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ABSTRACT

Interfaccia bioelettronica ¢ un termine generico per indicare elettrodi progettati per
scambiare segnali elettrici con sistemi biologici. La bioelettronica puod trasdurre
segnali attraverso l'interfaccia tra tessuto e dispositivo per misurare e regolare le
attivita biologiche a fini diagnostici e terapeutici. Poiché il corpo umano ¢
intrinsecamente morbido ed in continuo movimento meccanico, i dispositivi
impiantabili devono soddisfare tali condizioni meccaniche per essere biocompatibili
e sicuri nell’integrazione a lungo termine con il corpo umano. La bioelettronica rigida
attualmente applicata non soddisfa questi criteri e la mancata corrispondenza
meccanica con i tessuti molli circostanti pud scatenare risposte infiammatorie e
causare l'instabilita delle funzioni del dispositivo, soprattutto in caso di impianto a
lungo termine negli organi bersaglio. Negli ultimi anni, sono stati raggiunti traguardi
significativi nell’elettronica flessibile ed estensibile e primi studi hanno utilizzato
questi progressi per sviluppare interfacce bioelettroniche maggiormente
biocompatibili da un punto di vista meccanico. Per raggiungere pienamente questo
obiettivo, 1 progressi nella scienza dei materiali e nell'ingegneria dei dispositivi
elettronici morbidi devono essere combinati con strumenti di caratterizzazione e
modellazione quantitativa al fine di raggiungere una piena comprensione dei
problemi meccanici che sono rilevanti all'interfaccia tra la tecnologia elettronica e i

tessuti biologici.

Esempi di questi problemi meccanici sono i fenomeni che causano il danno del
dispositivo, come la delaminazione, la formazione di microfratture eccessivamente
ampie, o il deterioramento dello strato di incapsulamento. Inoltre, il dispositivo deve
essere progettato per sostenere i carichi meccanici dovuti al maneggiamento ed
inserzione. La morfologia della superficie del dispositivo ha un ruolo cruciale nel
determinare le proprietda e le prestazioni dell’interfaccia bioelettronica morbida.
Infatti, la superficie ¢ il punto di contatto tra il sensore ed il corpo. I fenomeni che
possono intaccare le prestazioni del dispositivo avvengono tutti localmente. Pertanto,
una caratterizzazione meccanica microscopica ¢ fondamentale per comprendere
I’attivazione dei meccanismi di danneggiamento ed ottimizzare i dispositivi. Inoltre,

i dispositivi devono interfacciarsi con parti del corpo eterogenee. Cio rende cruciale



un’indagine locale delle proprieta meccaniche delle interfacce bioelettroniche
morbide al fine di ottenere un buon accoppiamento tra dispositivo e tessuto. I
meccanismi di danneggiamento avvengono quando il dispositivo ¢ sottoposto a sforzi
meccanici. Pertanto, solo una caratterizzazione meccanica in situ, ovvero svolta
durante la deformazione, potrebbe fornire chiari indizi sui meccanismi a scala
nanometrica attivati dalla deformazione che possono determinare il guasto del
dispositivo. La combinazione di modelli interpretativi e metodi sperimentali consente
una migliore comprensione dei meccanismi locali di dispositivi flessibili/estensibili
e delle loro singole componenti. In questo contesto, i modelli analitici ¢ numerici
(FEM) basati sulla meccanica del continuo consentono di confrontare i parametri
costitutivi dei materiali stimati su scala nanometrica con i corrispondenti valori su
scala macro (cioé quelli utilizzati nella meccanica del continuo). Questo tipo di
confronto ¢ cruciale e pud rivelare la necessita di introdurre fattori correttivi nei
modelli basati sulla meccanica del continuo per tenere conto degli effetti tipici della
nanoscala. L'ottimizzazione delle prestazioni di questi dispositivi puo avvenire solo
attraverso la progettazione di specifici setup sperimentali per la caratterizzazione
meccanica locale in situ supportati da modelli predittivi. Solo una comprensione pit
approfondita di questi aspetti meccanici aprira la strada a una progettazione
ottimizzata della bioelettronica morbida indossabile e impiantabile, dando inizio a

una nuova era di monitoraggio della salute, diagnosi e terapia.

Al giorno d'oggi stanno emergendo tecniche sperimentali per testare le proprieta
meccaniche in situ su scala nanometrica. Tuttavia, queste tecniche spesso
comportano l'uso combinato di due o piu strumenti, risultando quindi costose e
difficili da riprodurre in altri laboratori con altre configurazioni sperimentali.
Pertanto, sono necessarie tecniche sperimentali di facile accesso e che richiedano la
minima manipolazione possibile dei campioni. Il microscopio a forza atomica (AFM)
¢ un buon candidato per ottenere la caratterizzazione meccanica locale in situ delle
interfacce bioelettroniche morbide. L'AFM consente misure non distruttive su scala
nanometrica in aria o addirittura in acqua e non richiede un alto vuoto e campioni
conduttivi, a differenza del microscopio elettronico a scansione (SEM). Inoltre, il
principio di funzionamento delllAFM consente il sondaggio meccanico e il

campionamento della topografia reale del campione contemporaneamente.



In questo lavoro sono riportate tecniche sperimentali iz situ unicamente con AFM
supportate da modelli interpretativi per la caratterizzazione di dispositivi planari e
tridimensionali adatti per sperimentazioni biomediche in vivo e in vitro. La
combinazione dei modelli proposti e delle tecniche sperimentali consente di ottenere
informazioni riguardo alle proprieta meccaniche delle interfacce bioelettroniche
morbide. In particolare, sono state indagate sia la nanomeccanica di un film sottile di
oro su un substrato polimerico (Polidimetilsilossano PDMS), sia quella di
micropillars stampati a getto d'inchiostro in 3D, soggetti a diversi stati deformativi.
Le interfacce planari metallo-elastomero sono essenziali per i dispositivi elettronici
estensibili, poiché la presenza di microfratture controllate consente al dispositivo di
mantenere le sue prestazioni elettriche sotto sforzo. I risultati evidenziano la
formazione di un'interfaccia diffusa tra il film metallico e il polimero, con un impatto
importante sulle proprieta meccaniche ed elettriche. Inoltre, il metodo proposto di
mappatura multicanale in sifu consente di osservare la transizione indotta dalla
deformazione dal trasporto ohmico al trasporto per effetto tunnel nei film sottili d'oro
microfratturati. I micropillars stampati a getto d'inchiostro in 3D sono necessari per
gli impianti biomedici di prossima generazione, per registrare segnali cellulari, per i
biosensori e per la somministrazione di farmaci, poiché sono strutture tridimensionali
elastiche, flessibili e conduttrici che consentono un'elevata risoluzione spaziale. Il
metodo di caratterizzazione proposto consente di determinare in modo rapido e
preciso le proprieta meccaniche, dando cosi la possibilita di parametrizzare le fasi di

microfabbricazione e di studiare il loro impatto sul dispositivo finale.



ABSTRACT

The bioelectronic interface is a general term to indicate electrodes designed to
exchange electrical signals with biological systems. Bioelectronics can transduce
signals across the tissue and device interface to measure and regulate biological
activities for diagnostic and therapeutic purposes in biomedical devices and
healthcare applications. Since the human body is inherently soft and in continuous
mechanical motion, implantable devices have to match such mechanical conditions
in order to be biocompatible and safe in intimate, long-term integration with the
human body. Currently applied, rigid bioelectronics does not fulfill these criteria and
the mechanical mismatch with the surrounding soft tissue can trigger inflammatory
responses and cause unstable device functions, especially with long-term
implantation into target organs. In recent years, significant advances in flexible and
stretchable electronics have been obtained and first studies translate these advances
to bioelectronic interfaces in order to make them mechanically more biocompatible.
To fully achieve this goal, advances in the material science and engineering of soft
electronic devices have to be combined with quantitative characterization and
modelling tools to achieve a full understanding of the mechanical issues that are

relevant at the interface between electronic technology and biological tissue.

Examples of such important mechanical issues are phenomena that lead to the device
failure, such as delamination, the formation of overly wide microcracks, or damage
to the encapsulation layer. Additionally, the device must be developed to withstand
mechanical loads during handling and insertion. The impact that surface morphology
has on the properties and performance of a bioelectronic soft interface is crucial.
Indeed, it is the surface that is the point of contact between the sensor and the body.
The phenomena affecting the device’s performances all occur locally. So that a
microscopic mechanical characterization is mandatory to understand the activation
of failure mechanism and optimize the devices. In addition, the devices must interface
with heterogeneous body parts. This makes a local investigation of the mechanical
properties of the soft bioelectronic interface crucial to establish good coupling with
heterogeneous biological tissue. The failure mechanism take place when the device

is operating under strain. Therefore, only a in sifu mechanical characterization, i.e.



performed during the deformation, might give clear insights into the nanoscale
mechanisms activated by deformation that led to device failure. The combination of
interpretative models and experimental methods allows a greater understanding of
the local working mechanisms of these stretchable/flexible devices and their
components. In this context, analytical and numerical (FEM) models based on
continuum mechanics allow comparison of the material constitutive parameters
estimated at the nanoscale with the corresponding macroscale values (i.e. those used
in continuum mechanics). This type of comparison is critical and can reveal the need
to introduce corrective factors into continuum mechanics-based models to take into
account effects typical of the nanoscale. Therefore, optimization of the performance
of these devices can only occur through the design of specific experimental setups
for local in situ mechanical characterization supported by predictive models. Only a
deeper understanding of these mechanical aspects will pave the way to an optimized
design of wearable and implantable soft bioelectronics initiating a new era of health

monitoring, diagnosis, and therapeutic.

Experimental techniques for testing mechanical properties in situ at the nanoscale are
emerging nowadays. However, these techniques often involve the combined use of
two or more instruments, thus being expensive and difficult to reproduce in other
laboratories with other experimental setups. Therefore, experimental techniques are
needed that are easy to access and require as little sample handling as possible. The
Atomic Force Microscope (AFM) is a good candidate to achieve in sifu local
mechanical characterization of soft bioelectronic interfaces. AFM allows
nondestructive measurements at the nanoscale in air or even in water. AFM do not
require high vacuum and conductive samples, as opposed to the Scanning Electron
Microscope (SEM). In addition, the working principle of AFM allow mechanical

probing and sampling of the real sample topography simultaneously.

In this work, in situ experimental techniques with solely AFM supported by
interpretive models for the characterization of planar and three-dimensional devices
suitable for in vivo and in vitro biomedical experimentations are reported. The
combination of the proposed models and experimental techniques provide access to
the local mechanical properties of soft bioelectronic interfaces. In particular, both the

nanomechanics of hard thin gold films on soft polymeric substrates
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(Poly(dimethylsiloxane) PDMS), and 3D inkjet printed micropillars, were
investigated under different deformation states. Planar metal-elastomer interfaces are
essential for stretchable electronic devices as the presence of controlled microcracks
allow the device to maintain its electrical performance under strain. The findings
highlight the formation of a diffuse interface between the metal film and the polymer
with an important impact on the mechanical and electrical properties. Furthermore,
the proposed in situ multi-channel mapping method allow to observe the strain-
induced transition from ohmic transport to tunneling transport in microcracked gold
thin films. 3D inkjet printed micropillars are needed in next-generation biomedical
implants, cellular recording, biosensors, and drug delivery, since they are elastic,
flexible, conducting 3D structures which allows high spatial resolution. The proposed
characterization method provides rapid and precise determination of mechanical
properties, thus giving the possibility to parametrize the microfabrication steps and

investigate their impact on the final device.
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1 INTRODUCTION

The bioelectronic interface is a general term to indicate electrodes designed to be
integrated and to communicate with biological systems. Bioelectronic interfaces can
be established either on human skin (wearable bioelectronics) or inside the human
body (implantable bioelectronics). !* Bioelectronics can transduce signals across the
tissue and device interface to measure and regulate biological activities for healthcare
monitoring and disease treatment. Currently, a variety of bioelectronic devices are
widely used, such as glucose sensors, cardiac pacemakers, and electrocorticograms.
Unfortunately, most currently known high-performance electronic materials are
based on hard and stiff inorganic conductors and semiconductors. Because the human
body is soft and curvilinear, a safe, intimate, and long-term integration of a device
with the human body calls for soft, biocompatible, and multifunctional devices. In
this manner, the current rigid bioelectronics may induce inflammatory responses,
particularly under long-term integration on the target organ. > This need has led
many researchers to focus on the topic in recent years, giving rise to a new branch of
electronic materials science and device engineering, which investigates the
development, design, characterization, and possible application of deformable
electronic devices that are compliant to a mechanically demanding environment
while maintaining their electronic functionality. Recently, soft electronic devices
have been developed for application in different fields such as low-invasive
biomedical implants,®° soft robotics !°, and electro-mechanical energy harvesters. !!
In the biomedical field, devices with these characteristics are called soft bioelectronic
interfaces. This work is focused more on the devices developed for biomedical
applications. However, it is crucial to emphasize how characterization techniques

apply to devices regardless of their final application.

First, it is necessary to understand in detail what are the limitations of conventional
stiff bioelectronic interfaces and how the development of soft bioelectronic interfaces
can overcome these limitations. The main limitations are largely due to the
mismatches in the mechanical properties and in chemical compositions between soft

biological tissues and conventional rigid electronics. In Figure 1.1 the orders of
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Introduction

magnitudes of the elastic moduli of the materials involved in bioelectronic interfaces
are reported. Typically soft bioelectronic devices have to be designed for long-term
applications, so they must adapt to the mechanical strains exerted by the surrounding
tissue while maintaining good coupling with the tissue for recording and stimulation.
12-16 Usually Young's modulus of biological tissues varies between 100 Pa and 10
kPa.!” In contrast, stiff bioelectronic devices exhibit elastic moduli on the order of
tens of GPa, for rigid silicon-based chips. Rigid bioelectronics cannot make
conformal contact either with soft and curvilinear skin or tissue, and such incomplete
contact lowers bioelectronic performance leading to high impedance and low signal-
to-noise ratio.'®!® Moreover, the mechanical mismatch between the wearable or
implantable device and the target tissues can cause tissue damage and lead to device
failure. For stiff and flat wearable devices, the device cannot follow the contour of
soft and curvilinear skin, resulting in concentrated pressure in a localized area.
Friction between the device and the skin may result in skin rashes and allergic
reactions. 22! Stiff implantable bioelectronics may trigger foreign body responses
either during insertion or after implantation, as the natural micromotion of the tissue
and external mechanical stresses can move the implant.”?> Such stress can lead to
inflammatory reactions that replace normal tissues near the device with scar tissue,
encapsulating the implant. Accordingly, this thick, fibrous scar tissue leads to
increased electrical impedance, reduced recording performance, and more
mechanical and chemical stress on the electrodes.?>?* In addition, it is crucial to study
the impact that mechanical stresses and differences in chemical composition between
the device and its target tissue have on the biocompatibility and performance of the
bioelectronic interfaces. In fact, unlike conventional wearable and implantable
bioelectronics that consist of metal and/or inorganic materials, biological tissues are
hydrophilic, ion rich, and fluidic. The long-term biocompatibility and the
performance of bioelectronics can be affected by this difference in chemical
compositions, 2 as enzymes, radicals, and reactive oxygen species gradually degrade
bioelectronics materials, including the insulating encapsulation layers, eventually

leading to device failure.?® In addition, undesired biochemical reactions, such as
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Chapter 1

water electrolysis or radical formation can be triggered either by the impedance
increase or the leakage of current from the degraded material. %’

Biomimic materials Flexible & stretchable Traditional silicon-based
& bionics electronic materials electronics

e

e —_—
Hydrogel-based Elastomers | Polyimide | Inorganics

electronics & subsirates [L(POMS) | (Flex ciccuit)_ | {Si, Si0;. Au)
Mechanical
properties |
(Modulus, Pa) ‘

s Brain Heart PNS Dermis Tendon Bone

(G~1kPa) (30wkPa) (100KPa}p {1 MPa) {1 GPa) 70 GPa

Excitable tissues Organs for
& Organs wearable devices

Figure 1.1. Elastic moduli of target tissues, organs, and materials involved in bioelectronic
interfaces. The figure is adapted from '8,
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Introduction

1.1 STATE OF THE ART OF SOFT BIOELECTRONIC INTERFACES

Soft bioelectronic interfaces can be divided into two different sets depending on the
point of application of the device. If its operation involves only external skin contact,
the device is called a wearable sensor, while if a surgical operation is needed to place
the electrode, the device is called implantable. The skin is a dynamic and complex
organ, which provides a wide range of physiological signals that reflect the overall
health and fitness conditions. Three primary types of physiological information,
including physical, electrical, and chemical signals, can be measured by wearable
sensors.?83? Similarly, biosensing devices implanted in the human body monitor the
condition of internal body from all physical, electrical, and chemical aspects. 3!
Nevertheless, the most important aspect of implantable devices lies in neural signal
recording and modulation via directly interfacing the nerve with invasive electrodes.
Bidirectional communication between nerves and foreign electronics is established
by directly interfacing conductive electrodes with neural tissues or cells. On one hand,
the non-invasive nature of wearable devices to form bioelectronic interfaces is their
main advantage over implantable devices that require surgical procedures to form
tissue-device interfaces. On the other hand, implantable devices can collect signals
more locally and with reduced noise as the skin is bypassed. Moreover, implantable
devices allow for reaching a high spatial resolution, as typically they have three-
dimensional pillar-like structures (e.g. Michigan array, UTAH array, 3D
Microelectrode Arrays) that can probe the tissue at different depths. In this section,
the different types of soft bioelectronic interfaces and the different signals (physical,
electrical, and chemical) of the human body that can be monitored with them are
described. Typical physical signals to be monitored are strain, pressure, and
temperature. Electrophysiological signals are generated by changes in the membrane
potential of individual cells, such as activated neurons and muscle cells. Chemical
signals are typically related to the concentrations of specific biochemical markers
such as pH, ions, glucose, and lactate. In the following, a wearable device case and
an implantable device case are described for each type of signal that can be recorded

by soft bioelectronic interfaces.
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1.1.1Physical biosensors

Physical biosensors provide a promising way for human physiological signals
monitoring, disease diagnosis, and health assessment. Physical biosensors are mainly
to detect physical signals such as skin temperature, movement of the body or organs,
and other physical phenomena caused by organs in people’s daily life. 232 Typical
physical signals to be monitored are strain, pressure, and temperature. A majority of
physical biosensors being investigated are strain or pressure sensors, which are vital
to body part motion monitoring, 33 heart rate, and blood pressure recording. 3-8
Strain and pressure sensors are typically two terminal devices that measure electrical

changes induced by mechanical deformations.?>* Several sensing mechanisms have

been exploited to measure body motion-induced electrical changes, such as

41-43 44-47

piezoresistive change, piezoelectrical change, capacitance change.*** For
example, Zhang et al. developed a wearable highly flexible, stretchable, and sensitive
strain sensor by designing a special nanostructure using one-dimensional (1D)
nanomaterial (carbon nanotubes (CNTs)), zero-dimensional nanomaterial (Ag
nanoparticles (NPs)) and a poly(dimethylsiloxane) substrate (PDMS).>° The working
principle of the strain sensor is sensing the resistance changes due to the device's
deformation. The performances of the sensor are found to be dependent on the Ag
NPs concentration. Macroscopic and microscopic images of the wearable strain
sensors are reported in Figure 1.2a and Figure 1.2b, respectively. An example of an
implantable physical sensor has been reported by Ruhhammer et al. 3' Specifically,
they designed an implantable magnetic sensor that is applied and fixed to arterial
vessels without any blood vessel constriction to measure blood pressure. By
calibrating the sensor, a long-term monitoring system for continuously measuring
blood pressure is obtained. Two flexible polyimide substrates are fixed by highly
deformable and soft silicone strips on opposite sides of an artery. The two substrates
are equipped with a Hall sensor and a permanent magnet, respectively. When the
diameter of the blood vessel varies, the distance between the Hall sensor and magnet
changes leading to an alteration of the output voltage of the Hall sensor. The sensor
measures the absolute value of the diameter of the blood vessel. Once the diameter is

known, the blood pressure is calculated. Figure 1.2c¢ shows a scheme of the

implantable pressure sensor.
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Hall sensor Blood vessel

Silicone Strips

Permanent Magnet

Figure 1.2. Physical Sensors: a) wearable strain sensor as it looks at the macroscopic
scale. The image is adapted from *°. b) SEM image of the strain sensor to investigate
the Ag nanoparticles distribution. The inset shows the cross-section of the wearable
device. The image is adapted from *. ¢) Scheme of implantable sensors for blood
pressure measurements, reported in 3'.

1.1.2 Electrical biosensors

Electrophysiological signals represent another class of measurable physiological
information. Activated neurons and muscle cells generate action potentials across the
membranes, which ultimately result in electrophysiological signals.’> Wearable
electrical biosensors detect tissue-scale potentials that reach the skin surface, which
are the summation of the cell's action potential. The signals are then captured by high-
resolution electrogram  methods, such as electrocardiography (ECG),
electromyography (EMG), and electroencephalography (EEG) in a non-invasive
manner.? For example, Dong et al. developed a stretchable bio-potential electrode
with a second-order self-similar serpentine structure to continuous, long-term, stable
ECG signal recordings which can accommodate larger deformation. Being soft and
stretchable, the electrode can establish contact along a wide area adapting to the skin
surface.”® The wearable sensor is designed as a stretchable substrate (PDMS) on top
of which a gold serpentine with a specific geometry is placed. The electrode is shown

in Figure 1.3a.

Implantable electrode-based neural interfaces have been developed to monitor and
stimulate either the central nervous system,’* or the peripheral nervous system.>
Being invasive, implantable electrodes not only can detect the tissue-scale potential

but also the action potential of a single cell. Electrophysiological recording and
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stimulation in both the central and peripheral nervous systems are crucial for the
diagnostics and therapy of neural diseases. Electrocorticogram (ECoQG) is an invasive
alternative to EEG which monitors superficial local field potentials.>* Compared to
EEG, ECoG exploits implanted epidural/subdural multielectrode arrays to eliminate
noise from sources between the dura and scalp, and hereby enhance the signal-to-
noise ratio. For example, Chang et al. present a minimally invasive neural interface
for distributed wireless electrocorticogram (ECoG) recording systems.’® The
proposed interface equips all necessary components for ECoG recording, such as
high-performance front-end integrated circuits, a fabricated flexible microelectrode
array, and wireless communication inside a miniaturized custom-made platform
(Figure 1.3b). A thin and flexible microelectrode array is designed and fabricated to
be placed on top of the epidural layer in the brain. The electrodes of the device are
made of Parylene C and Pt and there are 16 recording electrodes in addition to 4
reference electrodes and one large local ground electrode. The recording electrodes
are exposed through the bottom surface of the device to be in contact with the dura
mater, while the reference and the ground electrodes are exposed on the top surface

to be in contact with the surrounding average potential.

Recently, electrical sensors aiming at single entity recordings in the brain have been
proposed. For example, Schuhmann et al. reported a microfabrication method to
develop syringe-injectable mesh electronics.’” Following the implantation of flexible
mesh electronics via syringe injection, the mesh probes enables stable tracking of
individual neurons. A scheme of the device and the syringe is shown in Figure 1.3c.
Khodagholy et al. designed a different approach to record from a single neuron.>® The
planar electrode is based on PEDOT:PSS, Parylene C, Pt and Au. Their method is
based on a conformable neural interface array that can record both local field
potentials and action potentials from superficial cortical neurons without penetrating
the brain surface. Figure 1.3d shows the electrode structure and its location on the
brain to record. Similarly, Tybrandt et al. developed a stretchable electrode array
based on PDMS and a composite of gold-coated titanium dioxide nanowires (Figure
1.3¢). The developed grid can resolve high spatiotemporal neural signals from the
surface of the cortex in freely moving rats with stable neural recording quality and

preserved electrode signal coherence during 3 months of implantation.
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Figure 1.3. Electrical Sensors: a) wearable sensor for ECG recording as it looks at
the macroscopic scale. The image is adapted from 3. b) The implantable sensor for
ECoG recording is shown on the left. On the right, a scheme of the sensor implanted
into the brain is depicted. The images are adapted from °. ¢) Syringe injectable mesh
electronics for single neuron recording. The images are adapted from 7. d) Planar
PEDOT:PSS - based electrode array implanted in the cortex. The images are adapted
from 3%. Stretchable electrode array based on PDMS and conductive nanowires for
single neuron monitoring. The images are adapted from *°.

1.1.3 Chemical biosensors

Conventional approaches to detect biochemical markers such as pH, ions, glucose,
and lactate require extracting a small volume of blood via a syringe needle. However,
sampling blood with the needle involves pain and infection risk. Moreover, real-time
monitoring of biochemical markers is desired for obtaining comprehensive
information about the wearer's health, performance, or stress at the molecular level.
3260 Non-invasive (wearable) access to biochemical markers is only possible by
measuring biofluids secreted by the body, such as saliva, sweat, and tears. The skin
behaves as an almost perfect barrier to most chemicals. For example, Shu et al.

reported a non-invasive fiber material-based wearable electrochemical sensor to
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continuously monitor the glucose level in sweat.! The working electrode (Ni~Co
MOF/Ag/rGO/PU fiber), the reference electrode (Ag/AgCl fiber), and the Pt wire
counter electrode were sutured with absorbent fabric and fixed on a stretchable
PDMS substrate to form a wearable nonenzymatic sweat glucose sensor, which can
be used to continuously monitor the glucose level in sweat. The working electrode
structure and the glucose sensor are shown in Figure 1.4a. In the case of implantable
chemical devices, the skin is bypassed, therefore no barriers separate the target
biomarkers from the sensors. The invasiveness not only increases the efficiency of
the signals recording but also allows the use of implantable devices as local and long-
term drug delivery systems.®” For example, Kim et al. propose an electromagnetic-
based sensor that can be subcutaneously implanted and capable of tracking minute
changes in dielectric permittivity owing to changes in blood glucose level.%3 The
operating principle is that the dielectric permittivity of blood changes as the glucose
level changes. These glucose-dependent permittivity changes are reflected in the
sensor resonance frequency. Using a regression model, sensor frequency can be
mapped to blood glucose levels. A scheme of the implantable sensor and its operative
location site are reported in Figure 1.4b. It must be highlighted that at the moment,
even though several implantable chemical sensors have been developed, only few

succeeded clinical trials.

a
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Figure 1.4. Chemical Sensors: a) On the left the scheme of the working electrode is
shown. The figure on the right shows the glucose sensor integrated into the elastic
fabric. Both images are adapted from °'. b) The first image on the left shows an EM-
based subcutaneous implant glucose sensor allocated under the skin. The inset zooms
into the implantable sensor. The image on the right shows how the sensor looks after
the microfabrication. Both images are adapted from .
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With the development of new functional materials and specific geometries for soft
bioelectronic interfaces, the need to characterize the mechanical properties of these
devices and their individual components increases. Contemporary to the
experimental characterization tests, it is also necessary to develop interpretative
models and numerical simulations able to describe the mechanical behavior of the
device. Only in this way it will be possible to develop optimal materials and designs
for the performance required by the specific application of the implantable or
wearable device. In the next section, first in situ mechanical characterization
techniques of flexible/stretchable devices and their individual components such as
nanowires, nanofiber, nanopillars, and ultra-thin films are reported. It is necessary to
specify that in this context in situ means that the mechanical characterization takes

place during deformation.
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1.2 STATE OF THE ART OF IN SITU LOCAL CHARACTERIZATION OF

SOFT BIOELECTRONIC INTERFACES

Although flexible and stretchable soft bioelectronic interfaces have achieved a great
breakthrough compared to their traditional rigid counterpart, several mechanical
aspects must still be investigated and optimized. First, while the goal is to obtain a
device that is as soft as possible to overcome the mechanical mismatch between
electrode and tissue, the device must also be handled and inserted without being
damaged. Second, it has been reported that modifying the surface with coatings and
three-dimensional nanostructures or microcracks, might improve the performance of
the device in terms of mechanical failure, coupling between electrode and tissue,

adhesion, and biocompatibility.5+°7

However, a rational and comprehensive
understanding of these mechanisms has not yet been found and therefore this
precludes effective optimization of device performance to date. Third, the mechanical
characterization of these devices is typically done macroscopically, that is, the
mechanical performance of the whole device rather than either the local properties or
individual micro/nano components are tested.®®%° Although macroscopic
characterizations are fundamental to investigating the properties of a device,
microscopic and local aspects of the device can also significantly determine its
properties. The phenomena that lead to device failures such as delamination, the
formation of overly wide microcracks, or damage to the encapsulation layer, all occur
locally, even though they have global effects on device performance. A microscopic
mechanical characterization is necessary because these devices are extremely small.
In addition, the devices must interface with heterogeneous body parts. This makes a
local investigation of the mechanical properties of the soft bioelectronic interface
crucial to establish good coupling with heterogeneous biological tissue. Therefore,
the mechanical characterization must also occur locally. Furthermore, mechanical
characterization of a device developed to operate under strain should also take place
while the device is deformed, and not just compare device properties before and after
deformation. Only an in sifu characterization might give clear insights into the

nanoscale mechanisms activated by deformation that led to device failure.
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Fourth, to extract quantitative parameters describing the mechanical response of the
device, predictive models are needed. Therefore, the development of new
experimental techniques for nanoscale characterization is closely related to the
development of models to interpret the results. In this context, analytical and
numerical (FEM) models based on continuum mechanics allow comparison of the
material constitutive parameters estimated at the nanoscale with the corresponding
macroscale values (i.e. those used in continuum mechanics). This type of comparison
is critical and can reveal the need to introduce corrective factors into continuum
mechanics-based models to take into account effects typical of the nanoscale.”
Therefore, optimization of the performance of these devices, can only occur through
the design of specific experimental setups for local in situ mechanical
characterizations that, supported by predictive models, allow a greater understanding
of the local working mechanisms of these functional materials and
stretchable/flexible device components. Only a deeper understanding of these
mechanical aspects will pave the way to an optimized design of wearable and
implantable soft bioelectronics initiating a new era of health monitoring, diagnosis,
and therapeutic. In this section, the first attempts of in situ local mechanical
characterization and modeling of flexible/stretchable devices and their individual
components such as nanowires, nanofiber, nanopillars, and ultra-thin films are

reported.

In situ local micromechanical testing of individual components and local properties
of devices introduces three practical challenges: (i) observation of the sample at the
nanoscale, (ii) nanomanipulation of the sample so that a mechanical test can be
performed, and (iii) accurate recording of the applied force and deformation during
mechanical testing. Conventional universal material testing machines are typically
able to test devices that can be manipulated by hand and do not require direct
observations at the microscale.®* On the contrary, the relatively small size of the
individual component cannot be observed without the aid of a microscope. In
addition, a greater manipulation precision and force resolution than provided by
conventional methodologies is required. Initial attempts of in situ local
micromechanical testing used various microscale imaging techniques such as

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
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Confocal Laser Scanning Microscopy (CLSM), and Atomic Force Microscopy
(AFM). The instrument to perform the mechanical test is placed inside the chamber
of the imaging tool to observe the samples during the acquisitions. Recently, specific
instruments, such as microelectromechanical systems (MEMS) or AFM cantilevers,
have been developed, depending on the sample under investigation. In the following,
the experimental techniques for micromechanical characterization are reported. In
particular, the experimental approaches are divided depending on the type of
mechanical test: tensile test, bending test, nanoindentation test, and micropillar

compression test.
1.2.1Tensile test

In materials science, the tensile test is a materials characterization test that consists
in subjecting a specimen of well-defined size and shape (typically dog-bone shape)
of a material under test to an initially zero uniaxial load that is increased to a
maximum value that eventually results in material failure. The tensile test is used to
determine several characteristics of the material under test, including ultimate
strength, Young's modulus, and yield strength. In recent years, researchers have been
trying to reproduce tensile tests at the nanoscale with different experimental setups.
Along with the development of the experimental setups, it is crucial to find models
to interpret and generalize the findings. Typically, samples of different materials are
used as prototypes to test the experimental techniques. For example, Zhu et al.
developed a material testing system for in sifu electron microscopy mechanical
testing of nanostructures.®® The testing system consists of a microelectromechanical
system (MEMS) that includes an actuator (electromechanical or thermomechanical)
and a load sensor based on capacitance measurement. To observe the specimen
during the uniaxial tensile test, they used either a SEM or a TEM and monitor two
displacement markers during the acquisition (Figure 1.5a). To test their experimental
setup, they investigated different free-standing nanostructures, such as carbon
nanotubes, palladium nanowires, and polysilicon films, acquiring the stress-strain
curves. Similarly, Thomas et al. designed an experimental setup to investigate the
plastic deformation process of semi-crystalline polymers capturing images from the
same locus of the sample as a function of strain. % The strain is applied and monitored

with a motorized stretching stage which is placed under the AFM probe to capture
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images of the sample. In particular, they studied the initiation, growth, and
coalescence of crazes in poly(1-butene) at different strain values. Figure 1.5b shows
the samples under SEM with 10% strain. Their findings show the presence of crazes
oblique with respect to the principal tensile stress. A different use of AFM, not as an
imaging tool but as a mechanical tester, was employed by Hang et al. in studying the
mechanical properties of nanofibers.®* The mechanical testing of individual
nanofibers was carried out in a chamber of an SEM incorporating an AFM system.
A custom-built AFM system with the sample stage rotated at 90° with respect to a
conventional AFM system was used to allow access to the SEM electron beam. Fine
manipulation is provided by the movement of the AFM probe attached to the
cantilever using the piezoscanner connected to the AFM head. The nanofiber under
investigation was glued on both sides, one to a substrate and one to the AFM tip. A
scheme of the experimental setup as well as a glued nanofiber to the AFM tip before
the acquisition are shown in Figure 1.5¢. The nanofibers were tested by applying a
uniaxial tensile load moving the AFM tip. Force spectroscopy showed increased
tensile strength and elastic modulus when compared to bulk equivalents. In the case
where nanofibers are embedded in a polymer matrix, Cao et al. proposed in situ
tensile testing by exploiting the ability of TEM to obtain not only surface information
of the sample.” Specifically, they considered graphene hybrid films with Ag
nanowires. The sample and the experimental setup can be seen in Figure 1.5d. Their

findings highlight a softening of the hybrid films compared to a single graphene film.

So far, tensile test experiments that reach the sample failure within a single
acquisition have been reported. Nevertheless, it is also crucial to investigate the
material behavior at the nanoscale under cyclic load, i.e. under multiple usages. This
is the case of the fatigue test, which consists in the application of a cyclic load to the
sample, keeping the maximum load in the elastic regime. These tests are used either
to generate fatigue life and crack growth data, identify critical locations or
demonstrate the safety of a structure that may be susceptible to fatigue. For example,
Cattarinuzzi et al. investigated the failure mechanism of aluminum/polyimide
stretchable interconnects under cyclic load with a uniaxial stress test with in situ SEM
or CLSM.% Their work highlights the crucial role played by the interface between

the substrate and the metal serpentine in defining the mechanical properties of the
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stretchable interconnects. When stretching the substrate, the stresses experienced by
the interconnect metal core are relieved by the deformation of the meandering
structure, which undergoes in-plane and out-plane distortions, as shown in Figure
1.Se. In addition, the restraint offered by the underlying compliant substrate
contributes to retard ductile failure of the metal film. In subsequent work,
Kleinendorst et al. used the same experimental setup with CLSM to extract height
profiles of metal serpentines on polyimide.”” Using a digital height correlation
algorithm, they recorded the three-dimensional microscopic deformation both in-
plane and out-of-plane. They then compared the experimental results with numerical
simulations to model and describe the behavior of the interface during the
experiment. The comparison between experiments and simulations suggests that only
considering residual stresses and different properties in shear and normal directions
allows a comprehensive description of the delamination mechanism. A simulation

result and a CLSM image are compared in Figure 1.5f.
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Figure 1.5. Tensile test. a) /n sitzu TEM holder along with a 5x10 mm MEMS chip.
In an actual experiment, the MEMS chip is flipped, placed in the TEM holder, and
fixed by the left and right clamps. The two SEM images on top show the working
configuration of both a thin film and a nanowire. The images are adapted from 9. b)
On the left the AFM image of the diagonal region of spherulite at 10% strain is
shown. The label (1) indicates craze nucleated at the boundary of stacks with different
lamella orientations, while (2) labels the lamella fragmentation within a lamella
stack. The images are adapted from . ¢) AFM-in-SEM configuration for in situ
nanofiber tensile test. The image on the right shows the glued nanofiber attached to
the AFM probe before the acquisition. The figures are adapted form ®*. d) in situ TEM
tensile testing platform of Ag NW/graphene hybrid film sample. The images are
adapted from 7. €) Image of the aluminum serpentine on a polyimide substrate. On
the right, the delamination of the metal serpentine at 40% strain is shown. The images
are adapted from 8. f) FEM results with the mixed-mode cohesive zone model. For
comparison, the insets show the topographic height profile measurements from the
experiments at the same global stretch increment. The figures are adapted from .
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1.2.2 Bending test

In bending tests, specimens characterized by a geometry for which one (two)
dimension(s) are greater than the other two (one) are considered, so that a
longitudinal axis (middle plane) can be identified. These specimens are loaded
perpendicularly to the longitudinal axis/middle plane. Typically, samples, such as
nanowires, nanofiber, or nanopillar, can be modeled as a beam, while planar
specimens are usually modeled as plates. Therefore, depending on the geometry of
the specimen, different interpretative models are used and allow to investigate
different aspects of its mechanical behavior, such as the bending stiffness, the
maximum deflection, and the failure stress. For example, Kim et al. investigated the
nanomechanical properties of Silicon nanowires with a radius between 15 and 70 nm
by means of AFM bending on freestanding samples.” In this case, the nanowires
were clamped on both ends, as shown in Figure 1.6a. In order to find out what
analytical model adapts better to the experimental data, they performed systematic
investigations of the testing configurations through finite element simulations. In
particular, their results highlight that under a certain threshold of radius the
mechanical properties show significant size dependency since the nanowire strength
dramatically increases as the radius is reduced. Similarly, Morel et al. investigated
the micromechanical properties of poly(L-lactide) nanofibers of different diameters
with AFM bending.” Young’s moduli show a strong increase for thinner fibers below
a critical diameter of 800 nm. To apply the load at the center of the nanofiber, a hook
was used. The experimental setup and the sample during the acquisition can be found
in Figure 1.6b. Antsov et al. used AFM to measure the elastic modulus of five-fold
twinned gold nanowires and compare three different sample configurations to
perform the acquisitions.” Specifically, they tested the following configurations:
three-point bending with fixed ends, three points bending with free ends, and
cantilevered-beam bending. The configurations are depicted in Figure 1.6¢c. In
addition, all three configurations were simulated with a finite element method to
obtain better insight into stress distribution inside NWs during bending depending on
test conditions. An experimental approach to characterize micromechanical
properties of nanopillar in vertical rather than freestanding configuration has been

recently proposed by Angeloni et al.”* They proposed two atomic force microscopy
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methods, based on contact mode imaging and force spectroscopy imaging, to
determine the mechanical characteristics of individual micro- and nanopillars as
fabricated, without using SEM. Figure 1.6d shows the samples as well as the
working principle of both techniques. The technique has been tested either on
polymeric nanopillars or electron beam-induced deposited nanopillars. With the
proposed technique, authors were able to estimate the stiffness of the nanopillars, as
well as the maximum lateral force, the maximum deflection, and the failure stress.
Abrahamians et al. developed an experimental setup to perform in situ stiffness
measurements on ultrathin membranes.” Specifically, the stiffness of suspended
Indium Phosphite (InP) membranes was locally measured by contact at several points
of their surface, using a self-sensing quartz tuning fork probe controlled in frequency
modulation. Experiments were conducted in situ through the robotic
nanomanipulation system implemented in a SEM. A scheme of the experimental

setup is shown in Figure 1.6e.
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Figure 1.6. Bending test. a) SEM images of fabricated structures and AFM bending
configuration. AFM images before and after the bending are reported on the right.
The figure is adapted from 7!. b) On the left the electrospun nanofibers are shown.
On the right, the micromechanical testing setup is reported. The hook used to apply
the load to the fibers is drawn in blue. The images are adapted from 72. ¢) SEM images
and corresponding schematics of Au NWs in three different configurations: free-ends
(left), fixed-ends (center), and cantilevered (right). The images are adapted from 7.
d) SEM image of the nanopillars under investigation. On the right, the force
spectroscopy imaging approach and the contact mode imaging method are shown,
respectively. The images are adapted form 7. e) Ultra-thin membrane under
investigation and a scheme of the experimental setup with the tuning fork to measure
the resonance frequencies. The figure is adapted from 7°.
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1.2.3Nanoindentation test

Nanoindentation is an efficient method to study the mechanical properties of
materials at a small scale with minimal sample preparation. The technique is ideal
for the study of thin films or small volumes of material located in the proximity of
the surface. In a typical nanoindentation test, force and displacement are recorded
when an indenter is pressed against the surface of the material being measured, with
defined loading and unloading profiles. Nanoindentation is most often used to
measure hardness and elastic modulus, but significant advances have also been made
in measuring other mechanical parameters such as hardening exponents, creep
parameters, and residual stresses.”® Traditionally, ex-sifu nanoindentation is a
common method for determining the hardness and modulus of elasticity of materials,
and quantitative stress-strain curves can be obtained. Discontinuities in the stress-
strain curve are associated with specific phenomena in the material. Typically, such
phenomena take place during the test while the deformation is applied. Therefore, ex-
situ nanoindentation tests might not be suitable to investigate the causes that
determine the deformation mechanism. The combination of nanomechanical testing
and direct observation provides unique insights into the material's behavior, including
crack initiation, crack extension, delamination, stacking, elastic, and plastic
deformation. For example, Guillonneau et al. developed an experimental method to
determine the true projected contact area during indentation testing.”’ In particular,
the experimental setup is composed of a microindenter placed inside a SEM. They
investigated the pile-up and sink-in effect during the nanoindentation of different thin
films such as nanocrystalline nickel, ultrafine-grained aluminum, and fused silica.
Figure 1.7a shows the contact area after the nanoindentation experiment. The
indentation testing process is continuously observed in the SEM to monitor the
surface deformation around the tip. Their findings highlight that the hardness/elastic
modulus ratio define a threshold to what contact mechanics model is appropriate to
describe the nanoindentation model. Using a similar setup, Lewis et al. designed a
method able to microfabricate the sample first and characterized them with the same
instrumentation.” Exploiting the focused ion beam-induced deposition, they were
able to microfabricate platinum-carbon 3D nanoscale architectures. The

nanomechanical tests were performed using a nanoindentation system inside the
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same SEM for simultaneous in situ imaging. The real-time imaging during the sample
deformation, allowed them to record a viscoelastic response of the material under
investigation. Figure 1.7b shows a platinum-carbon 3D architecture before and after
the nanoindentation on top. Recently, an AFM-in-SEM setup has been proposed by
Novotna et al.” Such a setup allows the exploitation of the imaging capabilities of
the two techniques, while an indenter performs the mechanical testing. This hybrid
technique enables sample phase identification, precise indentation targeting, and

topographical analysis all in one measurement, as shown in Figure 1.7c.

1.2.4 Micropillar compression test

Similar to the nanoindentation test is the micropillar compression test. During a
micropillar compression test, a rigid indenter is placed inside a SEM. To apply this
characterization technique the samples must have a pillar-like structure, which is
typically achieved with a focused ion beam. Differently, from nanoindentation,
compression testing is usually performed using a flat punch indenter which has a
slightly larger diameter than the micropillar itself. Therefore, the compression
technique is less sensitive to the indenter geometry. The samples for the compression
test provide a small volume of material with a very defined geometry (commonly
cylindrical or square). In situ SEM micropillar compression tests provide a way to
measure the uniaxial mechanical response of low volumes of materials and to directly
correlate the stress-strain data to individual deformation events. It enables
quantifying specific phases and particles or to study deformation behavior and
strengthening mechanisms. For example, Jun et al. reported a study of local
deformation mechanisms in two-phase Ti alloys.®® Specifically, they performed
micropillar compression tests using a displacement-controlled nanoindenter set
inside a SEM, with a constant displacement rate. The results show that the two phases'
morphology significantly affects the local deformation behavior. Snapshots extracted

from the time step evolution of the compression test can be seen in Figure 1.7d.
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Figure 1.7. Nanoindentation and Micropillar compression tests. a) the indentation at
maximum load and the indentation after unloading, showing the trace left by the
material on the tip, and used to determine the sink-in. The figure is adapted from 7.
b) Pyramidal structure before (image is at a 30° tilt) and after (taken at an 89° angle
relative to the electron beam) compression. The scale bars are 200 nm. The images
are adapted from 7. ¢) SEM image obtained with secondary electrons (SE) with
circles highlighting individual indents and SEM image obtained with backscattered
electrons (BSE) indicating the material composition. On the bottom, the AFM image
of the same region of the sample is shown. The AFM image allows the extraction of
the profiles of the nanoindentation imprint into the sample. The images are adapted
from 7°. d)Time step evolution of the micropillar compression test. The figure is
adapted from %0,
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1.3 MY RESEARCH PROJECT

As described in the previous section, experimental techniques for testing mechanical
properties in situ at the nanoscale are emerging nowadays. However, the reported
techniques often rely on custom components specifically designed for the sample
under investigation. Moreover, these techniques often involve the combined use of
two or more instruments, thus being expensive and difficult to reproduce in other
laboratories with other experimental setups. Thus, experimental techniques are
needed that are easy to access and require as little sample handling as possible.
Among the various imaging and mechanical testing tools, AFM appears to be among
the most promising to overcome these limitations. The atomic force microscope can
test nonconductive samples, unlike SEM and TEM which require at least a
conductive coating. In addition, AFM can operate in room temperature conditions
without the need for a vacuum. The absence of vacuum among the requirements for
micromechanical testing also simplifies sample nanomanipulation during
experiments. As much as the AFM looks very promising, it also has some limitations
that can affect its suitability for certain applications. Its scanning process is slow
compared to other imaging tools, which limits its throughput and makes it less
suitable for high-speed imaging. While it provides high-resolution topographic
information about the sample, it does not provide detailed chemical information.
Finally, AFM probes are delicate and can wear out over time, which can result in
reduced image quality, presence of artifacts or even probe failure. As reported in the
previous section, to describe and interpret the experimental data, predictive models
and numerical simulations need to be added to the laboratory tests. It is necessary to
make use of interpretive models that allow a greater understanding of the local
working mechanisms of these functional materials and stretchable/flexible device
components, paving the way to the investigation and optimization of the performance

of soft bioelectronics interfaces.

In this context, my doctoral research activity regarding the nanomechanical
characterization of soft bioelectronic interfaces took place. The research project
synergistically adopted two different and complementary approaches to develop
experimental setups and interpretive models for nanomechanical characterization: (i)

numerical modeling of the sample under investigation; (ii) experimental analyses to

35



Introduction

provide direct inputs to simulations and to evaluate the result. The skills and
instrumentation needed to perform the activities described in (ii) are available at the
Department of Physics, University of Bologna, while the skills and software tools
needed for (i) are available at the Laboratory of Computational Mechanics (LAMC),
located at DICAM. The AFM used in this work is the NX10 model, manufactured by
Park System. Specifications of the instrument can be found here.®! For a detailed
description of the operating mechanism of an atomic force microscope, the reader is
referred to textbook.®? In what follows are reported, one by one, the papers published

during my Ph.D. program.

Chapter 2 is based on the first paper published during my Ph. D and describes an
experimental method to study the mechanical response of an ultra-thin metal film
deposited on the polymeric elastomer. This type of material is a prototype stretchable
conductor employed in wearable and implantable soft bioelectronics. In this first
work, nanoindentation experiments and electrical measurements were carried out
with AFM to characterize the nanomechanics of ultrathin gold films on
polydimethylsiloxane (PDMS) elastomer. The method, along with an analytical
method, enables quantifying the local Young’s modulus of elasticity of the
nanometer-thick film. By investigating the effect of different film thicknesses, a
threshold value for the percolation of the thin metallic film is revealed. Only if the
thickness of the metallic film is greater than the threshold a linear increase in bending

stiffness and electrical conductivity is recorded.

Chapter 3 contains the second work done during my Ph.D. In this work, a novel
atomic force microscopy (AFM) method is demonstrated, which provides
multichannel images of surface morphology, conductivity, and elastic modulus in
situ during sample deformation. The experimental approach has been tested by
investigating strain effects in thin gold films deposited on a soft silicone substrate.
The findings show the effect of microcrack opening during tensile strain and their
impact on local current transport. The acquisitions reveal that although the films
fracture into separate fragments, at higher strain a current transport is sustained by a

tunneling mechanism.
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In the context of the collaboration with the Department of Electrical and Computer
Engineering of the Technical University of Munich (TUM), the nanomechanical
response of 3D-printed inkjet micropillars has been investigated. These types of
structures constitute microelectrode arrays (MEAs) and are often used in implantable
devices as they allow better spatial resolution and have a high signal-to-noise ratio.
In the context of this collaboration, samples with different microfabrication
techniques were developed in Munich. Afterward, the fabricated samples were
nanomechanically characterized with an AFM-based method developed in Bologna
to measure the flexural stiffness and elastic modulus of materials. Accurate
mechanical characterization of micropillars is pivotal in the fabrication and
optimization of MEA, as it determines the mechanical compliance with the tissue and
whether the device will fail or not. The results of this research are reported in Chapter

4.

37



Introduction

38



2 ATOMIC FORCE MICROSCOPY
NANOMECHANICS OF HARD NANOMETER-THICK
FILMS ON SOFT SUBSTRATES: INSIGHTS FOR

STRETCHABLE CONDUCTORS

The content of this chapter was published in the journal ACS Applied Nano
Materials.

Abstract

The nanomechanical properties of ultrathin and nanostructured films of rigid
electronic materials on soft substrates are of crucial relevance to realize materials and
devices for stretchable electronics. Of particular interest are bending deformations in
buckled nanometer-thick films or patterned networks of rigid materials as they can
be exploited to compensate for the missing tensile elasticity. Here, we describe
Atomic Force Microscopy (AFM) indentation experiments and electrical
measurements to characterize the nanomechanics of ultrathin gold films on
polydimethylsiloxane (PDMS) elastomer. The measured force-indentation data can
be analyzed in terms of a simple analytical model describing a bending plate on a
semi-infinite soft substrate. The resulting method enables to quantify the local
Young’s modulus of elasticity of the nanometer-thick film. Systematic variation of
the gold layer thickness reveals the presence of a diffuse interface between the metal
film and the elastomer substrate that does not contribute to the bending stiffness. The
effect is associated to gold clusters that penetrate the silicone and are not directly
connected to the ultrathin film. Only above a critical layer thickness percolation of
the thin metallic film happens, causing linear increase in bending stiffness and

electrical conductivity.
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2.1 INTRODUCTION

Integration of advanced microelectronic sensor and actuator technology into devices
with soft and stretchable mechanical properties is a major challenge for electronic
materials science and device engineering.®>* Low-invasive biomedical implants,?°

soft robotics,'? or electro-mechanical energy harvesters,'!

all rely on deformable
electronic devices that are compliant to a mechanically demanding environment
while maintaining their electronic functionality. Unfortunately, most of currently
known high-performance electronic materials are based on hard and stiff inorganic
conductors and semiconductors. Only recent research demonstrated how structural
engineering at the micro- and nanoscale permits to combine such hard materials with
soft and elastic substrates resulting in overall stretchable properties.®* The progress
relies on the fact that hard inorganic materials can be bent with small forces, when
patterned into ultra-thin layers or nanowires.®* Such bending deformations can then
be exploited to compensate tensile strain during device stretching. Examples of this
approach are stretchable serpentine conductor lines,% buckled conducting thin

8 or island based conducting network structures.’**° So far,

films, a kirigami,®
development and optimization of the stretchable surface patterns has been based on
the analogy to their macroscopic counterparts and empirical findings. However, the
nanoscale confinement of the thin inorganic layer as well as its adhesion to the elastic
substrate can have a critical impact on the mechanical properties, changing the
bending as well as fracture behavior. To take such effects into account and to achieve
a rational optimization of wavy surface patterns for stretchable electronics,

techniques and models are needed to characterize the nanomechanics of ultrathin

hard layers on soft substrates.

Atomic force microscopy (AFM) has evolved in the last decade as a powerful tool to
study the nanomechanics of complex surface structures. Advances in instrumentation
have carried to a versatile tool thanks to highly specified probes to investigate
different mechanical properties at the nanoscale. Colloidal AFM probes have been
widely used to measure the friction and adhesive surface properties of materials.”"%?
The typical diameter of colloidal probes is in the order of a few um to avoid

penetration and fracture of the material under investigation. In a nanoindentation

experiment, instead, the tip must locally penetrate the target surface, therefore sharp
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AFM probes have been developed with a diameter in the order of 10nm.%* The
variation in the tip diameter allows operating in different force regimes with the same
instrument. Important examples demonstrating the power of these techniques, regard
the characterization of nano-phase separated polymers or investigations of the
cytoskeleton in living biological cells.** Inspired by this success, first research groups
have employed the AFM to systematically investigate samples with more complex
layered structures.”> Examples are thin layers on top of a substrate with softer or
harder elastic properties, thin bilayers of polymeric materials with differing elastic
modulus or multi-layered structures of layer-by-layer microcapsules.®*%%7
Indentation experiments on bi- or multilayer structures face difficulties as analytical
models are needed to extract the materials properties (i.e. elastic moduli, Poisson
ratio) and structural information (i.e. layer thicknesses) from the measured force-
indentation curves. For the case of homogeneous semi-infinite surfaces with isotropic
elasticity, such models based on Hertz, Boussinesq or Sneddon theories are available
and are routinely applied in experiments.**%1% Instead for layered systems, no
general analytical solution is available for the more complex nanoindentation process
and up to now only few approximate or phenomenological models have been
introduced. For example, under the assumption that the mechanical properties of the
different layers do not differ widely, a perturbative approach has been developed to
derive an effective, depth dependent modulus that combines contributions from

9697101 Other works employ numerical finite element

different layers and substrate.
models to understand and quantitatively analyze indentation curves.'”> Many works
on bilayers focus on the case of a soft top layer on a hard substrate as this is relevant
to indentation studies on living cells where the so-called “bottom effect” introduces
artifacts to the quantitative analysis of cell’s elastic properties.!% Inspiration for the
derivation of analytical AFM nanomechanics models comes from -classical
mechanical engineering works describing stiff, bendable layers on top of an elastic
semi-infinite continuum to assess the stability of construction sites on soft soil.!%4105
Advancing on this background, first analytical models have been derived in the
literature to describe indentation of hard stiff nanometer-thick layers on soft

substrates and open new opportunities to interpret experimental nanoindentation

data 106,107
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Here we introduce Atomic Force Microscopy to investigate the nanomechanics of
thin gold-layers deposited on a silicone elastomer substrate. We consider such
bilayers a model system for stretchable conductors based on ultrathin bendable
metallic layers deposited on a soft substrate. Gold on silicone structures have recently
been used to realize stretchable bioelectronic implants with low-invasiveness due to
their compliance to the mechanics of the surrounding tissue.’>!%® The gold
nanometer-thick film maintains its conductivity during stretching due to the
formation of a microcrack pattern when a suitable layer thickness and adhesion
promotor (titanium or chromium interlayer) are applied.'® ' With increasing strain,
the non-conducting microcracks exposing the elastomer substrate open and the
ultrathin gold layer takes the form of a network structure that compensates the tensile
strain by bending deformations without breaking its interconnectivity.'!! Therefore,
the microcracked gold-layer can maintain its electrical conductivity yielding a
stretchable conductor. Gold layer thickness and adhesion are two fundamental
parameters that decide on the performance of the stretchable conductor: too thin
layers do not offer sufficient conductivity whereas thick gold layers have a large
bending stiffness and create only few but large fractures that interrupt conducting

pathways during strain.

In order to understand the crucial role of thickness on the nanomechanics of such thin
metallic films on elastic substrates, we introduce in this work indentation experiments
combined with electrical characterizations. To interpret the indentation data, we
exploit the analytical model provided by Lee,!"” and compare with finite elements
simulations. To our knowledge, it is the first time that the analytical model is
confirmed experimentally and used to provide quantitative insight from AFM
nanoindentation experiments. For the case of ultrathin metal films evaporated on a
soft elastomer substrate, our results demonstrate the existence of a critical threshold
of a few nanometers of thickness that decides on the mechanical properties. Below
the threshold thickness, force-indentation curves show only a smaller increase in
surface stiffness and maintain a Hertzian curved shape. Above the threshold, the
metal film behaves as a bending plate and shows a linear force indentation curve that
becomes independent of the shape of the identing tip. In this regime, the surface

mechanics are fully dominated by the flexural rigidity of the metallic ultrathin film
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and the elastic modulus of the substrate. By performing measurements on gold layers
with different thicknesses, we can relate the bending stiffness to the bulk elastic
properties of the thin metallic film. Finally, comparison with the electrical
conductivity of the gold-silicone layer shows that the threshold behavior in the
indentation nanomechanics matches the onset of surface conductivity. Accordingly,
we attribute the observed threshold to the onset of percolation of gold islands growing

on the silicon substrate.
2.2 EXPERIMENTAL SECTION/METHODS
2.2.1PDMS/Au and PDMS/Ti/Au preparation

PDMS is obtained by mixing crosslinker and Sylgard 184 silicone in a ratio of 1:10.
After intensive stirring, the mixture is put under vacuum so that the air bubbles are
removed. The mixture is then poured onto a microscopy glass slide and spin-coated
at 250 rpm for 3 min. Substrates are then stored for one hour at 70 °C in an oven.
Then the titanium adhesion layer (1-2 nm thickness) and gold are deposited on the
glass/PDMS substrates by thermal evaporation (source sample distance = 25 cm,

vacuum pressure = 5.5 107¢ mbar).
2.2.2 AFM characterization

A Park System's NX10 AFM was used in the experiments. The
Rocky Mountain Nanotechnology’s probe 25Pt300B was used to perform
simultaneously conductive AFM and force spectroscopy. For normal indentation
experiments we used nonconductive tips such as Mikromash’s NSC36B and NCHR
from Nanosensors. To study the linear elastic regime, we typically used a setpoint of
400 nN and an indentation speed of 3 um s~1. The range of Z height scanned is
defined to obtain at least 200 nm baseline before the contact between the tip and the
sample takes place. Prior to each experiment the tip sensitivity and force constant are
calibrated by indentation on a silicon surface and thermal tune method. The
uncertainties reported for hy*®¢ and Ej,, are obtained by error propagation of the
uncertainties estimated by the linear fit of the stiffness-thickness data and the relative
error of the spring constant of the AFM cantilever, found during calibration to be

approximately 5%. The AFM tips 25Pt300B, NSC36B and NCHR have spring
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constant equal to 18 Nm™, 11 Nm™%, 5Nm™!

, respectively. The stiffness map
shown in Figure 2.1c was obtained by the PinPoint mode of the AFM. NCHR tips in
non-contact mode was used to measure the gold film thickness. To do so, during the
gold deposition, we placed a glass carrier near each PDMS sample, and we covered
partially the glass. The thickness was measured by scanning 40um? area between the

covered and uncovered part of glass/Au samples.

To investigate the dependence of the force-indentation curves on the tip radius, we
vary the tip curvature by applying frictional wear. We first characterize the tip radius
by performing NCM measurements on a tip-shape characterization sample
(MicroMasch, PAO1). We then approach the AFM tip on a microscopy slide glass
surface and scratch in a controlled way (200 nm, 10 lines, 50nN Setpoint). Finally,
the new radius is estimated as fitting parameters of force-indentation curves of pure

PDMS with known elastic modulus, according to the Hertz model.
2.2.3Van der Pauw measurements

A current of 100 mA is injected into the samples by means of Keysight SMU. Copper
tape and silver paste are used to favor electrical contact between the gold thin film
and the SMU. We measure the resistance of the film using four different
configurations by varying the side in which the current is injected. The voltage is

measured on the opposite side as in the standard van der Pauw setup.'!>!13
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2.3 RESULTS

Figure 2.1a shows the basic experimental configuration that we exploit to investigate
the nanomechanics of thin gold films on elastomeric substrates. Investigated samples
contain a 0.7 mm thick Poly(dimethylsiloxane) (PDMS) layer attached to a glass
carrier. On top of the PDMS films we thermally evaporated a thin titanium adhesion
layer followed by a thicker gold layer (see experimental section for details). In an
atomic force spectroscopy experiment, we push the tip against the surface and
measure how the force increases as a function of the sample indentation. Typical
indentation depth is about 100 nm. The thickness of the PDMS substrate ensures that
the presence of the glass carrier is negligible as we probe less than 1% of the sample.
Typical curves obtained for hard thin films on soft substrates such as PDMS/Ti/Au
(blue) and PDMS/Au (red) are shown in Figure 2.1b. The curves show an immediate
linear increase in force with indentation. Also, we observe an elastic response in
which there is no hysteresis between the loading and unloading curves. This finding
is at strong difference to indentation experiments performed on the pure PDMS
substrate (black line). For PDMS forces are significantly lower and show a super-
linear increase with indentation, precisely following the prediction of the Hertz
model.*+*%-1% By performing indentation experiments at different positions on the
surface, we can verify that the increase in stiffness due to the thin metal layer is
constant throughout the surface (Figure 2.1c¢). From the high-resolution stiffness map
shown in Figure 2.1¢ we obtain an average value of 1.3 N m™? for a film of 38 nm
Au. The small standard deviation of 0.07 Nm™?! points to a homogeneously
deposited metal film. Little variations only emerge due to local fluctuations in film
thickness and grain structure as seen in the height map (Figure 2.1¢). Differently,
measurements at the border between stiff Au-islands and zones with exposed PDMS

show an abrupt decrease of stiffness (Figure 2.5a).

To understand possible perforation of the metal film during indentation, we increase
the maximum indentation force and combine the measurement with conducting
AFM. In this way, it is possible to study the mechanical response of the bilayer, while
monitoring the current flowing from the film into the tip. Figure 2.1d shows such a

measurement with a force limit of 400 nN. Within this range the response is linear
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and reversible, and a constant current is monitored between tip and sample.
Increasing the force limit (Figure 2.1d right), we enter a second regime, in which at
a critical force value (here 2000 nN), the current is interrupted, and indentation
continues without further need to increase the force. During unloading, a strong
hysteresis emerges in the indentation curve and the current remains at zero. These
findings point to a fracture of the surface at critical forces. This is also confirmed by
the surface topography measured after the indentation that shows a clear tip imprint

once the threshold force is exceeded during indentation (Figure 2.5b).
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Figure 2.1. Nanomechanical and electrical characterization of thin gold films on
elastomeric substrate. a) Scheme of the AFM experimental setup. b) Force—
indentation curves on thin metal films of thickness 38 nm (Au, red) and 57 nm (Ti/Au,
blue), compared to pure PDMS substrate (black) and the fit with Hertz model setting
the tip radius to 20 nm. ¢) Height and stiffness map (128 x 128 pixel) of Au deposited
on PDMS. d) Force—indentation and conductive AFM curves of PDMS/Ti/Au (40
nm thickness) with different force limits.
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2.3.1 Analytical Model

From the experiments described above, profound differences emerge between the
response of the pure PDMS and that of layered samples such as PDMS/Ti/Au and
PDMS/Au: the presence of gold not only stiffens the system, but also modifies the
force-indentation curve, which no longer follows the Hertz model. To obtain a
quantitative description of this behavior, we consider the analytical model proposed
by Lee et al.,'”” which represents the layered system as a thin elastic plate bonded to
an elastic half-space, see Figure 2.2a. As described in the supporting information,
the model yields a nonlinear analytical solution to the indentation mechanics. For our
case we further simplify the model by representing the indenter as a concentrated
force F and neglecting local Hertz-like deformations in the stiff metal layer. These
assumptions are justified by the large mismatch of the elastic modulus of the metal
layer with respect to the substrate. The resulting linear relation between force and
indentation F = K§ is characterized by the stiffness K, i.e. the slope of the force-

indentation curve, that can be expressed as:

1
2 2 3
3V3D _ 3\/§( 4(1 = vsost) Esort Enara ) h @.1)

K =
12 (14 Voore) (3 = 4vsope)” 121 = Vigra)

where, Epgra, Esofts Vhara» and Vsop are the elastic moduli and the Poisson’s ratios
of the hard thin layer and of the soft substrate, respectively, and h is the thickness of
the thin layer. We note that the linearization of the force-indentation curves, removes
any functional dependence on the indenter geometry. This differs greatly from other
indentation models proposed in the literature such as the Hertz model or more

96,98-100.114 Tny fact, in such models the shape of the indenter

advanced bilayer models.
and local effects under the tip play a crucial role, as they determine the effective
contact area, which is function of the indentation depth. For the here investigated case
of Epgra >> Egopt, the linearized model appears suitable to represent the hard on
soft bilayer behavior at small indentation. This is justified, by considering the
characteristic length scale | defining the radius of the area on the rigid bending plate

below the indenter which undergoes relevant vertical displacement. The

characteristic length can be written as:
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1
_ (D(l + Vo) (3 = 4Vsoft))3 2.2)
2Esoft(1 - VSOft)

where D = h3 E4,4/12(1 — vZ,,4) is the flexural rigidity of the plate.'” Using the
typical experimental parameters, a value of [ = 1.1 pm is expected and is clearly
much larger than typical contact areas between the indenting tip and the surface.
Accordingly, the indenter can be modeled as a concentrated force applied to the plate.

Furthermore, the model neglects the shear deformability of the plate,!* which

.
requires - = 4.

The conditions for the linearized solution are met when the ratio of the elastic moduli
of the thin film and the substrate is high enough. This condition is equivalent to
require that the ratio between the characteristic length scale land the thin film
thickness # is great enough. This fact highlights that the suitability of the linearized
model depends on the thickness of the metal film. In our case, the ratio is on the order
of 10*. Figure 2.2b compares the analytical solution and its linearized version. For
the computations we assumed bulk values for PDMS and Au as found in literature
(Enara = 78 GPa, Egofr = 1.55 MPa, vjqrq = 0.44 and vs,r, = 0.5), a gold layer
thickness of h = 44 nm and a spherical indenter of radius R = 20 nm. As it is clearly
visible from the plot, the linear term is dominant up to approximately 10 pm
indentation. However, experimentally, a typical maximum indentation to perform
AFM force spectroscopy is around 250 nm (Figure 2.2b inset). Furthermore, the
fracture of the gold film occurs at loads in which the two curves are still overlapped.
For example, with a tip of radius around 20 nm the fracture occurs at around 500 nN

of load applied.

To further confirm the validity of the aforementioned conditions, we perform
numerical simulations based on Finite Element Method (FEM). The input parameters
of the numerical simulations are set equal to the ones reported for the comparison
between the analytical solution and its linearized version. The inset in Figure 2.2b
shows the numerical results in the typical experimental operating range compared to
the two analytical curves. More details about numerical simulations can be found in

the supporting information.
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Figure 2.2. Indentation models for hard films on soft substrates: a) Scheme showing
the main parameters. On the right the main equations of the model in case of
indentation of a uniform layer bonded to an elastic half-space are reported. b)
Calculated force-indentation curves according to the analytical solution (blue) and its
linearized version (red).'”” The two curves start to diverge significantly at
indentations exceeding 10 pm. The inset shows the calculated indentation curves in
the experimental range of indentation. The black data correspond to the result of the
FE numerical simulations.

2.3.2 Experimental validation of the model

To validate the model, we first investigate the impact of the indenter geometry by
means of force spectroscopy with three different AFM tips, characterized by
increasing radii of curvature, called R; (20 nm), R, (135 nm) and R3 (490 nm),
respectively. The acquired curves are shown in Figure 2.3a in different blue colors.
We compare with indentation experiments performed on pure PDMS as represented
in warm colors. For PDMS, as expected from the Hertz model, a strong dependence
on the tip radius is found. Differently, the acquisitions made on PDMS/Ti/Au (cold
colors) show superimposed force-indentation curves. Therefore, the experiments
confirm the absence of any impact of the tip geometry, as predicted by Equation 2.1.
Accordingly, the representation of the AFM tip as a concentrated force in the

analytical model appears to be well justified.
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Next, we investigate the variation of the response in samples with different gold
thicknesses (20 - 60 nm). A linear relationship between thickness and stiffness, as
predicted by the analytical model (Equation 2.1), is confirmed for both PDMS/Ti/Au
and PDMS/Au, as shown in Figure 2.3b, where also the linear fit of the data are
shown. We notice that the linear relation reported in Equation 2.1 passes through the
origin. Thus, the stiffness vanishes as the gold thickness goes to zero. Instead, Figure
2.3b shows that the linear fit of the experimental data results in an offset different to
zero and extrapolation suggests a nominal gold layer thickness of hg*®¢ at which the
stiffness is zero. On this regard, we note that the nominal thickness of the evaporated
metal film is evaluated by a quartz crystal balance calibrated by AFM measurements
of layers deposited on a glass support. The presence of hj**¢ in the experimental data
indicates the existence of an ineffective thickness of the metal film which does not
contribute to the stiffness of the metal layer. Taking such effect into account,

Equation 2.1 can be rewritten as:

1

2 3

4(1-v Elpe E

K= 3\/§< ( _ soft) _ soft hzard ) . (h _ hz)nec) (23)
(14 Vsore) (3 = 4vgope) 121 = Vhara)

In our case, in absence of titanium (red curves in Figure 2.3b), the evaluated
ineffective thickness value is hg*® = 11 + 2 nm, while, for PDMS/Ti/Au (blue
curves in Figure 2.3b), we obtain hg* = 12 + 3 nm. We estimate Ej,,4 from the
slope of the linear fit of the thickness-stiffness experimental data using Equation 2.3.
The Poisson’s ratio of the hard film is set equal to its bulk counterpart, vy,,,-q = 0.44.
With the above settings, Equation 2.3 yields E,-q = 103 +21 GPa for
PDMS/Au. No significant impact of the titanium adhesion layer on Ejg.q i
observed, as it is estimated to be Ey,-q = 110 + 22 GPa for PDMS/Ti/Au (Figure
2.3b blue data points). Once the relation between film thickness and stiffness is
found, the linear force-indentation curve can be obtained. Figure 2.3¢ shows a
comparison between the model predictions and experimental data, showing a good

agreement between the two.
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Figure 2.3. Experimental validation of the indentation model: a) Force—indentation
curves acquired with three different AFM tips on both pure PDMS (warm colors) and
PDMS/Ti/Au (blue colors). b) Stiffness dependence on the thin film thickness. Note
that the experimental data shown in Figure 2.3b correspond to the average of the
stiffness of the loading and unloading curves. This avoids possible systematical errors
due to thermal drift during the AFM acquisition. ¢) Comparison between the
experimental indentation curves and the model predictions for PDMS/Ti/Au samples
of different thickness (h = 21 nm, h = 38 nm, h = 53 nm).

2.3.3Nanomechanical and electrical properties influenced by thin film growth

In the former paragraph we found that the nominal thickness of the hard thin film
systematically leads to an overestimation of the bilayer stiffness. Then, the presence
of a mechanically ineffective layer of thickness h{** has been introduced to explain
the mismatch, leading to a good approximation of the experimental data. To
understand the reasons for the presence of such a mechanically ineffective part of the
gold layer, we perform AFM analysis of several samples with thicknesses lower than
hy'é¢. Figure 2.4a, Figure 2.4b and Figure 2.4¢ compare the surface morphologies
of the pure PDMS substrate and two bilayer samples with gold thicknesses 7.5 nm
and 53 nm. The deposition of the 7.5 nm Au layer did not increase the overall surface
roughness, which is characterized by a standard deviation of the height equal 0.31
nm, similar to the results obtained for pure PDMS (std = 0.36 nm). The only
difference is that the small variations in surface height show a more granular

structure.
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Considering now the morphology of a film with thickness greater than h{*¢, a
completely different picture emerges: the deposition of a larger amount of gold leads
to a rough surface (std = 4 nm) characterized by clusters whose diameter measures
several nanometers. These images indicate that a continuous gold film is formed only
for thicknesses greater than the threshold thickness h{'¢. Below such thickness, the
deposited gold clusters seem to permeate into the elastic polymer substrate giving
rise to a diffused interface. Consequently, the deposited gold clusters do not connect
between each other and offer no resistance against bending of the surface. This
picture is further supported by the force-indentation curves acquired on the samples
shown in Figure 2.4d. For samples with h < h{** the mechanical response follows

the Hertzian curve.

The presence of a diffused interface is further confirmed by additional independent
measurements of the electrical sheet resistance of the deposited films. Below h{**¢
we do not find any conductive behavior of the gold film. For thicker layers, above
the onset of percolation, electrical conductivity is established. Using a van der Pauw
contact geometry, the sheet resistance, R2*, of the thin film is experimentally
measured.!'>! By using simple geometric arguments we express the thickness

dependence of the sheet resistance as:

Au

p
R =-—— " (2.4)

where p4" is the resistivity of gold, h is its nominal thickness and, in analogy to the
proposed mechanical model, an ineffective thickness, h¢', has been introduced.
Below such threshold the gold film is not interconnected and is not conductive. We
note that a similar threshold thickness for electrical conductivity was also reported
by Graudejus et al. for thermally evaporated metallic thin films on silicone

substrates.!!

In analogy to the procedure used to study the mechanical behavior, it is possible to
estimate h§ and pA* by fitting the experimental data according to the Equation 2.4.
As the sheet resistances differ by orders of magnitude, we fit the measurement data
on a logarithmic scale as shown in Figure 2.4e. In this way, we evaluate h¢' = 13 +

3 nm for PDMS/Au samples, that compares well to the mechanical measurements.

52



Chapter 2

The estimated resistivity p4* = 127 4+ 21 Q nm is significantly larger than its
bulk equivalent. The reason for the larger resistivity is associated to the disordered,

cracked microstructure of the thin metallic film.

Both, mechanical as well as electrical measurements point to a critical thickness h,,
below which the metal layer is not continuous. A simplified scheme of such a
situation is depicted in Figure 2.4f. Such diffused interfaces have been described for
several cases in which metals were thermally deposited onto organic or polymeric
substrates.** Migration of metal clusters into the polymer is possible due to the high
kinetic energy and the small size of the arriving clusters. With the ongoing
deposition, larger clusters start to condense closer to the interface and increase in
size, so that penetration into the polymer becomes more and more unlikely. Finally,
when the threshold thickness is reached, clusters percolate and a continuous film
starts to build up. The amount of material diffused into the polymer does not
contribute neither to the mechanical bending stiffness nor to the electrical

conductivity.
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Figure 2.4. Relationship between gold layer thickness and electrical properties: a, b,
¢) Non—Contact Mode AFM images (128 x 128 pixel) acquired on pure PDMS (a),
PDMS/Au with gold film thickness below (b) and above (c) the threshold value hg**¢.
d) Force—indentation curves of PDMS/Au with gold film thickness above and below
the threshold value h{**. e) Sheet resistance of samples with different film thickness.
f) Qualitative representation of the effective thickness interpretation.

2.4  DISCUSSION AND CONCLUSIONS

Our work demonstrates how AFM indentation experiments can be performed and
interpreted to investigate the nanomechanics of hard nanometer-thick metallic films
on soft elastomer substrates. By combining the mechanical nanoindentation
experiments with conductive AFM, we were able to distinguish perforation of the
conductive surface that leads to irreversible damage and conductance failure. Instead,
when nanoindentation experiments are performed with forces remaining below the

critical fracture force, the response is elastic and reversible. In this elastic regime of
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indentation, we find that the nanomechanics become independent on the indenter
geometry and scale linearly with layer thickness. We achieve a quantitative
description of this behavior by referring to the analytical model proposed by Lee et
al. for the indentation of a hard uniform layer bonded to a soft, elastic half-space.'?’
We show that a linearized version of the model already accounts for all the observed
phenomena in the experimental parameter range and allows to relate the observations
to mechanical material properties such as the elastic modulus and Poisson ratio of the
involved materials. By comparing also to finite elements simulations, we find that

the linearized model holds due to the large mismatch in elastic moduli between soft

Ehard

substrate and hard metallic thin film ( > 500). For such a situation the metallic

Esoft
film behaves effectively as a bending plate for which it is possible to disregard local

deformation under the tip.

For the investigated case of gold thermally deposited on silicone elastomer we
exemplify how the described method enables a deeper understanding on the relation
between nanometer-thick film structure and its nanomechanical properties. By
varying the gold layer thickness, we demonstrate that a significant increase in layer
stiffness only happens above a threshold thickness h{**. We explain the presence of
this threshold by the penetration of initial evaporated gold clusters into the polymer
substrate to create a diffuse interface that retards percolation of interfacial clusters
into a continuous film. The existence of a percolation threshold is also confirmed by
electrical measurements of surface conductivity that show an onset at a similar layer
thickness. Once percolation is achieved, the film builds up a flexural rigidity and
significant surface stiffening happens. From the quantitative analysis of the surface
stiffness, we find a local Young’s modulus of such ultrathin gold films of 103 + 21
GPa. The value matches within its uncertainties the gold elastic modulus obtained in
macroscopic deformation experiments. Interestingly, we find no significant impact
on the investigated thin film nanomechanics by the thin titanium adhesion layer used
to bind gold stronger to the elastomer substrate and to prevent delamination. This
observation agrees with the analytical model presented by Lee et al.,'’” in which no
effect of the adhesion between layer and substrate is found if the latter one is assumed

incompressible ( Vso5r = 0.5). We further note that in our experiments the
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delamination effects are not relevant, but they become important once a microcracked

network is established to achieve reversible stretching stability.

In conclusion our work demonstrates a quantitative analysis of the surface
nanomechanics of thin hard metallic films on soft substrates. It enables to extract the
effective layer thickness and the local Young’s modulus of the thin metallic layer.
Both are parameters that are crucial to understand and predict the properties of such
films once they are employed as stretchable conductors where their bending is needed
to compensate tensile strain. So far nominal thickness values and bulk elastic moduli
were used as parameters when modelling such systems to optimize strain

compensating geometries.'%?

Instead, our method provides an experimental access to
the relevant parameters thereby paving the way towards a quantitative understanding

and optimization of hard on soft interfaces for stretchable electronics.
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2.5 SUPPORTING INFORMATION

Stiffness Retract [N/m] b Z Height [nm]

219

Figure 2.5. a) Stiffness map (128 x 128 pixel) on region of PDMS/Au bordering to
pure PDMS region. b) Tip imprints left on the gold film by reaching the second
regime during nanoindentation.

2.5.11Introduction of the analytical indentation model and linearization

The analytical model for the indentation of a uniform stiff layer bonded to a
homogeneous half-space has been proposed by Lee et al. '%7 The relation between the

force (F) and the indentation (§), can be written as:

1
3

6—F 12 12 [1+7TD ( aC 27TD)+ 1 (D) ) s
~D)3v3 2rnl TFRIP FR) " 4hz\4FR 2:5)

where C is Euler’s constant, R is the radius of the rigid spherical indenter, h is the
plate thickness, D is the flexural rigidity of the plate and [, reported in Equation 2.2,
is a characteristic length of the problem. Notice that Equation 2.2 is valid if no
sliding is allowed between the plate and the substrate. When sliding is allowed a

different expression for [ is provided in '%

. However, differences are limited to the
10% and the two coincide for incompressible substrates (Vs = 0.5). In Equation
2.5 the first term gives the contribution of a concentrated force representative of the
indenter. The second term is a correction that takes into account the distribution of

the load along the ring of contact between the indenter and the plate. The third term
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considers Hertz-like local deformations of the plate under the indenter. It must be
highlighted that Equation 2.5 has only one linear term and that all the other terms
depend on the indenter radius. Therefore, assuming the load to be concentrated leads

to the linear force-indentation relation:

5= 2.6)

F
K

where K is the stiffness of the bilayer given in Equation 2.1.

2.5.2FEM Model

We investigate also with numerical simulations based on FEM the independence of
the force-indentation curve on the indenter radius. Figure 2.6a shows the setup of
the axisymmetric FE model, together with a detail of the mesh under the tip. A mesh
entirely composed of quadrilateral elements is adopted. The hard thin layer and the
soft substrate are assumed as homogeneous, isotropic, linear elastic materials. We set
the input parameters of the numerical simulations equal to the values used to compare
the analytical solution and its linearized version (see Figure 2.6b). The indenter is
assumed to be a spherical rigid body. Three radii have been considered, namely 20,
100, 400 nm. The computational domain is a square of side equal to 50 um. The
nodes on the axis of symmetry are fixed in the horizontal direction, while those at the
bottom are constrained in the vertical direction. Concerning the numerical treatment
of the contact problem, the indenter is defined as a master surface, while the layer is
defined as a slave surface, together forming a contact pair. The normal contact is set
to avoid interpenetration of the two bodies, while the tangential behavior is assumed
to be frictionless. The hard film is assumed to be connected to the substrate without
the possibility to slide. The great difference between the elastic moduli of the
substrate and the metallic film, ensures that the contact area between the AFM tip
and the metal film is substantially smaller than the characteristic length /, resulting in
a linear force indentation curve which does not depend on the tip geometry. The FEM
simulations have been carried out with different mesh sizes; however the variations
turn out to be negligible, highlighting once again the independency of the force-

displacement curves from the local deformation of the sample under the AFM tip.
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It must be noticed that an infinite half-space is considered in the analytical model.
Therefore, when comparing results of the analytical model to FEM results it is
essential to ensure that the numerical domain is big enough with respect to [. For

example, a variation of the domain side from 71 to 50! leads to force estimations that
differ of 2%.

Figure 2.6b reports the output of three numerical simulations performed varying the
indenter radius. It must be highlighted that we measure the displacement at the
interface between the rigid indenter and the hard layer. In this way, also local
deformations under the indenter are taken into account. Nevertheless, the three
simulated force-indentation curves are practically coincident. Therefore, also the
FEM numerical simulations confirm the suitability of the linearized version of the

analytical model for the considered application.
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Figure 2.6. Finite Element Model. a) Example of vertical displacement map. Only
the first 10 um near the axis of symmetry are shown. The domain in the simulation
is a square of side 50 pm. The inset shows details of the mesh in proximity to the
indenter. b) Force-indentation curves obtained from numerical simulation with
different indenter radii, namely 20, 100 and 400 nm.
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3 IN SITU FORCE MICROSCOPY TO
INVESTIGATE FRACTURE IN STRETCHABLE
ELECTRONICS: INSIGHTS ON LOCAL SURFACE

MECHANICS AND CONDUCTIVITY

The content of this chapter was published in the journal ACS Applied Electronic
Materials.

Abstract

Stretchable conductors are of crucial relevance for emerging technologies such as
wearable electronics, low-invasive bioelectronic implants or soft actuators for
robotics. A critical issue for their development regards the understanding of defect
formation and fracture of conducting pathways during stress-strain cycles. Here we
present a novel atomic force microscopy (AFM) method that provides multichannel
images of surface morphology, conductivity, and elastic modulus during sample
deformation. To develop the method, we investigate in detail the mechanical
interactions between the AFM tip and a stretched, free-standing thin film sample. Our
findings reveal the conditions to avoid artifacts related to sample bending modes or
resonant excitations. As an example, we analyze strain effects in thin gold films
deposited on a soft silicone substrate. Our technique allows to observe the details of
microcrack opening during tensile strain and their impact on local current transport
and surface mechanics. We find that although the film fractures into separate
fragments, at higher strain a current transport is sustained by a tunneling mechanism.
The microscopic observation of local defect formation and their correlation to local
conductivity will provide novel insight to design more robust and fatigue resistant

stretchable conductors.
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3.1 INTRODUCTION

Stretchable conductive thin films on polymeric substrates are of pivotal importance
for several novel applications such as flexible and wearable electronics, stretchable
bioelectronic implants, microelectromechanical systems, or soft actuators for
robotics.!'%!'8 In these applications, the electrical properties of the thin film have to
withstand the mechanically demanding deformations occurring during device
operation and wear.!!® A fundamental problem regards the mismatch in elastic
properties between conductive thin film and the dielectric substrate material.
Conductivity relies on rigid metals or conducting polymers whereas the substrate is
made of soft elastomers to warrant device compliance. Differences in elastic moduli
spanning orders of magnitude are often the case and lead to the build-up of interfacial
stress during deformation. The consequence are defect formation and defect
evolution as observed in the form of thin film necks, cracks, fracture, and
delamination. Understanding the microscopic mechanism of defect formation as well
as the impact of defects on the electric properties is of paramount importance to
optimize the mechanical wear resistance as needed in future application scenarios.
Despite this need, microscopy techniques that characterize local morphological,
mechanical, and electric properties of the metal layers in situ during the deformation
process are still missing. '?%!2! Only such multichannel imaging techniques will

ultimately enable the correlation of morphological defects to the electrical response.

To date, several studies demonstrate optical or electron microscopy techniques
combined with mechanical stretching to provide rapid imaging of the metallic surface
during sample deformation.0%!116-118122.123 Djesita] image analysis allows then to
quantify the local strain field and to obtain quantitative information on the onset of
crack formation, the crack length, and the crack density as a function of the
strain.!?1124-126 These are all parameters of central importance to describe the fracture
mechanics of such thin films. The drawback of optical or electronic imaging
techniques comes from the reflection-based image reconstruction that cannot provide
quantitative information on surface height changes. Accordingly, it is difficult to
clearly distinguish through and part-through surface cracks or necking structures in
tensile strain experiments or to distinguish bulged structures from delaminated ones.

Instead, quantitative morphological information is provided by atomic force
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microscopy or confocal laser scanning microscopy. First reports demonstrate the
applicability of these microscopy techniques in in sifu experiments combined with
macroscopic mechanical testing and conductivity measurements.'?’ Such data is
highly needed to establish quantitative models for predicting the degradation of

conductivity as a function of strain, !16:118.119,126,128-130

Despite these successes, several crucial local properties of the thin metal film remain
experimentally not accessible, hampering the development of more precise and
realistic mechanical models. This regards in particular local conductivity, which is
notoriously influenced by the development of the crack pattern. In fact, current
models assume ohmic conductance in the defect-free parts of the metal layer, whereas
through-thickness cracks are considered as completely isolating barriers. 31132
Relying on these two assumptions, the determination of the conductivity of the
cracked metallic film reduces to the determination of the geometry of the ohmically
conducting pathway connecting through the fractured film. Once it is known, one can
estimate the increase in the effective path length and its width reduction during the
fracture process to predict the reduction in macroscopic conductivity. So far, no
experimental confirmation has been obtained on these central assumptions.

Observations such as the degradation of conductivity at large strain values point

already to a more complicated role of local conductivity. '3!

To address these issues, we report here an in situ atomic force microscopy method
that provides multichannel images of local surface morphology, mechanics, and
conductivity on strained metal thin films. The method employs fast repetitive force
spectroscopy experiments combined with a conducting AFM probe. Its application
on a free-standing strained sample is demonstrated allowing efficient acquisition of
multichannel images at different strain values. Possible artifacts due to substrate
bending or resonant vibration are analyzed in detail to derive the optimized
experimental conditions for AFM measurements on free-standing samples. As an
example, we investigate the fracture of a thin gold film deposited with an adhesion
layer on silicon elastomer substrates. Similar films have important roles as stretchable
conductor lines in implantable electronics.>>#%133134 The combination of topographic,
micromechanical and electrical imaging channels in our microscopy technique

allows to clearly distinguish different defect types and to understand their effect on
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the macroscopic properties. For example, we find that although the macroscopic
conductivity shows linear ohmic conducting behavior, the local current paths
connecting individual fragments behave in a strongly non-linear way at increasing
strain. The observation points to the relevance of tunneling based transport processes

in microcracked geometries.
3.2 EXPERIMENTAL SECTION
3.2.1PDMS/Cr/Au preparation

PDMS was obtained by mixing crosslinker and Sylgard 184 silicone in a ratio of 1:8.
After intensive stirring, the mixture was degassed to remove air bubbles. Few pums
of PAA were spin-coated on the glass substrate before casting PDMS to decrease the
adhesion. After pouring the mixture, 20 minutes were waited to let it spread
homogeneously onto the glass. Samples were then stored for one hour at 70 °C in an
oven. Then the chromium adhesion layer (5 nm thickness) and gold (18 nm thickness)
were deposited on the glass/PDMS substrates by thermal evaporation (source sample
distance = 25 cm, vacuum pressure = 5.5 107 mbar). Before clamping the sample
in the strain stage, the sample was manually bent and twisted to pre-crack the gold
surface to avoid the formation of a single crack cutting all conductive paths. The
electrical contacts were made with copper tape and a conductive epoxy silver-based
(without the hardener to keep it liquid), to increase the contact stability during strain

variation.
3.2.2AFM Probe

A Park System's NX10 AFM was used in the experiments. The
Rocky Mountain Nanotechnology’s probe 25Pt300B was used to perform fast
repetitive force spectroscopy. The AFM tip used for resonant frequencies
investigation was PPP CONTSCR, while for thickness measurement was NCHR,
both from Nanosensors. Before each experiment, the tip sensitivity and force constant
are calibrated by an indentation on a silicon surface and thermal tune method. The
AFM tips 25Pt300B, PPP CONTSCR, and NCHR have spring constant equal to 18
Nm™, 02 Nm™, 5 Nm™?, respectively.
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3.2.3 AFM resonant frequencies investigation

A loudspeaker (Visaton K50) was used as a source of acoustic waves and controlled
by a function generator (integrated in the Zurich Instruments MFLI Lock-in
Amplifier). The vibrations of the sample were probed by a very soft AFM tip (PPP
CONTSCR) in contact with a setpoint force of 10nN. The Position Sensitive Photo
Detector voltage signal (V,_;) was recorded by a Lock-in amplifier as a function of
the loudspeaker excitation frequency. Since the impact of 20nm thick metal layer on
the resonance frequencies is considered negligible, we performed the experiments on
pure PDMS substrates (2.1mm thick). The strain stage shown in Figure 3.5a and
Figure 3.5b was used to apply different tensile strain values and sample oscillation

was measured in the frequency range from 10 Hz to 40 kHz.
3.2.4 AFM multichannel imaging

Height, Stiffness, and current maps were generated by performing a fast force
spectroscopy for each pixel of the image. Working in Contact mode, before the fast
force spectroscopy the approach of AFM tip to the sample surface is performed. The
approach is concluded when the setpoint force is reached. To move from pixel to
pixel, the tip is lifted from the substrate. Then the XY stage is moved to place the
new pixel below the tip and a tip approach is performed before the next force
spectroscopy starts. As force spectroscopy parameters we set the maximum force to
be 500nN, while the speed of the tip along the Z-axis was 100 um s~1. We set the
lift height to be 1um, the time for the pixel-to-pixel motion to be 5ms, and a pre-
approach time of 100 us. These parameters were optimized on PDMS/Cr/Au surfaces
and an acquisition of a 128x128 pixels images of 40x40 pm? sample area is achieved
in ca. 30 minutes. Current maps were obtained by applying a potential difference of
100 mV for strain 0% and 10V for greater strain values, between the sample and the
tip. The macroscopic I-V curves were acquired with a SMU, tuning the voltage

between -7 V and 7 V, and measuring the current.
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3.3 RESULT

Our in situ atomic force microscopy technique is based on the experimental setup
shown in Figure 3.1a. This setup provides multichannel acquisitions to map the
surface morphology, micro-mechanics, and local conductivity as a function of the
strain applied to the sample. A conductive AFM probe is used to perform
simultaneously conductive AFM and force spectroscopy. During a conductive AFM
experiment, a bias voltage is applied between the AFM probe and the sample to
measure the local electrical current (I;,.,;) that enters the probe through the contact
area with the thin film. At the same time, the macroscopic current (I;,4.r0) flowing
in the entire sample is measured with a SMU. Uniaxial tensile strain is applied by a
custom-designed strain stage in which a screw controls the distance between two
clamps that hold the free-standing sample (Figure 3.5). The multichannel images are
obtained through fast repetition force spectroscopy. Each pixel of the image
corresponds to a force spectroscopy performed with a conductive probe and can thus
provide information on surface height, stiffness and local current measured at a

threshold force.

To test the AFM method, we analyzed the strain response of a thin gold film
deposited with a chromium adhesion layer on a silicon elastomer substrate (PDMS).
Such films are considered a prototype of a stretchable conductors, as during strain a
pattern of microcracks evolves, that absorbs the strain by 3D deformation while
maintaining an inter-connected conductive pathway in the gold layer.!"" Figure 3.1b
shows an optical microscopy image of such a microcracked film with a gold thickness
of 18nm and PDMS substrate of 2.1mm thickness as investigated in our experiments.
A typical measurement curve acquired with force spectroscopy and conductive AFM
on a gold region is shown in Figure 3.1¢.'*> During the measurement the AFM probe
is pushed into and retracted from the sample at constant speed while the force, the
current and the tip position relative to the surface (indentation) are measured. When
the tip contacts the conductive film, an increase of force and a sudden rise in current
are recorded. During indentation, the current reaches a saturation value while the
force increases linearly. Upon retraction, the force follows the loading curve as

expected for an elastic response. Due to adhesion, the surface sticks to the tip when
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it is displaced above the surface and a negative force is measured while the current

remains stable until the contact is lost during snap off.
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Figure 3.1. Experimental design of multichannel AFM in situ experiments. a)
Scheme of the experimental setup. The stretcher used to apply tensile strain to the
sample is represented by its clamps. The electrical circuit permits to apply a bias
between tip and sample to measure local currents entering the conducting AFM tip
and to also measure the macroscopic sample conductivity. b) Optical microscopy
image of the investigated microcracked gold layer. ¢) Force-indentation and current-

indentation curves obtained in a single-pixel acquisition. Blue and red arrows
represent the load and unload, respectively.
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Since the images are obtained through fast repetition of the force spectroscopy
experiment, it is crucial to investigate the possible excitation of resonant oscillations
of the free-standing sample that would interfere with the AFM characterization. To
study resonant oscillations, we used the experimental setup shown in Figure 3.2a.
Oscillation modes were excited by sound produced at different frequencies with a
speaker connected to a function generator. The oscillations of the sample were probed
by an AFM tip in contact with the sample. The AFM tip deflection signal was
recorded with a Lock-in amplifier and analyzed as a function of frequency. Figure
3.2b shows the measured frequency response of the sample vibrations at different
strain. As expected, an increase in strain corresponds to a shift of the resonance peak
to higher frequencies. To ensure that the AFM measurements are not affected by the
sample’s vibrations, the fast repetitive acquisitions must operate at frequencies below
the first resonance peak. The resonant frequencies of the sample depend on its
dimensions and the strain applied. Therefore, these parameters define limits in which

the setup can operate.

67



In situ AFM to investigate fracture in stretchable electronics

To understand the dependence of the resonant frequencies on the sample dimensions
and the strain, we developed a model starting from the well-known Rayleigh quotient
method for vibration analysis and compared it with the experimental results.!*® The
sample is modeled as a pre-stressed plate clamped at two ends. Geometrical
variations due to large strains and Poisson effect have been accounted for. In fact, as
the strain increases, the length increases, while the width and thickness decrease.
With these considerations we obtained the following formula for the first vibrating

mode of a rectangular plate clamped at two ends to which a pre-stress is applied:

() =

3.1)

n_h (1—ve) \/ E <1 32 e(1—-v3)(1+ 2)2)
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where L and h are the length and the thickness of the sample, respectively, while p
is the density, E is the elastic modulus, v is the Poisson’s ratio and ¢ is the strain.
More details can be found in the Supporting Information. We then compared the
experimental results with the analytical model. To do so, we considered the
dimensions of our sample and the PDMS material parameters (h = 2.1 mm, L =
19.5mm,v = 0.5, p = 0.965 g cm™3, E = 2.21 MPa ). The elastic modulus of our
PDMS substrate was determined from indentation experiments relying on the Hertz
model for the indentation of a rigid spherical tip into an elastic half-space.'” As
shown in Figure 3.2¢, the analytical model agrees well with the experimental results,
even though no fitting parameters are involved. To exclude the excitation of substrate
resonant oscillations, the force spectroscopy experiments have to be conducted in a
frequency space below the first oscillation peak. The power spectral density of tip-
sample interaction modes occurring during the approach and retract movement of the
tip is shown in Figure 3.2d. The inset displays the related time transient of the tip-
sample force as caused by vertical movements during consecutive fast force
spectroscopy measurements. The power spectral density demonstrates that
significant frequency components are only below 100 Hz. This is sufficiently lower
than the frequency of the first sample oscillation mode starting at 300 Hz to exclude
excitation of sample oscillatory modes and to warrant stable AFM measurement

conditions.

68



Chapter 3

A second possible artifact during force spectroscopy measurements on free-standing
samples regards global sample deflection. It must be ensured that the displacement
due to bending of the free-standing sample, 8¢, can be neglected with respect to
the local displacement under the tip, 8jep¢,, during indentation. Combining the
expressions for beam deflection with the Hertz model, the ratio between the

deflection and the indentation is expressed as:

Sriex  L* (8FR(1—v?)\"?
= (3.2)

Snertz 1921 9E

Bh3 . . . . . .
where [ = - s the beam cross section inertia, and B is the sample width.

Considering our experimental case, we obtain &y /Spere; = 0.0008. Therefore, the

bending of the sample is negligible with respect to the indentation. For this estimation
we neglected the impact of the thin gold layer. A detailed discussion of Equation 3.2

is provided in the Supporting Information.
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Figure 3.2. Investigation of measurement artifacts in AFM experiments on free
standing stretched samples. a) Scheme of the experimental setup to measure the
stretched sample’s resonant frequencies. Oscillation modes are excited by sound
produced at different frequencies. The response of the sample is measured with AFM
in contact mode. b) Sample oscillation frequency spectra at different strains. Note
that the peak corresponding to the first mode moves to the right as the strain increases.
c) Peak frequency, extracted from the data in Figure 3.2b, as a function of strain.
The red line corresponds to the analytical model. d) Power Spectral Density of forces
between sample and AFM probe occurring during fast repetitive force spectroscopy
acquisition. Note that tip-sample interactions occur at frequencies below the first
vibration mode of the free-standing sample thus excluding possible resonant
interactions.

Knowing the operational limits of our setup, we tested the in sifu atomic force
microscopy method on the stretchable conductor prototype PDMS/Cr/Au. Figure 3.3
shows the surface height, stiffness, and current maps for three different strain values,
0%, 5%, 10% respectively. The blue dashed lines indicate the position of the profile
reported at the bottom of Figure 3.3. The straining direction is indicated by the red
arrows. The heights of the morphology map represent the Z position when the
maximum force value is reached. The stiffness is calculated as the slope of the force-
indentation curve, while the local electrical current is measured at maximum force.
The morphology maps (Z Height) and the extracted profiles show that at 0% strain
the microcracks are closed. As the strain increases, the size of the microcracks

increases. As expected, cracks are oriented in a direction normal to the strain. The
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maps show that the density of microcracks in the gold thin film is not strain-
dependent: no new cracks are formed during the experiment. In the morphology map
at strain 10% a second effect is present, the buckling of the gold layer. This is due to
the Poisson effect, i.e. the compression of the sample in the direction orthogonal to
that in which the strain is applied.'?” The stiffness maps show that the gold film is
more compliant near the cracks. In fact, the width of the microcracks in the stiffness
maps appears greater than about 1 um, as measured from the profiles. It can be
conjectured that this effect is caused by the loss of rigidity of the gold film when it is
indented close to the microcracks.'?”13> Also, note that the stiffness of the gold film
does not vary with strain. This indicates that the effect of strain on the single gold

region is mainly to increase the distance to other regions, i.e. widen the microcracks.

From the stiffness maps, we estimated the elastic moduli of the thin metal film and
the polymeric substrate. Considering the stiffness density distributions shown in
Figure 3.4a one can see the presence of two peaks. The lower stiffness peak
corresponds to the substrate and is therefore the result of the force spectroscopies
performed in the microcracks. As the strain increases, the part of the image where
microcracks are present increases. Therefore, the peak is more and more evident. On
the other hand, the second peak corresponds to the force spectroscopies made on the
regions with the gold film. Fitting the stiffness density distributions with a sum of
two Gaussians, we estimated the average stiffness values of the PDMS (dotted lines)
and the thin gold film (dashed lines). Given the mean values, we calculated the elastic
modulus of PDMS with the Hertz model for a spherical rigid indenter in an infinite
half-space obtaining the following values: Ef2™® = 2.8 + 0.5 MPa, EZ2MS = 2.6 +
0.5 MPa, Ef2'* = 2.8 + 0.2 MPa. To calculate the elastic modulus of the gold thin
film, we used the linear relationship between force and displacement as predicted by
the indentation model of rigid thin film deposited on a compliant substrate.'3* The
values obtained are: E{y =92 + 23 GPa,E&y = 85+ 27 GPa ,Efs, = 125+
43 GPa. The elastic modulus of the gold thin film is found to be comparable with the

bulk value.
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Figure 3.3. In situ AFM multichannel acquisition. a) Morphology, stiffness, and
current maps as a function of strain acquired on the same region of a microcracked
gold film deposited on PDMS elastomer. The strain direction is represented by the
two red arrows on the left. b) Height, stiffness, and current profiles extracted from
the AFM maps. The dashed blue lines in a) indicate the positions of the profiles.

72



Chapter 3

Current maps shown in Figure 3.3 were obtained by applying a potential difference
of 100 mV for strain 0% and 10V for greater strain values, between the sample and
the tip. At the same time, we apply a voltage difference of 7V between the two ends
of the freestanding film to monitor its macroscopic conductivity and to induce a
lateral contrast in the current maps. At 0% strain, the gold film is entirely conductive,
and the presence of the microcracks does not seem to have a major impact. In this
regime the measured current is limited by the tip-sample contact. At higher strain
values instead, there is a drop in the conductivity of the sample. The measured
currents are three orders of magnitude lower. Close observation of the current maps
and comparison with the height maps allows to identify the two crucial factors that
impact on the local current value: First, the height map shows that the microcracks
separate the gold thin film into individual fragments and on the current map we see
that each of such fragments is characterized by constant current signal. Accordingly,
we can conclude that a high conductivity is preserved within a fragment and the
current is limited by how the fragment is connected to the rest of the film. Second,
the map shows that different fragments are characterized by different current values
and higher currents are observed in fragments positioned closer to the bottom of the
map. This correlates with the potential gradient that builds up along the current
transport path through the microcracked film driven by the external potentials applied
to the sample (Vo = OV, Vyoreom = 7V, Viyp = OV). Hence, the current is also
controlled by the local potential that builds-up on individual gold fragments. Barriers
in the current transport path due to weakly connected fragments are overcome by
stronger local electric fields hence causing a larger potential step between fragments.
The current map contains therefore also important information on how the current

transport through the microcracked film evolves during strain.

To investigate the current transport onto individual fragments in more detail, we
perform conductive AFM -V scans at different strain values (Figure 3.4b). In the
figure we compare the local conducting AFM analysis with the overall current
flowing through the sample on normalized linear scale and logarithmic scale. Both,
local AFM-current as well as macroscopic sample current, show a significant
decrease with increasing strain. However, the macroscopic I-V curves maintain a

linear, ohmic behavior, while the local current curves show a transition from linear
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at 0% strain to superlinear at elevated strains. The observed shape suggests that
charge transport at the microscale between the gold fragments occurs by a field
enhanced tunneling effect. Similar measurement curves have been obtained by
studying the tunnel effect in gold nanogap junctions. %13 A quantitative description
of tunneling transport across metal-insulator-metal systems is provided by the
Simmons model.'* The model introduces as parameters the insulator width (s), the
height of the potential barrier (¢ ), and the overall current scale (A4), which
corresponds to the area of the two metal regions where charge transport by the
tunneling effect occurs. The model provides a good fit to our data and the obtained
parameter values are reported in Table 3.1. The barrier height of 5.4 eV and the gap
size of a few angstroms indicates a dielectric mediated tunneling mechanism that
proceeds through gaps between different gold fragments. Although the significant
strain causes a widening of the cracks in the thin film, in the direction orthogonal to
the strain, fragments remain closely spaced therefore enabling a tunneling mediated
transfer path. In the macroscopic current measurement, the transition to the
superlinear behavior is not present because a large number of fragments participate
in the transport path. Accordingly, several small cracks have to be overcome and they
all induce small potential steps driving field induced tunneling. At individual steps
the potential drop remains strongly below the tunneling barrier height and a linear

response is maintained.

s (A) ¢ (eV) A (A7)
Strain 5% 2.80 £ 0.04 5.7 £0.2 0.29 £ 0.01
Strain 10 % 2.86 + 0.02 54+01 0.11 £ 0.01

Table 3.1. Parameters of the Simmons model estimated by fitting the local I-V

experimental data.
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Figure 3.4. a) Stiffness histograms obtained from stiffness maps at different strains.
The peak at lower stiffness corresponds to the PDMS, while the peak at higher
stiffness corresponds to Au thin film. The dotted and dashed lines are Gaussian fit to
estimate the average stiffness of PDMS and Au, respectively. b) the first graph on the
left shows the macroscopic I-V curve of the entire metallic thin film at different
strains. The graph in the middle shows the microscopic I-V curve of a single gold
region acquired with C-AFM at different strains. The insets report the same data in a
semilogarithmic plot to show the orders of magnitude. The graph on the right shows
the microscopic I-V curve not normalized and fitted with the Simmons model
describing the tunneling for a metal-insulator-metal system.
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3.4 CONCLUSIONS AND DISCUSSION

Our work demonstrates a novel in situ experimental method to investigate strain
effects in materials and devices for stretchable electronics. Based on fast repetitive
force spectroscopy acquisitions with a conductive AFM probe the method enables
the microscopic investigation of morphological, mechanical, and electrical properties
as a function of strain. The development became possible through a detailed
investigation of possible artifacts that can occur when dynamic AFM techniques are
performed on a free-standing substrate, only attached at its two ends to the clamps of
a tensile stretcher. By deriving and testing the analytical equations that describe
substrate deflection and resonant vibrations (Equation 3.1 and Equation 3.2), we
find the experimental conditions for stable, artifact-free image acquisitions.
Disturbing sample deformation modes can be reduced by using elastic substrates with
a sufficiently large thickness to length ratio, high elastic modulus or by operating
force spectroscopy at slower approach and retract velocities to avoid excitation of

resonant modes.

Once the conditions for stable measurements are met, our method provides an
unprecedented multichannel imaging technique to correlate morphological defects
generated during tensile strain with the mechanical and electrical response. As an
example, we analyze the tensile deformation and conductivity changes of a thin gold
film deposited with a chromium adhesion layer on silicon elastomer substrates
(PDMS). With our experimental setup, we provide unique insight into the
mechanisms of charge transport across gold regions separated by microcracks. For
this the combination of all three imaging channels is crucial: First, the surface height
mapping allows to identify gold fragments surrounded by microcracks and to
investigate their morphological evolution during strain. Second, the micromechanical
imaging channel provides quantitative measures on the local elastic modulus. It
demonstrates that the externally applied strain is locally absorbed in micro-crack
widening while gold fragments do not alter their physical extension and stiffness
properties as increasing strain. Third, the local conducting properties demonstrate
that individual gold fragments remain highly conductive, and transport is crucially
determined by cracks separating the conducting fragments. We note that for gold on

elastomer films, the processing conditions such as gold and adhesion layer thickness
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as well as pretreatment procedures have a crucial impact on how the microcrack
pattern forms and separates islands. In the case studied here, we find at lower strains
that a fully conductive, ohmic pathway remains present even though cracks widen in
the direction perpendicular to the strain. Instead at higher strains, our detailed
analysis of local IV-curves demonstrates the transition from the ohmic regime into a
tunneling dominated regime, where local barriers have to be overcome by a field
enhanced tunneling mechanism. We associate such barriers to microcracks oriented
in the direction parallel to the strain. Only in this direction, cracks do not open
significantly, thus leaving fragments in close enough proximity to permit tunneling

transfer.

In conclusion, our work demonstrates a new in situ experimental approach to
investigate mechanical and electrical properties and their correlation at the
microscale. It enables to map properties of stretched samples as a function of strain
and to access experimentally the local electrical properties. Both are crucial aspects
to understand and predict the properties of stretchable conductors. We highlight the
value of the method by demonstrating the transition from local ohmic transport to
field enhanced tunneling at increasing tensile strain in a microcracked gold layer. So
far, models on the conductivity of thin films subjected to strain, assume ohmic
transport in the defect-free parts of the metal layer, whereas through-thickness cracks
are considered as completely isolating barriers.'3'3? However, our results show that
charge transport occurs even if a conducting fragment is completely surrounded by
microcracks due to the tunneling effect, introducing a conduction mechanism that has

not been accounted for in models.
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3.5 SUPPORTING INFORMATION

The multichannel images of the in situ AFM experimental method proposed in this
work are obtained through fast repetition of the force spectroscopy experiment.
Therefore, it is crucial to investigate the possible excitation of resonant oscillations
of the free-standing sample that would interfere with the AFM acquisitions. A picture
of the strain stage is shown in Figure 3.5a, while a picture of the experimental setup
showing the free-standing configuration, is reported in Figure 3.5b. To understand
the dependence of the resonant frequencies on the sample geometry and the strain,
we developed a model starting from the well-known Rayleigh quotient method for
vibration analysis and compared it with the experimental results.!*® The sample is
modeled as a pre-stressed rectangular plate clamped at two ends. Geometrical
variations due to large strains and Poisson effect have been accounted for. In fact, as
the strain increases, the length increases, while the width and thickness decrease.

Denoting with u the transverse displacement of the plate and with x the axis on the

plate mid-surface and orthogonal to the clamps, we assumed u (x) = %(1 —

cos (Z%x)> as approximating function for the first vibration mode of the plate

(cylindrical bending), with x € [0,L]. With these assumptions, using the Rayleigh
quotient method, we obtained the following formula for the frequency of the first

vibration mode:

3.3)

fo*t(e) = e \] - ( 312 e(1—-v3)(1+ s)2>

312 (1 + ¢)2 p(1—v3) m2h? (1 —ve)?
where L and h are the length and the thickness of the sample, respectively, while p

is the density, E is the elastic modulus, v is the Poisson’s ratio and ¢ is the strain.

We then investigated the impact on force-indentation curves of the bending of the
sample. In fact, considering the force applied from the AFM tip as a concentrated
force, it must be ensured that the bending of the free-standing sample can be
neglected with respect to the indentation of the tip inside the sample. To get an
estimate of the bending at the center of the sample, we assumed the plate to behave
like a beam clamped on both ends. The stiffness of the beam is then given by the

formula:
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192E1

Kriex = Fd=9) (G4

h3 . L . . . .
where | = B1_z is the beam cross section inertia, and B is the sample width. Notice

that such approach is valid only if B is smaller than L, and the error for B = L is
approximately 10 %. The plate deflection is then 8f1oy = F/Kfjex. The validity of
this description has been confirmed with numerical simulations. An estimate of the
indentation of the AFM tip on the PDMS sample is given by the well-known Hertz

model for a rigid spherical indenter in an infinite half-space. Therefore, it can be

2/3
. The ratio of &, and Opere, allows

3F(1—v2))
4EVR

understanding of which between indentation and bending is the dominant term. The

expressed as  Operiz =(

ratio can be expressed with Equation 3.2.
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Figure 3.5. a) Photo of the strain stage with its dimensions. b) Photo of the
experimental setup with sample clamped to the strain stage under the AFM tip.
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4 DETERMINATION OF STIFFNESS AND THE
ELASTIC MODULUS OF 3D-PRINTED
MICROPILLARS WITH ATOMIC FORCE

MICROSCOPY-FORCE SPECTROSCOPY

The content of this chapter was published in the journal ACS Applied Material and Interfaces.

Abstract

Nowadays, many applications in diverse field are taking advantages of micropillars
such as optics, tribology, biology, and biomedical engineering. Among them one of
the most attractive is three-dimensional microelectrode arrays for in vivo and in vitro
studies, such as cellular recording, biosensors, and drug delivery. Depending on the
application, the micropillar optimal mechanical response ranges from soft to stiff.
For long-term implantable devices, mechanical mismatch between the micropillars
and the biological tissue must be avoided. For drug delivery patches, micropillars
must penetrate the skin without breaking or bending. Accurate mechanical
characterization of micropillar is pivotal in the fabrication and optimization of such
devices, as it determines whether the device will fail or not. In this work, we
demonstrate an experimental method based only on AFM force spectroscopy that
allows to measure the stiffness of a micropillar and the elastic modulus of its
constituent material. We test our method with four different types of 3D inkjet printed
micropillars: silver micropillars sintered at 100 and 150°C, polyacrylate
microstructures with and without a metallic coating. The estimated elastic moduli are
found to be comparable with the corresponding bulk values. Furthermore, our
findings show that neither the sintering temperature nor the presence of a thin metal

coating play a major role in defining the mechanical properties of the micropillar.
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4.1 INTRODUCTION

Micropillars are three-dimensional microstructures characterized by a very large
extension in one dimension resulting in a great aspect ratio. Nowadays, many
applications in diverse field are taking advantages of micropillars such as optics,
tribology, biology and biomedical engineering. '4'~'% Usually micropillar are
fabricated in a clean room by subtractive processes such as photolithography in
combination with dry and wet etching, wire-electrode cutting, bulk micromachining,
and laser cutting. %1% One microfabrication method that is gaining more
momentum is 3D inkjet printing. It is an attractive technique for micropillar
production because it allows flexible, room-temperature, scalable, and economical
fabrication processes. #7150 In the field of biology and biomedical engineering,
among all the applications of micropillar, perhaps the most relevant are 3D

microelectrode arrays (3D MEAs).

Three-dimensional microelectrode arrays have attracted considerable interest due to
their use in various applications for in vivo and in vitro studies, such as cellular
recording, biosensors, and drug delivery."!> This is because three-dimensional
structures allow for increased device area, spatial resolution and signal-to-noise ratio.
In the case of cellular recording, conductive micropillars are exploited as interface
between the device and the cell under investigation to measure the action potential.
Regarding biosensors and biomedical implants, the micropillar-based electrodes act
as a vital component for monitoring organ  activity, and

1627167 Tnn the electrode-tissue

electrically/optically/thermally stimulated therapy.
interface, the mechanical mismatch between the tissues and the electrode must be
minimized to avoid invasive tissue damage and related losses of device. Damaged
tissue and scar formation ultimately causes weakly coupled electrode-tissue
interfaces with strong attenuation of recorded signals. In addition, implantable
microelectrodes have to be designed for long-term applications, so they must adapt
to the mechanical strains exerted by the surrounding tissue, while maintaining good
coupling with the tissue for recording and stimulation. '>-'¢ Pillar-like structures,
called microneedle, are often use in drug delivery patches to penetrate the skin and

release the drug.'®® The drug is loaded into the pores of the microneedle and can

diffuse out of the pores when the matrix penetrates the skin. In this case, microneedle
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must be able to penetrate the human stratum corneum (~10-20 um) without breaking
or bending. Needle breakage or failure during or after patch application may alter the
drug release profile leading to premature and uncontrolled drug release.

Accurate characterization of the mechanical properties of individual micropillar is a
very challenging but a crucial aspect in the fabrication and optimization of patterned
surfaces and biomedical devices in different applications. In fact, the mechanical
properties of individual micropillars vary depending on the material, geometry, and
fabrication method and are critical in determining whether the device will fail or
perform properly. The characterization of the mechanical properties of individual
micropillars is limited by the lack of experimental techniques that are easy to access
and use. Most characterization methods available nowadays require that the
instrument used for mechanical testing is mounted inside a Scanning Electron
Microscope (SEM). The use of SEM is necessary to monitor the displacement in real-
time during the mechanical test. Nanoindenters, tensile machines, or Atomic Force
Microscope (AFM) inside a SEM chamber, have been used to test tensile,
compression, and bending of micropillars. '9-17® Although these approaches lead to
reliable results, they require expensive and difficult to use instrumentation. For these
reasons, some early experimental techniques with AFM that do not involve SEM
have been proposed. These techniques consist of bending tests on pillar-like
structures clamped at both ends or cantilevered. ™!7*!3° However, most of these
methods have been developed for samples obtained using top-down fabrication
techniques and require specific designs to hold the sample. It is therefore crucial to
develop techniques that allow to measure mechanical properties of individual
micropillars, considering their actual geometry. This is indeed a crucial step for the
design and, optimization, so that it is desirable to develop techniques for rapid

implementation, which require only easy to access equipment.

In this paper, we demonstrate a reliable and easy to operate AFM method to
characterize the stiffness and elastic modulus of inkjet-printed micropillars. The
method is based on force spectroscopies performed with the AFM tip in contact with
the sidewall of the micropillar. By measuring the deflection of the micropillar at

different lengths, we obtained the stiffness as a function of micropillar length. In the
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measurements we find that the tangential force acting on the AFM tip has a
significant impact causing an apparent stiffness variation between loading and
unloading. To analyze the data we introduce a mechanical model that relates the
stiffness variation with length to the micropillar geometry and elastic material
properties. To test our method we characterize micropillars obtained using different
inks and microfabrication procedures. Sintered, porous, metal nanoparticle-based
pillars were compared to similarly sized polymeric structures. Specifically, 4 types
of samples were considered: silver nanoparticle-based micropillars sintered at 100
and 150°C and polyacrylate (PA) micropillars with and without a metallic coating.
Silver, commonly used as a conductive material in inkjet printing, was sintered at
lower temperatures to promote its use on thermally sensitive substrates. PA was
chosen as a non-porous equivalent to the silver-based micropillar (view Figure 4.4
in the Supporting Information for internal structures of both micropillar types). We
decided to test Ag micropillars, as they have already been used for biomedical in

148 We then tested PA micropillars, as the material has a

vitro applications.
significantly lower elastic modulus (by almost two orders of magnitude), confirming
that the experimental method can also be used for less rigid materials. Our
measurements highlight that all the fabricated micropillars show a stiffness — pillar
length relation that follows a cubic power-law. Accordingly the printed micropillar
can be modelled as a beam with circular cross-section of constant radius. The elastic
moduli obtained for the pillars are consistent with those for the corresponding bulk

materials and only minor variations are found for pillars obtained with lower sintering

temperatures or for pillars with metal coating.

4.2 EXPERIMENTAL SECTION/METHODS

4.2.1 3D Inkjet printing micropillar arrays

Three-dimensional printed micropillar arrays were printed on 125 pm thick
polyethylene naphthalate (PEN) substrate with an inkjet printer (CeraPrinter F-Series,
Ceradrop) using 1 pL cartridges (DMC-11601, Fujifilm Dimatix). Two different inks
were used: silver nanoparticle (Silverjet DGP 40LT-15C, Sigma-Aldrich) and UV-
curable polyacrylate ink (DM-IN-7003-1, Dycotec Materials Ltd.).
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Silver 3D inkjet printed micropillars

Following the procedure described in literature 8, Ag micropillars were printed with
3212 droplets. Samples were thermally sintered at 100 and 150 °C for 2 h. After
sintering, the samples were cooled back down to room temperature in one hour.
Using a 3-axis UV laser marker (MD-U1000C, Keyence) the substrates were cut to
the desired dimensions (2.5 cm x 1 cm). The laser used a shutter frequency of
100 kHz, set at 1.5 kW, and a writing speed of 100 mm s™!. The outline was etched

with the laser with a total of 100 repetitions.

Polyacrylate 3D inkjet printed micropillars

Prior to printing, the polyacrylate ink was allowed to equilibrate to room temperature
before being filtered through a 0.22 um polyethersulfone (PES) filter (TPP) and
loaded into a cartridge, which was covered with Al foil to protect the content against
light. For the UV-curable polyacrylate (PA) ink, the same waveform as previously
described was used. '*® The nozzle plate and the sample stage were held at 40 and
50 °C, respectively. With an appropriate working distance, 400 droplets of PA ink
were ejected to form the micropillars. In order to form the 3D shape, individual

droplets were consecutively cured (1 J cm?) layer-by-layer.

Metal-coated polyacrylate 3D inkjet printed micropillars

PA 3D structures were coated with Ti (10 nm, deposition rate of 0.1 nm/s) followed
by Pt (150 nm, deposition rate of 0.2 nm/s) using a high vacuum coating system
(BAL-TEC Med 020, LabMakelaar Benelux BV). The pressure inside the deposition

chamber was 7.2 pbar.

4.2.2 3D printed micropillars length and diameter measurements

The lengths of micropillars range from 700 um to 1100 um. The length values have
been obtained as the difference between the Z positions of the AFM probe, when it
has been approached to the top and to the base of the 3D printed micropillars,
respectively. The average diameter of Ag micropillars is 33 = 1 um, while for PA
micropillars it is 37 + 1 pm. The diameters have been measured exploiting the optical

microscope mounted on top of the AFM probe.
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4.2.3 Sample preparation for AFM mechanical characterization

SU8 3005 epoxy resin (KAYAKU, Advanced Materials) was used to bond the 3D
printed micropillar array printed on PEN foils to glass slides. The dimensions of the
slides were 1 cm width, 2.5 cm length and 1 mm thickness. The resin was
continuously spincoated using three different speeds. An initial speed of 500 rpm was
used for 10 s (a = 100 rpm/s), followed by 3000 rpm for 30s (a = 100 rpm/s), and
finishing with 6000 rpm for 10 s (a = 500 rpm/s) in order to avoid edge effects.'s!
The resin was pre-cured by soft baking at 95°C for 3 min (hotplate, Harry Gestigkeit
PR 5-3T) with the foil containing the micropillars on top. For curing, an OtoFlash
(model G171, NK-Optik GmbH) system with 2000 flashes set at a wavelength of 365
nm was used. Finally, the samples were again heated on the hot plate using three
different temperatures. An initial temperature of 65°C (1 min) was used, followed by
95°C (3 min), and finishing with 150°C (2 min). The temperature variations were
done gradually (3 min). Once cooled to room temperature, the PEN film is bonded to
the carrier glass slide. To allow AFM characterization, 3D inkjet printed micropillars

were positioned close to the carrier substrate border (ca 150 um).

4.2.4 AFM tip calibration

The AFM system used in this work is NX 10 from Park System with an AFM tip
25Pt300B from Rocky Mountain Nanotechnology. The sensitivity of the tip (19.5 +
0.3 V/um) was calibrated on a silicon surface. The force constant for the AFM
cantilever (18 N/m) was provided by the manufacturer. To avoid possible indentation
effects of the AFM tip in the micropillar, we used a tip with a radius of curvature of
1.5 um. The radius was obtained by starting from the value given by the manufacturer
(10 nm) and scratching the tip on a Si sample. The radius was measured by
performing several indentations on a polydimethylsiloxane (PDMS) sample of
known elastic modulus (E = 2 MPa) and fitting the curves applying the Hertz's model

for the case of spherical rigid indenter.
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4.3 RESULTS AND DISCUSSION

Our experimental method is based on force spectroscopy, in which the AFM tip
exerts a cyclic load applied to the sidewall of the 3D inkjet printed micropillar
(Figure 4.1a). A scheme of the experimental setup is shown in Figure 4.1b. Initially,
the contact between the AFM tip and the sample is established. Then the probe is
moved following a trajectory along the Z axis until a maximum user-defined
displacement is reached. Afterwards, the direction of displacement is reverted to
conclude a measurement cycle. To study bending, it is necessary to apply the load to
the lateral surface of the micropillar. Therefore, a dedicated sample holder was
designed to position the micropillar in the XY plane of the measurement system. By
moving in the Z direction, the AFM tip can approach and bend the micropillar. A
representation of the micropillar under the AFM tip is shown in the inset of Figure
4.1b. The experimental setup requires that the samples fulfil only two specific
requirements: i) the stiffness of the substrate must be sufficiently high to avoid
rotations at the base, ii) the position of the micropillars on the substrate must be
relatively close to edges to avoid blocking of the AFM laser before reaching the
Position Sensitive Photodetector (PSPD). In order to meet i), we glued the final 3D
printed micropillar array to glass slides. To meet ii), we microfabricated 3D
micropillars such that they were close to the edge of the polyethylene naphthalate
(PEN) substrate. It should be noticed that the experimental method is versatile and
can be applied to very different samples, as the requirements are not particularly
stringent. Similar techniques are reported in '8 and 74, although in that case
nanostructures were targeted. A detailed description of the sample treatment for
bonding the slide to the substrate and the fabrication of micropillars close to the

substrate edge, can be found in the Experimental Section.
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Figure 4.1. Sample and Setup. a) SEM image of PA micropillar. b) Scheme of the
sample holder and the samples under the AFM tip. c) Typical Force — Micropillar
Deflection curve acquired with the setup. The red and blue arrows indicate the
loading and unloading curve, respectively.

The deflection of the micropillar is determined by subtracting the deflection of the
AFM cantilever from the total displacement measured along the Z axis. This is valid
as long as the indentation of the AFM tip into the microelectrode surface is negligible
compared to the deflection of the microelectrode itself (see the Supporting
Information Figure 4.5). A force-deflection curve obtained with our experimental
setup on a metal-coated PA micropillar is shown in Figure 4.1¢c. Both the loading
and unloading curves are linear in the low-force regime, however, they are
characterized by different slopes. The loading and unloading curves are linked by an
almost flat characteristic. To investigate the behavior in more detail and to understand
its origin, we present additional measurements in Figure 4.2. Figure 4.2a shows the
results obtained by repeating the force-deflection measurements for several cycles on
the same micropillar. It can be observed that the pattern is independent of the number
of applied cycles and no permanent deformation of the micropillar, or micropillar
substrate contact, occurs. The observation demonstrates the stable clamped condition
of the micropillar base to the PEN substrate. If the base was broken by mismatch of
mechanical properties between the micropillar and the substrate, different cycles
should show different curves due to the non-elastic process during acquisitions.
Similarly, Figure 4.2b shows results obtained by varying the speed of the AFM probe
movement. Also in this case, a very good agreement between cycles with different
speed is found, thus excluding that viscous effects play a relevant role in the
mechanical response of the micropillar. Finally, we performed cyclic tests with

increasing force amplitudes, as reported in Figure 4.2¢. It is found that the area
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enclosed between the loading and unloading branches increases linearly with the
applied force. A similar behavior has been reported and modelled by Pratt et al. in
the case of cantilever-on-cantilever AFM measurements. %2 The effect was attributed
to friction between the AFM tip and the bent beam and applies also to our
experimental condition. Due to the friction, a force component builds up during
loading, that is oriented normal to the tip axis. As a consequence, a bending moment
results at the free-end of the AFM cantilever, causing its rotation. Such additional
rotation leads to a modification of the laser position on the PSPD, which results in a
misleading modification of the measured force.

To compensate for this effect, a correction strategy is developed based on an
analytical model. The sketch reported in Figure 4.3a shows the sample and the AFM
tip during a force spectroscopy measurement, together with the main variables of the
analytical model. The model assumes that the additional bending moment due to
friction is influenced not only by the cantilever tilt (8,), the coefficient of friction

(n), and the ratio between the tip height and the cantilever length (%), but also by the

stiffness of the sample (ks) . The sample stiffness is here defined as the
proportionality factor existing between a concentrated force applied in a
predetermined point along the micropillar height and the corresponding displacement,
measured at the same point. In the model, the AFM cantilever is assumed to be

characterized by the stiffness (k). The normal force F is linearly related to the

frictional force calculated as pF.
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Figure 4.2. Investigation of hysteresis in force deflection curves measured on PA
and Ag micropillars. a) Force-deflection curves and extracted slopes of loading and
unloading for repeated measurement cycles. b) Force-deflection curves and extracted
slopes of loading and unloading acquired at different loading speeds. c¢) Force-
deflection curves and extracted hysteresis area as a function of the maximum loading
force reached.

It is now worth mentioning that in AFM experiments, forces are estimated by
measuring the variation of the cantilever free-end rotation (6) while moving the tip
along the z-axis (Z). Usually, the conversion from the angle 8 to the force amplitude

is done automatically by the instrument according to beam theory. Therefore,

applying the reverse conversion to the force values provides the angle 6 needed. In
particular, the converting formula is given by: 6(Z) = %F (Z) . Under the
14

182

assumptions introduced above, as detailed in '*2, the slope of the 8(Z) curves, can be

calculated as:
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where the minus sign corresponds to the loading curve, while the plus sign to the

unloading curve. The dimensionless parameters 4, B, C, D depend on the tilt angle
Byand, in particular A = cos? 8, — %cos@osinGO, B = cosfysinf, + %cos2 6o,
C = cosf, — %sin@o ,D =sinf, + %cos@o. When the slopes of the loading and

unloading curves are known, Equation 4.1 provides a system of two equations and

two unknowns, which can be used to calculate p and k. In particular:
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Once the stiffness of the sample is correctly determined, its dependence on the
distance from the micropillar base can be studied. To do this, we acquired 5 force
spectroscopies every 50 um along the micropillar starting from the tip to mid-height.

The results are shown in Figure 4.3b. Instead of stiffness, we report the compliance

(cs = ki ) as it allows for a better fit procedure of the measurements obtained at larger
S

distance from the micropillar’s base. The data shows an increase of compliance along
the micropillar height following a cubic relationship. Such a power law is in
agreement with the mechanical model of a beam with constant circular cross section
according to the Euler-Bernoulli beam model. Therefore, the relationship between

micropillar length and compliance is given by'%:

1B,

— = 4.4
ks  3El; 4

Cs =

where I is the moment of inertia of the section, E; is the elastic modulus of the

sample. In the case of a circular cross section of radius r, the moment of inertia is
4
given by I = %. Lseg 1s the distance from the base of the micropillar to the point of

contact between the tip and the specimen. ;.4 thus, corresponds to the effective
length of the specimen. Using Equation 4.4, we fit the experimental data acquired at

different positions to estimate the elastic moduli. The obtained fits are reported as
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dashed lines in Figure 4.3b and show excellent agreement with the measurement
data. We note that the elastic modulus obtained in this way describes the global
behavior of the micropillar and does not provide information on local variations in
elastic properties as would be accessible by nanoindentation experiments. To
understand the reproducibility of our measurements we analyzed for each sample
type, two 3D inkjet printed micropillar arrays for a total of 16 micropillars. The model
fits all the experimental data well. The table in Figure 4.3d shows the average values
of elastic moduli and friction coefficients with standard deviations reported as
measurement uncertainties. Our results show that the values of elastic moduli of
micropillars are comparable with the corresponding bulk values (76 GPa for Ag, and
2-4 GPa for PA ink after curing).!8>!3* Furthermore, we note that different sintering
temperatures do not result in a noticeable change in the elastic moduli of the silver
micropillars. In fact, the estimated values for the microfabricated samples at 100 and
150°C are comparable considering the uncertainties. Differences in the mean value
of the elastic moduli might be related to an intrinsic variability from one micropillar
to another, as the micropillar arrays of sintered Ag 100°C and 150°C were fabricated
separately. Additionally, it must be noticed that Equation 4.4 depends on the
micropillar length cubed. Therefore, little errors in the micropillar length might result
in a considerable variation of the elastic moduli. Nevertheless, these finding
highlights that it is much more effective to change the micropillar length or diameter
rather than the sintering temperature to tune its stiffness for the proper application.
The PA and metal-coated PA samples have comparable elastic moduli. Therefore,
we note that the metal coating has no significant impact on the stiffness of the sample.
This is related to the fact that the thickness of the metal coating is only 150 nm while
the overall diameter of the PA micropillar is 37 um. It is therefore possible to
microfabricate conductive micropillars from nonconductive inks without increasing
their stiffness. Figure 4.3e — i show images of the morphology of different
micropillars obtained by SEM and AFM in non-contact mode over areas of 10 pm?.
The images show that the surfaces of PA and metal-coated PA micropillars are
visually smoother than those of Ag. This is confirmed by the friction coefficient
estimated from the fit, which is lower for the case of coated and uncoated PA samples

than the Ag ones. It must be noticed that metal coating, composed of 10 nm of Ni
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and 150 nm of Pt, increases the roughness of the sample with respect to the uncoated

samples; this is also highlighted by a slightly greater friction coefficient.
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Figure 4.3. Interpretation of micropillar force deflection curves: a) The scheme
reports the AFM cantilever bending a micropillar showing the main parameters of
the model explaining hysteresis. b) The graph shows the measured compliance (1/k)
as a function of the position of the AFM probe on the micropillar. ¢) Main formulas
of the model. d) Elastic modulus and friction coefficient values obtained for PA,
metal-coated PA, and Ag with two different sintering temperature (100 and 150°C).
e) SEM image of a metal coated PA micropillar surface. f, g, h, i) AFM images
(10x10 um?) of the side surfaces of micropillar of different materials.
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4.4 CONCLUSIONS

This paper reports the characterization of elastic and frictional properties of 3D inkjet
printed micropillars fabricated with different inks and post-treatment procedures. The
characterization method relies on atomic force microscopy experiments that measure
micropillar bending and forces at different micropillar segment lengths. To analyze
the resulting stiffness data and to extract the relevant material and surface properties
an analytical mechanical model is provided. The AFM method is easy to conduct, not
destructive and does not require particular sample preparation. Accordingly the
experiments are simpler than typical micromechanical experiments performed inside
a scanning electron microscope. To correctly apply the method, two aspects must be
accounted for. Firstly, it is necessary to ensure that compliance of the micropillar
substrate is sufficiently small. This has been overcome by thermally bonding the
substrate to a glass carrier. Secondly, it is necessary to ensure that the AFM laser is
not blocked by the sample itself before reaching the PSPD. This can be easily

obtained by positioning the micropillars at the edge of the sample.

The investigated micropillars were printed with different inks and parameters. One
kind of samples were based on silver nanoparticles sintered at 100 and 150°C. A
second kind of samples were polyacrylate micropillars with and without a metallic
coating. We decided to test Ag micropillars, as they have already been used for in
vitro applications.'*® We then tested PA micropillars, as the material has an elastic
modulus lower by almost two orders of magnitude, confirming that the experimental
method can also be used for less rigid materials. Our experimental findings show that
all micropillars can be modelled as beams with a constant circular cross-section. The
elastic moduli determined for the silver samples prepared at different sintering
temperatures are comparable to each other, suggesting this does not play a major role
in the mechanical properties of the micropillars. Similarly, for the case of PA
samples, the coating does not provide measurable alterations of the mechanical
properties, but it changes the roughness of the micropillar’s surfaces. Although a
significant number of micropillars were measured, relatively small standard

deviations were obtained demonstrating the reproducibility of our method.

94



Chapter 4

In conclusion, such measurements provide access to the mechanical properties of 3D
inkjet printed micropillars employing easy to access laboratory instrumentation and
well-established AFM techniques. The method allows for rapid estimation of
mechanical properties, thus giving the possibility to parametrize the microfabrication
steps and investigate their impact on the final device, repeatedly. This paves the way
for tuning the mechanical properties of 3D printed micropillars on demand for

different applications.
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4.5 SUPPORTING INFORMATION

Figure 4.4. Scanning electron microscope images of focused ion beam cut a), c)
150°C sintered silver nanoparticle based and b), d) UV cured polyacrylate based
micropillar. All images show the internal structure after bulk milling and polishing.

While bending a micropillar in the configuration shown in Figure 4.1b, there are
three possible contributions to the displacement along the Z-axis: AFM cantilever
deflection, micropillar deflection, and indentation of the AFM tip into the micropillar
surface. The indentation is dependent on the AFM tip radius of curvature, the force
applied, and the indented material. Well-established models such as the Hertz
model® and the Oliver — Pharr model'!¥, describe the relationship between the
material parameters and the indenter parameters. The Hertz model is usually used to
investigate soft materials, while the Oliver — Pharr model is applied to data acquired
on stiff materials. Our investigations on the indentation of the AFM probe into the
micropillars highlight that in our case we don’t need to apply any contact mechanics
model to keep into account the indentation, as the indentation is negligible compared

to the micropillar bending. To determine the amount of indentation, we acquired

96



Chapter 4

force spectroscopies on the micropillar in a vertical configuration, to avoid any
deflection of the micropillar. Figure 4.5a shows a sketch of the experimental setup.
A typical force indentation curve acquired in this configuration on a PA micropillar
is reported in Figure 4.5b. The graph shows that the indentation is smaller than a few

nanometers, and it can be considered negligible.
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Figure 4.5. a) Scheme of the experimental setup used to estimate the indentation of
the AFM tip inside the micropillar surface. b) Typical force-displacement (Z-height)
curve obtained estimating the indentation on a PA micropillar. ¢) Typical force-
indentation curve obtained subtracting in the x-axis the AFM cantilever deflection
from the force-displacement plot. Note that the indentation is close to zero.
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5 CONCLUSIONS

The major limitations of rigid bioelectronic interfaces are mainly due to the
mismatches in mechanical properties and in chemical composition between soft
biological tissues and conventional hard electronics. The mechanical mismatch
between wearable or implantable devices and the target tissue can cause tissue
damage and lead to device performance deterioration. Despite significant advances
in flexible and stretchable bioelectronic interfaces compared to conventional rigid
bioelectronic ones, there are still several mechanical aspects that need to be explored
and optimized. Experimental techniques for testing mechanical properties in situ at
the nanoscale are emerging nowadays. However, these techniques often involve the
combined use of two or more instruments, thus being expensive and difficult to
reproduce in other laboratories with other experimental setups. Therefore,
experimental techniques are needed that are easy to access and require as little sample
handling as possible. AFM is a promising candidate for determining the local
mechanical properties of bioelectronic soft interfaces in sifu, because it allows
nondestructive nanoscale measurements. In addition, AFM does not require
conductive samples or high vacuum condition as SEM. AFM gives the possibility to
investigate the sample in air or wet condition. Furthermore, the operating principle
of AFM allows simultaneous mechanical probing and sampling of the real sample
topography. In this work, the need for local in situ experimental techniques and
interpretative models has been addressed using solely AFM. The experimental
method and the models have been tested and validated with the mechanical
characterization of planar (metallic film on elastomer) and three-dimensional
(micropillar) prototype of devices suitable for in vivo and in vitro biomedical

experimentation.

Chapter 2 demonstrates how AFM indentation experiments can be performed and
interpreted to investigate the nanomechanics of hard nanometer-thick metallic films
on soft elastomer substrates. Such samples are of relevance for bioelectronic
interfaces and have recently been used to realize stretchable bioelectronic implants

with low-invasiveness due to their compliance to the mechanics of the surrounding
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tissue. The thin metallic film maintains its conductivity during stretching due to the
formation of a microcrack pattern. The microcracked thin film deposited on the
elastomer compensates the tensile strain by bending deformations without breaking
its interconnectivity. Therefore, the microcracked gold-layer can maintain its
electrical conductivity yielding a stretchable conductor. By combining the
mechanical nanoindentation experiments with conductive AFM, it was possible to
distinguish the perforation of the conductive surface that leads to irreversible damage
and conductance failure. Applying forces lower than the critical fracture force, the
response is elastic and reversible. In this regime, the findings highlighted the
independency of mechanical response on the indenter geometry, and the stiffness
scales linearly with layer thickness. The proposed analytical model for the
indentation of a hard uniform layer bonded to a soft, elastic half-space. It was shown
that a linearized version of the analytical model for the indentation of a hard uniform
layer bonded to a soft, elastic half-space already accounts for all the observed
phenomena in the experimental parameter range. So, it allows relating the
observations to mechanical material properties such as the elastic modulus and
Poisson ratio of the involved materials. The finite element simulations underlined
that the linearized version of the model is suitable for large mismatches in elastic
moduli between the soft substrate and hard metallic thin film. For such a situation the
metallic film behaves effectively as a bending plate for which it is possible to
disregard local deformation under the tip. To test the proposed experimental method
and the linearized model, the case of gold thermally deposited on silicone elastomer
was investigated. The experimental data and the model are found in good agreement.
By varying the gold layer thickness, it appears that a significant increase in layer
stiffness only happens above a threshold thickness. The presence of this threshold
was explained by the penetration of initial evaporated gold clusters into the polymer
substrate to create a diffuse interface that delays the percolation of interfacial clusters
into a continuous film. The existence of a percolation threshold was also confirmed
by electrical measurements of surface conductivity that show an onset at a similar
layer thickness. Once percolation is achieved, the film builds up a flexural rigidity
and significant surface stiffening happens. From the quantitative analysis of the
surface stiffness, the local Young’s modulus of such ultrathin gold films and the

threshold thickness value were estimated. Both are parameters that are crucial to
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understand and predict the properties of such films once they are employed as
stretchable conductors where their bending is needed to compensate for the tensile

strain.

In Chapter 3, a new in situ experimental approach for studying the effects of strain
on materials and devices for stretchable electronics was reported. This method is
based on fast repetitive force spectroscopy acquisitions using a conductive AFM
probe, allowing microscopic examination of morphological, mechanical, and
electrical properties as a function of strain. The development was made possible by
a detailed study of potential issues that can occur when dynamic AFM techniques are
performed on a free-standing substrate, only attached at both ends to a tensile
stretcher. By deriving and testing the analytical equations that describe substrate
deflection and resonant vibrations, the experimental conditions for stable, artifact-
free image acquisitions were found. Once stable measurement conditions are met, the
proposed method provides a multi-channel imaging technique that can correlate
morphological defects generated during tensile strain with mechanical and electrical
responses. As an example, the tensile strain and conductivity changes of a thin gold
layer deposited with a chromium adhesive layer on a silicon elastomer substrate were
studied. With the described experimental setup, insights into the mechanism of
charge transport between gold regions separated by microcracks were provided. For
this reason, the combination of three imaging channels is crucial: first, the mapping
of the surface height enables the identification of gold fragments surrounded by
microcracks and the study of their morphological evolution during deformation.
Second, the micromechanical imaging channel provides quantitative measurements
of the local elastic modulus using the model described in Chapter 2. This suggests
that externally applied strain is locally absorbed as microcracks propagate, whereas
gold fragments do not change their tensile and stiffness physical properties with
increasing strain. Third, the local conductive properties indicate that the individual
gold fragments are still highly conductive, and that transport is primarily determined
by the cracks that separate the conductive fragments. In the case studied here, it has
been found that, even though the crack propagates in the direction perpendicular to
the strain, there is still a fully conductive ohmic path. Conversely, at higher strains,

the analysis of the local I-V curves reveals a transition from the ohmic to the
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tunneling-dominated state, where local barriers must be overcome by a field-
enhanced tunneling mechanism. Such barriers are associated with microcracks
parallel to the deformation, because only in this direction the microcracks does not
open significantly, leaving fragments close enough to permit tunneling transfer. The
results show that charge transport occurs even when the conductive fragments are
surrounded by microcracks due to tunneling, introducing a conduction mechanism

not considered in previous models.

In Chapter 4 a mechanical characterization approach to investigate elastic and
frictional properties of 3D inkjet printed micropillars fabricated with different inks
and post-treatment procedures was demonstrated. Such conductive three-
dimensional structures are of relevance for soft bioelectronic interfaces as they are
prototypes of three-dimensional microelectrode arrays. Three-dimensional
microelectrode arrays have been recently used in various applications for in vivo and
in vitro studies, such as cellular recording, biosensors, and drug delivery. This is
because three-dimensional structures allow for increased device area, spatial
resolution and signal-to-noise ratio. The proposed experimental setup provide access
to the mechanical properties of 3D printed micropillars employing easy-to-access
laboratory instrumentation and well-established AFM techniques. The method allows
for rapid estimation of mechanical properties, thus giving the possibility to
parametrize the microfabrication steps and investigate their impact on the final
device, repeatedly. This paves the way for tuning the mechanical properties of 3D-
printed micropillars on demand for different applications. To apply the method, two
requirements must be met. First, it is necessary to ensure that the compliance of the
micropillar substrate is sufficiently small. This can be overcome by thermally
bonding the substrate to a glass carrier. Secondly, it is necessary to ensure that the
AFM laser is not blocked by the sample itself before reaching the PSPD. This can be
easily obtained by positioning the microelectrodes at the edge of the sample. To test
the proposed method, micropillars with different inks and parameters were printed,
specifically: silver micropillars sintered at 100 and 150°C, and polyacrylate
micropillars with and without a metallic coating. The experimental findings show
that all microelectrodes can be modeled as beams with a constant circular cross-

section. The elastic moduli determined for the silver samples prepared at different
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sintering temperatures are comparable to each other, suggesting this does not play a
major role in the mechanical properties of the micropillar. Similarly, in the case of
PA samples, the coating does not provide measurable alterations of the mechanical

properties, but it changes the roughness of the micropillar’s surfaces.

In conclusion, both the nanomechanics of hard thin metallic films on soft polymeric
substrates and 3D inkjet printed micropillars were investigated under different
deformation states. Such planar metal-elastomer interfaces are essential for
stretchable electronic devices used in next-generation wearables, implantable
biocompatible sensors, soft energy harvesters, and soft robotics. 3D inkjet printed
micropillars are needed in next-generation biomedical implants, cellular recording,
biosensors, and drug delivery, since they are elastic, flexible, conducting 3D
structures. In this work, several experimental methods supported by predictive
models were demonstrated, able to provide access to the local mechanical properties.
For the case study of thin-metal Au film on PDMS, the findings highlight the
formation of a diffuse interface between the metal film and the polymer with an
important impact on the mechanical and electrical properties. Furthermore, the
proposed in situ multi-channel mapping method allows to observe the strain-induced
transition from ohmic transport to tunneling transport in microcracked gold thin
films. For the case study of 3D inkjet printed micropillars, the proposed
characterization method provides rapid and precise determination of mechanical
properties, thus giving the possibility to parametrize the microfabrication steps and
investigate their impact on the final device. Only the development of experimental
methods, such as those described in this work, will pave the way for tuning the
mechanical properties of soft bioelectronic interfaces on demand for different
applications, with ease to access, and fast reproducible approaches applicable to a

wide range of different functional materials.
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and Ag micropillars. a) Force-deflection curves and extracted slopes of loading and
unloading for repeated measurement cycles. b) Force-deflection curves and extracted
slopes of loading and unloading acquired at different loading speeds. ¢) Force-
deflection curves and extracted hysteresis area as a function of the maximum loading
£O1CE TEACKEA. ..ottt 90

Figure 4.3. Interpretation of micropillar force deflection curves: a) The scheme
reports the AFM cantilever bending a micropillar showing the main parameters of
the model explaining hysteresis. b) The graph shows the measured compliance (1/ks)
as a function of the position of the AFM probe on the micropillar. ¢) Main formulas
of the model. d) Elastic modulus and friction coefficient values obtained for PA,
metal-coated PA, and Ag with two different sintering temperature (100 and 150°C).
e) SEM image of a metal coated PA micropillar surface. f, g, h, i) AFM images
(10x10 um2) of the side surfaces of micropillar of different materials. .................. 93

Figure 4.4. Scanning electron microscope images of focused ion beam cut a), c)
150°C sintered silver nanoparticle based and b), d) UV cured polyacrylate based
micropillar. All images show the internal structure after bulk milling and polishing.

Figure 4.5. a) Scheme of the experimental setup used to estimate the indentation of
the AFM tip inside the micropillar surface. b) Typical force-displacement (Z-height)
curve obtained estimating the indentation on a PA micropillar. ¢) Typical force-
indentation curve obtained subtracting in the x-axis the AFM cantilever deflection
from the force-displacement plot. Note that the indentation is close to zero........... 97
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