces experienced by the NW. The stress tensor at the extremities of the NW
(Table 10) shows that the reaction force R at the base is opposite to that applied at the free end, which
is at the origin of the inversion of the piezoelectric potential. In addition, the torque induced My,
further increases the stress in this area. The study of the components Y (Figure 33a) and YZ (Figure
33b) of the stress in the NW shows that it is mainly concentrated in a 20 to 30nm high region at the
base of the NW. The simulation of the same piezoelectric NW using two fixed constraint points and a
roller area (slipping contact, without shear forces) as bottom boundary conditions instead of a fixed
constraint surface boundary condition shows that the absence of reaction forces at the root of the NW
(Figure 33c) lead to a distribution of the piezoelectric potential without inversion at the root (Figure
33d). However, this would rather concern the simulation of NW grown on a stretchable substrate for
instance.

To conclude, the shear effect at the clamped end of the NW is causing the piezoelectric potential
inversion at the NW root. In this area, potential is larger than in the rest of the NW due to the high
stress induced. However, this potential inversion cannot fully develop at the root of the NW because of
the ground boundary condition imposed on the clamped surface and which represents a grounded
substrate. The use of an insulating or poorly conductive substrate has a huge impact on the inversion
of potential that will be discussed in 111.1.3. .
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Figure 33 (a) Y component of the stress tensor at the root of a NW using a surface fixed constraint boundary
condition. (b) YZ component of the stress tensor at the root of a NW using a surface fixed constraint boundary
condition and (c) using a two point fixed constraint with surface roller boundary condition. (d) Electrical
potential at the root of a NW fixed using a two point fixed constraint with surface roller boundary condition.

11.4.2. Scaling rules of ZnO NW

Now that we modeled the bending behavior of a piezoelectric NW using FEM simulation, it is
possible to determine the influence of the morphology of the NW on the value of the electrical
potential generated. Several parameters will be evaluated as the length, the radius and therefore the
aspect ratio of the NW.

First, we note that the larger the radius of the NW is, the lower is the electrical potential generated on
the sidewalls (Figure 34a). The curve of the maximum electric potential as a function of the radius,
expressed as a logarithm (Figure 34b) decreases linearly. Therefore the variation law of the electrical
potential as function of the NW radius follows an equation of the type 1/r, the potential is inversely
proportional to the radius which is consistent with Equation 56.
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Figure 34 FEM simulation of the evolution of the electrical potential generated by a clamped piezoelectric NW
(r=25nm, I=600nm) bended by a lateral force of F=80nN applied at its free end as function of the NW radius.
(a) Potential profile along the y axis at the middle of the NW at z=300nm and (b) logarithm of the maximum

positive potential on the extended side of the NW.

In contrast, we note that the length of the NW does not affect the electrical potential generated in the
NW (Figure 35). Indeed if the NW is longer, then it is easier to bend and so the deformation should
increase. But as it is longer, the deformation is distributed over a greater length and so the strain and
the potential finally remain the same.

58 Chapter I1. Piezoelectric study of ZnO and GaN NWs



1 v T M ) v T
*—o—o—o—"° *—o—0—0—0—o—o

0,3 4 T 0,30 T
0,2 4 1 0254 7
=014 1=
= =0,20 .
= ©
b= =
2 0,04 12
g S 0,15+ .
=y o
E-0.14 1%
2 80,104 4
w w
0,24 .
] 0,05 4 .
0,3 - -
I i l i I " l i I " 000 : N : N ]| M : " } 1 : " :
-30 -20 -0 0 10 20 30 600 700 800 900 1000 1100 1200
Section length (nm) NW length (nm)

Figure 35 FEM simulation of the evolution of the electric potential generated by a clamped piezoelectric NW
(r=25nm, L=600nm) bended by a lateral force 80nN applied at its free end as function of the NW length. (a)
Potential along the y axis at z=300nm and (b) maximum of positive potential on the extended side of the NW.

Finally, the evolution of the electric potential as a function of the applied force is linear (Figure 36a).
The potential is proportional to the force applied. This was provided by the study previously
conducted. But keep in mind that this is only valid with the assumption of small deformation in the
linear mechanics regime. In the case of an application of high forces and large displacement, these
calculations and simulations are no longer valid and a non-linear mechanical model must be used. The
influence of nonlinear phenomena can be large and so the result could be highly modified. That is why
we have continued to study a valid non-linear model for large deformations in the next chapter (111.1.1.
). This non-linear regime is necessary for realistic targeted applications.
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Figure 36 FEM simulation of the evolution of the (a) potential profile along the y axis at z=300nm and (b)
maximum of positive potential on the extended side of a clamped piezoelectric NW (r=25nm, 1=600nm) as a
function of the NW radius, and bended by different lateral forces applied at its free end.
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11.5. Near field characterization

11.5.1. Introduction to NW characterization

It exist a large panel of methods and equipment to characterize the physical properties of materials
such as:

e SEM (scanning electron microscopy) and STEM (scanning transmission electron microscope)
for the morphology characterization

e EDX (energy dispersion of X ray) and XPS (photoelectron spectroscopy) for the chemical
composition characterization.

o XRD (diffraction of X ray) and the Raman spectroscopy for the structural characterization.

e UV-visible SP (spectrophotometry) and PL (photoluminescence) for the optical properties
characterization.

e Photo current spectroscopy, the cathodoluminescence and the electroluminescence for the
electro-optic characterization.

o Probe station and microelectronic chip for the electrical characterization

¢ MEMS and NEMS specific set-ups and structures for the electromechanical characterization
[242], [243]

To characterize the electro-mechanical coupling properties of piezoelectric semiconducting NWs, the
AFM seems an adapted and good characterization tool that can perform different kind of
measurements such as topologic, electrical and mechanical characterization as well as piezoelectric
characterization. The AFM is adapted for the sensing and actuation of nanostructures, it is versatile
and convenient for small laboratories. For these reasons we firstly focused our study on the AFM
characterization of piezoelectric semiconducting NWs.

The Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high-resolution
type of scanning probe microscopy. G. Binnig et al. invented the first AFM and reported its working
principle in 1986 [244]. It is one of the foremost tools for imaging, measuring and manipulating matter
at the nanoscale. It can measure the three dimensional topography as well as physical properties of a
specimen surface by a sharpened probe to create an image with very high demonstrated resolution of
fractions of a nanometer (0.1nm). This value is more than 1000 times better than the optical diffraction
limit. Unlike traditional microscopes, AFM does not depend on electromagnetic radiation, such as
photon or electron beams.

As shown on Figure 37, the AFM is composed of a micro-scale cantilever with a sharp tip (probe) at
its free end that is used to scan the sample surface. Usually, strong and sharp tips made of silicon or
silicon nitrides with a radius of curvature of several nanometers (typically 30nm) are used to scan the
sample surface. When the tip approaches the sample and is close enough to the surface, the interaction
between the tip and the sample lead to a deflection of the cantilever according to Hooke’s law. The
responsible force field consists of the mechanical contact force, the Van der Waals forces, capillary
forces, chemical bonding, electrostatic forces, magnetic forces, the solvation forces etc. and vary with
the sample surface. Typically, the cantilever deflection is measured by using a laser spot reflected from
the cantilever’s top surface into an array of position sensing photodiodes detectors. Other methods can
be used such as optical interferometry, capacitive sensing or piezoresistive cantilevers. The scanner
and the cantilever are driven using piezoelectric elements allowing accurate and precise movements.
An image of the sample surface is then reconstructed by monitoring the precise motion of the probe as
it is scanned over the surface. In some specific operation mode, electric potentials can be scanned
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using conductive cantilevers and currents can be measured through the tip to probe the electrical
conductivity or transport properties of nano objects for example.
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Figure 37 Block diagram of atomic force microscope using beam deflection detection. As the cantilever is
displaced via its interaction with the surface, the reflection of the laser beam will be also displaced on the
surface of the photodiode.

In our study we used two different systems. In IMEP-LAHC we used a Veeco (Bruker) Dimension
3100 commercial AFM system and nanoscope IV electronics with a three dimension closed-loop
feedback configuration. This configuration is made up of three piezoelectric crystals, each responsible
for scanning in the X, y and z axis. In professor Wang’s group in Georgia Tech we used a MFP-3D
AFM system from Asylum Research.

11.5.2. AFM characterization scanning using a tip on vertical NWs

The characterization of the electromechanical and piezoelectric properties of ZnO and GaN NWs
using an AFM has been firstly investigated by the professor Wang’s Group in Georgia Tech. They
have scanned vertically grown ZnO NWs on a conductive substrate, using a Pt conductive AFM tip
and they monitored the current and the potential generated by the NWSs. This characterization method
is based on the piezoelectric and semiconducting properties of ZnO NWs. In contact mode, a constant
normal force of 5nN is maintained between the tip and sample surface. The tip scanned over the top of
the ZnO NWs and the tip’s height is adjusted according to the surface morphology and local
contacting force. Then the output voltage across an external resistive load (R.=500MQ) is
continuously monitored as the tip scans over the NWs.

Experimentally, both the topography image and the corresponding output voltage images across the
load can be recorded simultaneously when the AFM tip is scanned over the NW arrays. Thus many
sharp output peaks are observed where the potential peaks are 6mV, around 50 time higher than the
noise level, and their positions correspond to NWs. They noted that the output voltage was negative
and, by examining the topological profile of a NW and its corresponding output potential, they
observed a delay for the voltage output signal, which means that there is no electric power output
when the tip contact first the NW, but a sharp voltage peak is generated when the tip is leaving the
NW. In addition they noted that the output voltage signal is proportional to the NW size. Following
further investigation they also noted that the output signal is present only for piezoelectric NWs. No
electrical output was recorded for tungsten oxide, silicon and metal NWs, neither for carbon
nanotubes. Friction or contact potential did not seem to play a role in the observed output power.
Finally, to generate electricity, the contact between the tip and the NW needed to be Schottky [245].
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The Schottky contact between the AFM tip and ZnO NW is the key of this phenomenon which creates,
accumulate and output charges through a NW.

The lateral force applied at the free end of the NW by the AFM tip scanning in contact mode bend the
ZnO NWs similarly to the case of study of 11.4.1. The bending force deflects the NW and generates a
strain field with extended and compressed surfaces. As a result, a piezoelectric potential distribution is
generated in the NW where the extended side exhibit a positive potential and the compressed side a
negative one. The first step is a charge accumulation process, when the conductive AFM tip touches
the extended surface of the NW (with positive potential), the Pt tip / ZnO NW Schottky junction is
negatively biased. So the reverse biased Schottky diode bloc the current to flows across the interface
and charges accumulate. The next step is the charge releasing process. When the AFM tip contacts the
compressed side of the NW, the Pt tip / ZnO NW Schottky junction is positively biased. Thus the
Schottky diode let the current flow and it produces a sudden increase in the output electric current.
This current is the result of the junction potential difference driven flow of electrons from the
semiconducting ZnO NW to the Pt tip. Then the flow of the free electrons from the loop through the
NW to the tip will neutralize the charges distributed in the NW volume due to the piezoelectric effect
and thus screen and reduce the magnitudes of the piezoelectric potential.

These experiences and their interpretation have been subject to debates and questions [47], [193]. But
after further investigations and using different materials [245], NWs and doping [246] this
phenomenon has been more precisely explained and developed [247]. Now it is accepted and
applications based on it have been proved [248].

X

Figure 38 AFM and SEM top view image of a GaN NW array vertically scanned by an AFM when applying to
much pressure on the NWs [249].
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This method has been taken over and operated by several research groups. In a first time we used it to
characterize GaN NW [249], but this characterization technique has many drawbacks: first it is
difficult to control the applied force which makes it most often destructive or at least damaging
(Figure 38). Secondly, it is very difficult to control the exact contact between the AFM tip and the
NW. In fact, the applied force is imprecise and transitory what makes electromechanical and
piezoelectric characterizations inaccurate. To remedy this lack of control and extend the
characterization possibilities, in a previous Ph.D. Xin Xu from IMEP-LAHC laboratory proposed a
significant improvement of this characterization method [1]. It consisted in cutting a sample of vertical
NWs in two and tilt it at 90° to study NWSs present on the edge. Thus it is possible to locate the NWs
under the AFM. The horizontal arrangement of NWs under the AFM tip allows better control of the
applied force and its position on the NWSs in a stationary or dynamic mode which offers greater
opportunities for AFM characterization.
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11.5.3. AFM characterization using a lateral approach

AFM characterization methods of lateral beams [250] and lateral NWs [1] have been developed in the
laboratory in order to improve the mechanical, electrical and piezoelectric characterization of such
one-dimensional nano objects. That thanks to a thinner and better controlled AFM approaches of these
nano objects, which is essential for their characterization and understanding.

11.5.3.1. Mechanical characterization

MEMS and NEMS have, as their name suggests, mechanical parts and systems. In order to better
understand their operation, it is imperative to know their mechanical characteristics. With regard to
piezoelectric NGs for example, it is important to characterize the mechanically active part of the
system, that is to say the piezoelectric NWs. For this, two characterizations have been developed and
realized.

e The calculation of the NW bending as function of the applied force.
e The calculation of the Young modulus of NWs.

a.Flexion of a NW
Firstly we studied the NW bending as function of the applied force. To proceed we considered the
following setup:

e The NW has a hexagonal section with a diameter d and a length 1.
e The NW is clamped at one extremity and free at the other one.
o We apply a lateral force on a small surface located along the NW (Figure 39a).
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Figure 39 (a) lllustration of a hexagonal NW bended by an AFM tip applying a force F. (b) Schematic of the
mechanical problem considered [250].
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Considering the geometry of the problem, we calculated the deflection of the NW using the theory of
beams and the Euler-Bernoulli equations. From these equations we have:
d” Yldzu =F Equation 64
E . y.w = quation

where Y is the Young’s modulus, u the position along the NW axis, l, the moment of inertia of the NW and F the
applied force.

considering the hexagonal structure of the wurtzite ZnO NW, the associated inertia moment I, is:

3 5v3.a*

I Equation 65
Y 16

where a is the hexagon edge.
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then, using the following boundary conditions:

u .
Ulye = 05 5 |ieg = 0 (fixe end) Fquation 66
0%u o3u )
W lx=t = 0; ﬁ lx=; =0 (free end) Equation 67

where L is the NW length.

we can solve the Equation 64 and express the NW flexion as function of the applied force:

4 F (3.1.x2—x3) Fouation 68
z=F—uw—= quation
6.7.1,

where X is the distance from the NW root where the force is applied.
thus if we apply the force at the end of the NW we have:

_F.P
T 3.Y.,

Az Equation 69

in addition we modeled the AFM cantilever by a spring (Figure 39b), and then extended our
calculation to link the applied force F to the deflection of the AFM cantilever:

Aley = Fapm/karm Equation 70

where 41 is the AFM cantilever deflection, F the force applied by the AFM and k the spring constant of the AFM
cantilever.
Using an AFM, we can make approach-retract curves of the AFM tip on samples, NWs in this case.
As a result, we obtain the graph of the position of the AFM tip as a function of the position of the
AFM head. From this data we can calculate the deflection of the NWSs and we can extract the NW
Young's modulus. The methodology is described as follows:

e At first, we note the initial position of the AFM tip. It is a constant that we will use later to
determine the relative change of the AFM tip position. We call this constant: Z;, o
e The displacement of the NW: (AZyw) relative to its original position is equal to:

AZnanowire = Zpiezo — (Ztip - Ztip_o) Equation 71

where Zpie,o is the displacement of the AFM head. We do not subtract the initial position of the piezoelectric
AFM head because its position is relative and the AFM considers it equal to zero at the beginning of the
approach-retract curve.
e Then knowing the AFM tip spring constant (using the AFM Thermaltune function for
example) we calculate the force that the AFM tip applies on the NW: (Fgp).

Feip = keip X (Ztip - Ztip_O) Equation 72
where ki, is the AFM tip spring constant.

e In this way we obtain the graph of the NW bending as function of the force applied by the
AFM tip. At this level, the key parameter is the slope of the graph: Ksiope

Ftip F .
ksiope = or before A7 Equation 73

AZnanowire
If we apply the force at the free end of the NW we have:
Fip 3.V,

3
AZnanowire l

kslope -

Equation 74

Thus we can extract the NW Young modulus:
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3
kslope- l

Y =
3.1,

Equation 75

However, what will happen if we do not apply the force at the free end of the NW? In fact in all cases
we must consider that the length of the NW used in the calculation is the distance from the anchor to
the applied force. And then we can extract the Young's modulus. This because when we measure the
deflection of the NW with the AFM, we only measure the deflection were the AFM tip is located.

kslope' u3
3.1,

where u is the length from the NW anchor to the point of application of the force by the AFM along the NW.

Y = Equation 76

b.Young’s modulus measurement

To carry out a measurement of the Young's modulus of a horizontal NW as described above we used
the following procedure: the samples are vertically mounted on the edge of an aluminum metal
support using silver paste. Then the support is tilted at 90° in the AFM. Then we perform a topological
image of the edge of the sample to identify NWs position. This step is quite difficult because of the
configuration of the sample to be imaged which has a hard region (the substrate), thin and flexible
NWs and air around. Once the topological image is obtained we realize approach-retract curves along
the NWs or the other nano objects imaged (Figure 40a).
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Flgure 40 (a) AFM image of a nanoswitch with the AFM tip position where approach-retract curves have been
performed. (b) AFM approach-retract curves preformed on points from 1 to 7 [250]

The approach-retract curves (Figure 40b) show the tip cantilever deflection as a function of the AFM
Z piezoelectric actuator position. During the approach, the AFM head goes down on the sample. The
cantilever does not deflect until it touches the sample. We observe a flat part on curves 1 to 5. The
shift and the absence of this flat part on curves 6 and 7 indicate that the sample is tilted. After touching
the sample, the AFM head approach is compensated by the cantilever deflection at curve 1 and by the
beam deflection at curve 7. So in the curve 1 the slop angle of the curve is about 45° because there is
no beam to absorb the cantilever deflection (after it touches the sample). Conversely in curve 7 a part
of the AFM head movement is compensated by the beam deflection. So the tip cantilever deflection is
lower and the slope of the curve is lower than the previous curves.

Recent studies have shown a difference of opinion about the effect of diameter on NW's Young's
modulus. Indeed, some argue that this value decreases with diameter [251]-[253], while others claim
the opposite [254], and some other think that there is no effect [255], [256]. A mechanical
characterization will allow getting an idea of the mechanical behavior of our NWs. To do this, two
samples of GaN NWs fabricated by two different approaches, one by a plasma etching and the other
one by MOCVD have been analyzed. The substrate used for these two specimens is sapphire and the
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growth was performed according to the [111] direction. The Figure 41a&b and Figure 41d&e show the
AFM and SEM images of these samples.
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Figure 41 SEM image, AFM image and Young modulus extraction from AFM approach-retract curves for (a),
(b) and (c) a top down GaN NWs and (d), (e) and (f) a MOCVD GaN NWs. Theoretical NW Young modulus
value: 300 GPa [200], [253].
Figure 41c & f show the results of the characterization of the Young's modulus of the two GaN NWs
samples. The estimated error on these measures is the following:

AY Al Aw AF Az .

— =3 |_ +4 |_ + |_ + |_ Equation 77

Y l w F z
where | is the length, w the width, Y the Young modulus, F the force and z the AFM vertical displacement.
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Thus we obtain the experimental values of the Young's modulus of these samples:

Table 12 Young modulus characterization results and estimated errors.

Sample Length Diameter Force Displacement |Young's modulus
1=3.5um w=275nm 20 _ o0 -

Top down GaN N=100nm Aw=6nm AF/F=3% Az/z=3% Y=236 +33 GPa
I=7um w=358nm o0 20 -

MOocCVD GaN N=175nm Aw=8nm AF/F=3% Az/z=3% Y=283 £+44 GPa

The Young's modulus obtained for these two samples are slightly lower than a theoretical GaN NW
value of 300GPa and slightly higher than the bulk value. Our results are in agreement with those
obtained by [200], [253]. In their works, they experimentally demonstrated that NWs having diameters
greater than 84nm have a Young's modulus close to the theoretical value. Several reasons may explain
our difference. First, the quality of growth of the NWs can cause the formation of a significant amount
of defects and stress which are responsible of the decrease of mechanical properties. Another
explanation could be the lattice mismatch between GaN NW and the sapphire substrate; this can cause
a residual stress between the substrate and the NW. This constraint may reduce its mechanical
properties. On the other hand, the estimation of the length and diameter of the NWs added to the not
clear limit of the anchor could be a source of error. According to the formula of quadratic moment
(Equation 65), the diameter is raised to the power 4. Thus even a small error of these values may result
in a big error on the measurement of Young's modulus. Finally, other phenomena can come into play
such as a small indentation of the NWs [250]. One way to reduce these errors is to perform a series of
measurements on a large number of NWs.

To validate these experiments, we simulated the mechanical behavior of the top-down GaN NWs. We
made bending tests and we compared the experimental results with models having a hexagonal or
cylindrical geometry (Figure 42). Indeed it is common to use a cylindrical geometry to simulate NWs
[47], but the results show that this approximation is not valid in the case of a fine mechanical
characterization. Thus the force-bending curve obtained with the hexagonal geometry overlaps our
experimental values whereas the cylindrical geometry has a relatively large error.
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Figure 42 Curve of the force as function of the NW deflection. (a) Comparison between NW having a cylindrical
and hexagonal geometry and (b) comparison between the theoretical calculation, FEM simulation and
experimental results.

c.Discussion

In summary, we presented an AFM method for measuring the Young's modulus of one-dimensional
micro and nano structures. In addition we developed a theoretical model, using classical mechanics,
which is in agreement with the experimental results. This technique has two benefits. First, it allows
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measuring the Young's modulus without destroying the sample. Two, it can easily be applied to many
structures such as NWs and nanobeams for example. One disadvantage is the error in the evaluation of
the dimensions of the structure which generates a significant error in the final results of Young's
modulus. An accurate estimation of the dimensions of the object characterized is necessary
beforehand. For now, because of the large range of uncertainty, it is impossible to distinguish any size
effect on the mechanical properties of the ZnO and GaN NWs that we studied their average Young's
modulus remains similar to that of bulk material.

11.5.3.2. Piezoelectric characterization

The same lateral configuration can be used to analyze piezoelectric properties using a conductive
AFM tip. NW bending induces a local electric potential via the direct piezoelectric effect. It is then
possible to measure the properties of the electrical circuit created by means of a voltage amplifier and
an oscilloscope for example and then extract the piezoelectric potential generated (Figure 43).

‘ Oscilloscope \

VtoV
preamplifier

NWs sample

Conductive AFM tip

Figure 43 Schematic of the AFM experimental setup
However in order to correctly choose the measurement parameters, some modeling is required.

a.Equivalent electrical circuit of piezoelectric semiconducting NWs

First, to extract the piezoelectric properties of piezoelectric semiconductor NWs from the AFM
characterization electrical circuit we need to establish the equivalent circuit of a NW and determine its
impedance. Thus we consider a cylindrical single crystal of ZnO as NW, with perfect circular section,
a length I and radius r as r<<l. The NW is oriented along the z axis coincident with the c-axis of the
crystalline lattice of the ZnO. The NW is clamped at the root and free at the other end. It is subjected
to a compressive force F (directed along the z axis) which is considered uniform. Given the NW
dimensions, the Tj stress tensor components are all zero except Ts;=F/A. Therefore we assimilate the
NW to a bar in mode 33. The NW is electrically contacted at both ends. It is electrically connected to
an external load Z,, representing the output circuit. As only the deformation mode 33 is taken into
account, the quantities are uniform in x and y. The device receives an external input of mechanical
energy from the compressive force F. This energy is stored in the NW in elastic form and results in
deformation thereof. Due to the piezoelectric properties of ZnO, a portion of the mechanical energy is
converted into electrical energy, a potential difference U appears between the electrodes and an
electrical current | through the load Z.

There are many possibilities to represent and analyze the equivalent model of piezoelectric converters.
For electrical engineering we need sufficiently simple and practical equivalent model of piezoelectric
materials expressed only using electrical parameters. The best equivalent circuit that fits the typical
piezoelectric converters impedance is the Butterworth-Van Dyke (BVD) model and its electrical dual
circuit developed by Redwood [257]. Both of them are derived by simplifying the Mason [258]
equivalent circuit and by making the best piezoelectric impedance modeling based on experiments and
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electromechanical analogies. The simplest and most widely used equivalent circuit of piezoelectric
converters is only applicable for relatively high mechanical quality factor piezoelectric converters
where thermal dissipative elements, dielectric losses and internal resistivity are not taken into account.
In the case of this work, a more general model has to be considered. Such a model is represented on
Figure 44a considering a series resonant circuit and Figure 44b considering a parallel resonant circuit,
where the red element represents the purely electrical nature of piezoelectric converters and the blue
part represents the mechanical behavior. These equivalent series and parallel circuits are mainly used
for the electrical to mechanical energy conversion and use the electromechanical analogy current to
force and voltage to velocity where the motional current |, is proportional to the force generated and
the motional voltage V., is proportional to the velocity. For the mechanical to electrical energy
conversion the equivalent circuits with transformer separation between the electrical and electrical
circuits can be used but they remain equivalent to the previous circuits.

®)

Electrical Mechanical Electrical Mechanical
Figure 44 Full equivalent electrical model of a piezoelectric component. (a) and (b) Butterworth-Van Dyke
piezoelectric converter model with dissipative elements (adapted from [257]).

In these models R, represents the leakage resistance and R,s;~Ros, the dielectric resistive loss. Usually
for high quality piezoelectric ceramics R, is in the range of 10 to 50MQ and R, is in the range of 50
to 100Q. Therefore, in most cases of high quality ceramics they are neglected, but because of the
semiconductor nature of ZnO and GaN NWs R, components must be considered. On the other hand
the resistance Ry can be neglected because we are dealing with very small scale structures with low
signal in quasi-static. The electrical capacitance C,~C,, represents the static capacitance of the
clamped piezoelectric NW. Because we are working with nano structures then it needs to be
considered. The mechanical behavior of the piezoelectric converter is represented by mechanical
impedance which can be linearized around resonant frequencies and thus be represented by an RLC
circuit. The values of R, L and C depend on the physical properties and dimensions of the ZnO NW.
Thus the dissipative power loss R; represents the joint losses, frictions and material hysteresis-related
losses (internal mechanical damping). The other components of the equivalent circuit are C; which
represents the stiffness and L, which represent the motional mass of the piezoelectric.

The first application targeted is energy harvesting to power autonomous systems in natural or
industrial and human environment. If the sources of mechanical energy are varied (moving fluid,
vibration of structures, shocks, strains ...), their frequency ranges (a few Hz to several kHz) in any case
remain far below the frequency of the first resonance mode a NW in compression and in bending (a
few hundreds of MHz