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ABSTRACT 

With an increasing demand for improvement and innovation in the field of microelectronics, flexible electron-
ics, driven by applications that range from displays to medical devices, has gained much relevance in recent 
years. Thin film transistors (TFTs) are the main building block for flexible microelectronic systems, but a 
better understanding of the mechanical properties of the constituent thin film materials is necessary to design 
more reliable microelectronic devices to be used in mechanically harsh environments. This work aims to ex-
tract a set of mechanical properties of thin film materials used in flexible oxide TFTs and based on that, pa-
rameterize material models for Finite Elements Analysis (FEA). 

To acquire data for these material models, films from different materials are fabricated on silicon sub-
strates. For assessing the impact of thickness and annealing process on the mechanical properties of the thin 
films, several samples of the same material are fabricated with distinct specifications. This study is divided 
into two workflows for extracting two distinct sets of parameters. For films composed of metals (Mo), semi-
conductors (IGZO) and dielectrics (Ta2O5 and Ta2O5/SiO2), the hardness and, as the main parameter, Young´s 
modulus, are determined by nanoindentation for describing linear elasticity. For the polymeric films (PI), time-
dependent parameters such as storage modulus, loss modulus and phase angle, which are necessary to describe 
viscoelasticity, are determined by nanoscale Dynamic Mechanical Analysis (nano-DMA). 

Based on these experimental results, the linear elastic and viscoelastic material models are parameter-
ized for the Finite Element Method (FEM). Based on these FEM models, now relevant geometries could be 
simulated. Beyond that, following the methodology of the dissertation, further thin films used in oxide TFTs 
could be characterized which paves the way for the acquisition of data from other relevant materials and the 
obtaining of a complete description of the device for product development. 

Keywords: flexible electronics, thin films, mechanical properties, oxide TFTs, material function, finite ele-
ment modelling. 
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RESUMO 

Com uma procura crescente por melhoria e inovação no ramo da microeletrónica, a eletrónica flexível, impul-
sionada por aplicações que vão desde displays a dispositivos médicos, tem vindo a ganhar muita relevância 
nos últimos anos. Transístores de filme fino (TFTs) são o principal bloco de construção para sistemas micro-
eletrónicos flexíveis. Mas uma melhor compreensão das propriedades mecânicas dos materiais constituintes 
de filme fino é necessária para projetar dispositivos microeletrónicos mais confiáveis para serem utilizados em 
ambientes mecanicamente desafiadores. Este trabalho visa extrair um conjunto de propriedades mecânicas de 
materiais de filmes finos usados em TFTs de óxidos flexíveis e, com base nestas, parametrizar modelos de 
materiais para Análise de Elementos Finitos. 

Para adquirir dados para esses modelos de materiais, filmes de diferentes materiais são fabricados em 
substratos de silício. Para avaliar o impacto de espessura e do processo de recozimento nas propriedades me-
cânicas dos filmes, várias amostras são fabricadas com especificações distintas. Este estudo é dividido em dois 
fluxos de trabalho para a extração de dois conjuntos distintos de parâmetros. Para filmes compostos de metais 
(Mo), semicondutores (IGZO) e dielétricos (Ta2O5 e Ta2O5/SiO2), a dureza e, como parâmetro principal, o 
módulo de Young, são determinados por nanoindentação para descrever a elasticidade linear. Para os filmes 
poliméricos (PI), parâmetros dependentes do tempo, como o módulo de armazenamento, o módulo viscoso e 
o ângulo de fase, necessários para descrever a viscoelasticidade, são determinados por Análise Mecânica Di-
nâmica em nanoescala (nano-DMA).  

Com base nesses resultados experimentais, modelos de materiais lineares elástico e viscoelástico são 
parametrizados para o Método dos Elementos Finitos (MEF). Com base nesses modelos MEF, geometrias 
relevantes podem agora ser simuladas. Além disso, seguindo a metodologia da dissertação, outros filmes finos 
usados em TFTs de óxidos podem ser caracterizados, o que abre caminho para a aquisição de dados de outros 
materiais relevantes e a obtenção de uma descrição completa do dispositivo para o desenvolvimento de pro-
dutos.  

Palavas chave: eletrónica flexível, filmes finos, propriedades mecânicas, TFTs de óxido, função do material, 
modelagem de elementos finitos. 
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MOTIVATION AND OBJECTIVES 

Thin films can be used for a variety of applications in the field of electronics. In recent years, there has been 
increased interest, particularly in flexible electronics drawing much attention from governments, industry, and 
academia. This translated into a boom of research progress, with a rich library of flexible devices being re-
ported raging from integrated circuit components to environment-interactive units. One of the main challenges 
that come from flexible devices is to make them mechanically robust, reliable, and durable when under me-
chanical stress.  

For this reason, this study focuses on a detailed mechanical characterization of thin films used in flexible 
oxide thin-film transistors (oxide TFTs) being developed at CENIMAT-i3N. All the experimental work was 
done at Fraunhofer IKTS, in the framework of the SYNERGY Project (Symbiosis for Energy Harvesting Con-
cepts for Smart Platforms on Foil) with funding from the European Union’s Horizon 2020 Research and Inno-
vation Programme (Grant Agreement No. 952169). 

 
The main objectives of the work are: 
• Determination of the mechanical properties of thin films used for oxide TFT fabrication at i3N-

CENIMAT 
• Definition of the material model in ANSYS 
 

Because the materials in this study exhibit distinct mechanical behaviour, the two workflows shown in 
Figure 0.1 were established to determine the mechanical properties of the thin films. For materials that exhibit 
linear-elastic behaviour, the experimental work consists of nanoindentation quasi-static measurements, while 
for those exhibiting viscoelastic behaviour, nanoscale dynamic mechanical analysis (nano-DMA) was per-
formed.  

Hence, the respective material models were defined in ANSYS, proving the concept that the materials param-
eters obtained from challenging measurements, can be transferred to a FEM material model. Material models 
and simulation tools are fundamental to eliminate trial-and-error loops during the development of TFT devices, 

Thin 
Films

Linear-elastic
Mechanical Behaviour

• Molybdenum

• IGZO

• Ta2O5

• Ta2O5SiO2

Viscoelastic
Mechanical Behaviour

• Polyimide

Quasi-static 
Measurements

Nano-DMA 
Measurements

• Young’s modulus

• Hardness

• Storage modulus

• Loss modulus

• Tan !

EXPERIMENTAL 
WORK

Mechanical 
Properties 

Determination

FEM 
SIMULATIONS

Linear-elastic Material Model
Parametrization

Viscoelastic Material Model
Parametrization

PROF OF CONCEPT

FE Material Model 
Defined in 

• Geometry

• Meshing

• Loading and 

boundary conditions

Figure 0.1 — Schematic representation of the workflows established to achieve the objectives of this study. 
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as they allow the illustration of complex load scenarios and make predictions of the behaviour of the constit-
uent thin film materials. Thus, this work paves the way for the simulation of complete TFT structures and, 
consequentially, for an improvement in the design of such devices. Ultimately, this will contribute to over-
coming one of the main challenges in flexible electronics, reliability. 
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1  
 

INTRODUCTION 

1.1 Thin Films in Flexible Electronics 

Thin films have been used in several applications in microelectronics (e.g., transistors, sensors, coatings, en-
ergy devices, memories) mostly due to their versatility and an extensive variety of fabrication processes. These 
thin film devices are designed with outstanding mechanical deformability, sensitivity to multifunctional re-
sponses, and intelligent control capabilities. One of the main driving forces in thin film technology is flexible 
electronics because it offers many applications in multiple fields such as flexible circuits[1, 2], flexible dis-
plays[3–8], electronic paper,[9, 10] wearable devices[11–13], medical devices,[14] conformable radio frequency iden-
tification devices (RFID)[15–17] and electronic skin for robots[18–22].  

 Thin Film Transistors (TFTs) 

The most common thin-film electronic device is the thin film transistors (TFTs) that poses the foundation for 
flexible platforms. The first TFTs were initially proposed in 1962[23] and were based on cadmium sulphide 
(CdS). In 1979, silicon-based TFTs were developed and are nowadays widely used in flat panel displays. A 
TFT stack is shown in Figure 1.1 and it compromises metals, dielectrics, semiconductors, and a flexible sub-
strate. Due to their inherent flexibility, TFTs made from many different types of thin film materials have been 
studied such as flexible amorphous silicon (a-Si)[24, 25] to organic thin films transistors (OTFTs). However, in 

the case of OTFTs, these exhibit relatively low mobility and stability.[26, 27] Oxide-based TFTs, particularly 
those based on multicomponent oxide semiconductors, such as amorphous indium-gallium-zinc-oxide (a-
IGZO), can be considered one of the main breakthroughs in the field of flexible electronics, as they pose 
several advantages when compared to conventional amorphous silicon. They were first introduced in 2004,[28] 
exhibiting low process temperature, high carrier mobility, good uniformity, and high transparency in the visible 
regions.[28–32] Research has shown that the electronic properties of amorphous oxide semiconductors are also 
particular insensitive to mechanical strain.[17, 33] From a mechanical point of view, the most resilient semicon-
ductor, in which flexibility is permitted, is the amorphous IGZO, characterized by an absence of grain bound-
aries and a unique conduction-band structure, allowing therefore high electron mobility and good insensitivity 

Figure 1.1 — Schematic representation of a TFT structure on a flexible substrate. The architecture represented here is a bottom-gate 
top-contact transistor.[34] 
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to mechanical strain.[28, 34] To achieve flexible devices, the substrate material must be bendable. These can be 
composed of polymer plastics,[17, 28, 35] paper sheets,[36–39] metal foils,[40, 41] and flexible thin glass.[42–44] Polymer 
plastics have many advantages as the choice of flexible substrate, namely high transparency, stretchability, 
lightweight and bendability.[28, 45–48] The most commonly used plastic substrate for oxide TFTs is polyimide 
(PI).[22, 35, 49–53] For gate insulators in the TFT structure, there are several choices of dielectric materials. Mate-
rials like Al2O3,[54] HfO2

[55] or Ta2O5
[56] that have a high dielectric constant (high-𝜅)[57] are the main choice of 

materials for low-temperature sputtering processes. Nonetheless, they still pose some challenges, namely a 
low-band offset with IGZO resulting in relatively large gate leakage current[57–59] which have been addressed 
by a multi-component approach. This consists of using as dielectrics, compositions of thin films such as 
Ta2O5/SiO2 and Ta2O5/Al2O3 that have been shown to significantly improve the electrical performance of TFT 
devices.[60] As for the source, drain and gate, metals such as Al, Cu, Ti and Mo[61] are commonly chosen as 
good candidates, as they show good electrical conductivity, adequate workfunction for ohmic contacts with 
most n-type oxide semiconductors, easy processability (deposition and etching) and low-to-moderate costs. 

Most research on the characteristics of TFTs focuses mainly on the electrical properties, with only lim-
ited emphasis given to the mechanical aspects of these devices. For this reason, it is very important to study 
the impact of mechanical stress on the flexible device performance. In this field, the existing literature is mostly 
directed toward understanding what happens to the device when it comes under compressive and tensile 
strain[62], how it impacts its electrical performance[62, 63], and how to optimize its structure and device layout.[64–

66] Nevertheless, reports on determination of mechanical properties of the thin films composing the TFT stack 
are scarce, being precisely one of the main objectives of this work. 

1.2 Mechanical Properties of Thin Films 

Thin films ranging in thickness from a few nanometres to a few micrometres, compromise the structure of the 
TFTs used in flexible electronics. These are frequently subjected to very large stresses which can cause a wide 
variety of deformation and fracture processes to occur. While thin films are extremely thermally stable and 
reasonably hard, they are still fragile. The mechanical properties of thin films often differ from those of bulk 
materials. For these reasons, it is important to understand the mechanical properties of the constituent layers 
of the devices so that these can be more reliable, structural integral, and capable of maintaining that integrity 
over their lifetime. In this study, the most important mechanical properties are the ones that define the elastic 
region, as can be seen in Figure 1.2, namely the Youngs modulus, given that after mechanical stress, thin film 
devices must be restored to their initial form. For many materials, the relationship between stress and strain 
can be expressed, at least at low strains, by Hooke´s law which states that stress is proportional to strain, (linear 
elasticity). This enables us to define the Young´s modulus, 𝐸,[67] of a material which for simple uniaxial ex-
tension or compression is given by  

𝐸 = 𝜎/𝜀  (1.1) 

In the case of polymeric materials, these do not obey Hooke’s law because their response to applied 
stress or strain depends upon the rate or time period of loading. Polymers are termed viscoelastic as they 
display both viscous behaviour at high temperatures and low rates of strain, and elastic behaviour at low tem-
peratures and high rate of strain.[68] For this reason, to achieve a mechanical characterization of polymers, 
creep rate, viscosity, and damping must be considered. For the study of viscoelastic materials, it is fundamental 
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to get an understanding of the viscoelastic polymer properties, such as the storage modulus, loss modulus and 
loss tangent (tan 𝛿 or phase angle). 

 Fundamentals of Nanoindentation 

Nanoindentation has become one of the most important techniques used to determine the mechanical properties 
of thin films. This is because the properties of the film can be measured without removing the film from the 
substrate; the spatial distribution of properties, in both lateral and depth dimensions, can be measured; the tests 
can be performed quickly and inexpensively; and it is a versatile technique.[69] The most commonly adopted 
method for measuring hardness and modulus using nanoindentation consists of making a small indentation in 
the film, usually with a Berkovich indenter, while simultaneously recording the indentation load, 𝑃, and dis-
placement, ℎ, during one complete cycle of loading and unloading.[70, 71] A schematic of load versus depth 
from the nanoindentation test using a Berkovich pyramid-shaped tip indenter is shown in Figure 1.3 (a). The 
quantities involved in the analysis are the peak load, 𝑃012, the displacement at peak load, ℎ012, the permanent 
depth of penetration after the indenter is fully unloaded, ℎ3, the initial unloading contact stiffness, 𝑆 = d𝑃/dℎ 

(i.e., the slope of the initial portion of the unloading curve, and the displacement found by linearly extrapolating 
the initial portion of the unloading curve to zero loads, ℎ4). The procedure used to measure Young’s modulus 
and hardness is based on the unloading processes shown schematically in Figure 1.3 (b). 

 

Elastic and plastic deformation occurs as the indenter is first driven into the film. The plastic deformation 
results in the formation of a permanent hardness impression that conforms to the shape of the indenter to some 
contact depth, ℎ5. Also, the surface displaces downward at the edge of the contact by an amount, ℎ6. The 
analysis procedure focuses on the fact that as the indenter is withdrawn, the elastic displacements are recov-
ered, and an analysis of the elastic unloading data can then be used to relate experimentally measured quantities 
to the projected contact area, 𝐴, and an effective elastic modulus.[72, 73] For any axisymmetric indenter, the 
relationship is 

Figure 1.2 — Stress vs strain of a material. 

Figure 1.3 — (a) A schematic representation of load versus indenter displacement data for an indentation experiment. (b) A sche-
matic illustration of the unloading process showing parameters characterizing the contact geometry. 
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The Young´s modulus of the specimen, 𝐸, is obtained by the following equation 
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where 𝐸B and 𝜈B are Young´s modulus and Poisson´s ratio of the diamond indenter, respectively; 𝜈 is the Pois-
son´s ratio of the specimen; 𝐸= the reduced Young´s Modulus. A calibration procedure is necessary to acquire 
the precise shape of the indenter which is required to determine the hardness and modulus. For a Berkovich 
indenter with a perfect triangular pyramid geometry, the area function is given by 𝐹(𝑑) = 24.5ℎ5:, however, 
no real indenter is perfect, and it is needed to consider the tip rounding effect, especially for small indentations. 
One of the methods to establish the area function consists in making several indentations in a material with 
well-known, isotropic elastic properties, such as fused quartz or sapphire, and the area function is deduced 
from the indentation load-displacement data by assuming that the elastic constants are independent of depth.[71] 
The reduced modulus is given by 

𝐸= =
C
:DJ

<
E$(9%)

  (1.4) 

in which 𝑆 is the stiffness of the specimen; 𝛽 is a constant on the order of unity that depends on the geometry 
of the indenter; 𝐴H(ℎ5) is the projected area of the indentation at the contact depth, ℎ5, and it is often approx-

imated by a fitting of the polynomial function. The determination of the contact depth[71] is then given by 
ℎ5 = ℎ012 − 0.75𝑃012/𝑆  (1.5) 

and the projected area of contact is thus calculated, and the hardness is given by 

𝐻 = 8&'(
E

  (1.6) 

 Time-Dependent Nanoindentation: Dynamic Indentation Testing 

For time-dependent materials, the viscoelastic parameters cannot be directly measured because the mechanical 
response is temperature and time-dependent. Nano-DMA is a technique that allows the determination of the 
viscoelastic properties of the materials with a high local resolution. It consists of applying a pre-load to the 
indentation experiments, and the determination of the phase shift between an overlayed dynamical force load 
and the subsequent dynamic displacement reaction. This phase shift is used to calculate the storage and loss 
modulus.[74] The evaluation of the measurement data is based on a dynamical model of the whole experimental 
setup that takes into consideration the damping P𝑐6,BR and stiffness P𝑘6,BR of both the sample and indenter. The 

viscoelastic polymeric properties (reduced storage modulus, 𝐸=´ , and loss modulus, 𝐸=´´) are given by the fol-
lowing relationships: 

𝐸=´ =
J)√<
:√E

, 𝐸=´´ =
K5)√<
:√E

  (1.7) 

where 𝜔 is the applied frequency, 𝐴 the contact area between the sample and indenter tip, determined by 
experimental calibrations, as well as 𝑘6 and 𝑐6 that are given from experimental data. Like static indentation 
measurements, the storage and loss modulus of the sample are both related to the measured reduced modulus 
and indenter properties by 
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where 𝑣 is the Poisson´s ratio and the subscripts 𝑖 and 𝑠 are the indenter and sample properties, respectively. 
The storage modulus and the loss modulus are related to the complex modulus, 𝐸∗ = 𝐸´ + 𝑖𝐸´´, and indicate 
the ability of the polymer to store and return energy (recoverable deformation) and dissipate energy through 
molecular chain reactions, such as internal friction and rearrangement of the chain due to deformation. The 
ratio of the loss modulus to the storage modulus (i.e., tan 𝛿 or phase angle) reflects the viscoelastic behaviour 
of the material and is a useful parameter because it is independent of the tip-sample contact area. 

 Challenges in the Nanoindentation of Thin Films 

The main challenge in the nanoindentation of thin films is avoiding unintentionally probing the properties of 
the substrate. To minimize this effect, it is common to restrict the maximum depth of penetration to 10% of 
the film thickness.[71] However, this requires some critical analysis, since this rule does not strictly apply in all 
cases, due to effects such as tip rounding, thus it is the most generally used since it covers a wide range of 
material behaviour. For the determination of the elastic modulus, it is not possible avowing the substrate in-
fluence since the elastic deflections of both the substrate and the film contribute to supporting the indenter 
load. Although, more support comes from the film than the substrate given the localized nature of the inden-
tation stress field. The hardness value is more challenging to quantify due to the complex nature of the plastic 
zone as it interacts with the substrate material. A drop in hardness is expected for small penetration depths, 
hence the elastic deformation associated with the tip rounding. With sufficient resolution, the hardness values 
should reach a plateau and this value should represent the film hardness.[75] 

1.3 Finite Element Method (FEM) 

The Finite Element Method is a powerful numerical technique that uses computation power to calculate ap-
proximate solutions to boundary value problems for partial differential equations like here continuum mechan-
ics tasks. It uses the subdivision of a whole problem domain into simpler parts, called finite elements and 
variational methods from the calculus of variation to solve the problem by minimizing an associated error 
function. Figure 1.4 describes the fundamentals of a continuum mechanics FEM process. Firstly, it is necessary 
to define the material models, i.e., specifying the mechanical behaviour present in the FE model. Further, the 

element types and their properties need to be defined according to the problem to be solved. This is followed 
by discretization of the sample geometry, where a mesh is defined, separating the sample geometry by nodes 
into individual elements. Last, the loading and boundary conditions are defined, i.e., specification of the type 
of loading and constraints. With these definitions, the FEM can be handed over and it is then possible to run 

Figure 1.4 — Schematic of the fundamentals of a FEM simulation process. 
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the computation to achieve the FEM solutions of the continuum mechanics problem that then contain results 
to be analysed (post-processing), e.g., stress-strain fields, displacement fields, etc.  

FEM has been extensively used to characterize the mechanical behaviour of bulk materials and thin film 
geometries by simulating nanoindentation procedures. For indentation processes, the finite element simulation 
can be employed for investigating the complex stress and strain fields under the indenter tip which is extremely 
difficult to achieve by experiment. This technique has been applied to metals and polymers.[76, 77]  

In this study, the transition of materials data obtained from challenging nano-mechanical experiments 
to FE material models (linear elastic and viscoelastic) including a proof-of-concept for the full FEM workflow 
until post-processing using simple geometries have been done. 
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2  
 

MATERIALS AND METHODS 

2.1 Fabrication Process of the Thin Films 

Different types of thin films were fabricated in CEMOP-UNINOVA’s clean room. Firstly, thin films of molyb-
denum (Mo), IGZO, tantalum pentoxide (Ta2O5) and a double layer of Ta2O5 with silicon dioxide (SiO2), were 
all fabricated by sputtering, and lastly, thin films of polyimide (PI) were fabricated by spin coating. For films 
of different specifications, an extra sample was fabricated with a pattern of three rectangles made with a 
marker, where after deposition, a lift-off process with acetone occurred. The profile for each sample after 
deposition was then measured. 

 Materials 

The substrates used to deposit all the films were CZ-Si wafers cut in 2.5 by 2.5 cm (thickness of 500 ± 50 µm) 
obtained from MicroChemicals. The molybdenum and IGZO layers were deposited in an RF Magnetron Sput-
tering PVD AJA ATC 1300F, with the first using a molybdenum target from AJA International, and the latest, 
using three AJA International targets with a composition of 2:1:1 (In2O3:Ga2O3:ZnO molar ratio). An RF Mag-
netron Sputtering PVD AJA ATC 1800F was used to deposit the Ta2O5 and the Ta2O5/SiO2 multilayer using a 
Ta2O5 target and a SiO2 target for the latest, with both targets from AJA International. The polyimide thin films 
were fabricated by spin-coating in a SUSS LabSpin6 with PI 2610 (for 500 nm and 1 µm) and PI 2611 (for 10 
µm) with the adhesion promoter VM652 (PI and adhesion promoter from HD MicroSystems™). 

 Molybdenum and IGZO Thin Films 

For all the samples, the substrates were cleaned by ultrasonic baths of 15 min each, firstly in acetone followed 
by IPA. The drying process was done afterwards with a nitrogen gun. 

Different deposition times were used to achieve a variation in film thickness between samples. Mo was 
deposited in an Ar (50 sccm) atmosphere with a power of 175 W and pressure of 1.7 mTorr. For IGZO, the 
atmosphere was Ar + O (20:5 sccm), with a power of 143 W for In2O3, 100 W for Ga2O3 and 50 W for ZnO, 
at a pressure of 2.3 mTorr. In Table 2.1, can be observed an outline of the respective deposition time regarding 
the desired film thickness.  

After the deposition, for each sample and respective thickness, three different thermal treatments were 
performed: no annealing, annealing at 180 °C and 300 °C. The annealing was done on a hot plate for 1h for 
each temperature. 

 Ta2O5 and Multilayer Stack Thin Films 

For the multilayer stack and single Ta2O5 layer, the deposition was conducted under the same conditions, being 
an Ar+O (14:1 sccm) atmosphere, power of 100 W for Ta2O5 and 200 W for SiO5, and pressure of 2.3 mTorr. 
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For the desired thickness of 350 nm, the Ta2O5 was deposited for 20 min. The samples corresponding to the 
individual layer were removed and the SiO2 deposition for the multilayer samples proceeded. The SiO2 depo-
sition time was 88 min. 
 

Table 2.1 — Deposition time for molybdenum and IGZO concerning the desired film thickness. 

Sample Desired Thickness (nm) Deposition Time (min) 

Mo 
100 17 
200 34 
500 84 

IGZO 
100 30 
200 60 
500 150 

 
This deposition was followed by the same thermal treatments that were done for the Mo and IGZO thin 

films.  

 Polyimide Thin Films 

Polyimide thin films were formed on the rigid silicon wafer by spin-coating liquid PI. An aminosilane-based 
adhesion promoter was applied before the liquid to enhance the adhesion to the silicon substrate. All samples 
were spin-coated in two steps, with the first being the same for all samples and consisting of spinning for 7 s 
at 500 rpm. To obtain a thickness of 10 µm, a speed up to 1500 rpm for 30 s was applied, for 1 µm, 4000 rpm 
for 30 s, and for 500 nm, 6000 rpm for 30 s. The soft bake was carried out at 90 °C for 1 min and 30 s, and an 
initial curing at 150 °C for 1 min and 30 s.  

In similarity to the previous samples, three different annealing processes were done: no annealing, an-
nealing of 250 °C for 1 h and annealing of 350 °C for 30 min. Higher temperatures are important for complete 
curing of PI films.[78–80] 

2.2 Characterization Techniques 

 Thickness Measurements: Profilometer and FIB-SEM 

The measurement of the deposition thicknesses was done with the Profilometer Dektak 3 available at CEN-
IMAT-i3N. For the samples Ta2O5 as deposited (without annealing) and Ta2O5/SiO2 as deposited, additional 
thickness measurements were performed with Zeiss NVision 40 FIB-SEM at Fraunhofer IKTS, to get a second 
assessment and determine if the quality of the film was adequate for the following work. 

 Mechanical Characterization: Nanoindentation 

The mechanical characterization of all samples was performed by nanoindentation at Fraunhofer IKTS, using 
the Hysitron TI 950 Triboindenter from Bruker. This technique allows the measuring of hardness and elastic 
modulus as well as viscoelastic parameters for the fabricated samples. A pyramidal-shaped diamond Berkovich 
indentation tip from Synton-MDP was chosen to perform all nanoindentation measurements. A high-precision 
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transducer from Hysitron allowed the monitoring of loads and displacements with a resolution down to less 
than 30 nN and 0.2 nm, respectively. The test instrument and the tip was calibrated following the approach 
proposed by Oliver and Pharr.[81] To accomplish the objectives of this work, two distinct nanoindentation tests 
were performed: quasi-static measurements to obtain the elastic modulus and hardness, and nanoscale dynamic 
mechanical analysis (nano-DMA) to give insight into the viscoelastic behaviour of the polyimide.  

For the quasi-static measurements, load is applied in a series of steps to some maximum and then with-
drawn. Simultaneously, the indenter force and displacement are recorded and analysed to determine the elastic 
modulus and hardness. For all films, the nanoindentation indents were performed with a minimum load of 100 
µN and a maximum load of 10000 µN, in an array of 10 × 10 with a spacing of 20 µm. The load function was 
5 s loading time, 5 s creep time, and 5 s unloading time. Yet, for the polyimide samples, the loading time was 
10 s, with a creep time of 20 s, and 10 s of unloading time. Before the indentation of the Mo and IGZO samples, 
in-situ scanning probe microscopy (SPM) images were taken of the indentation sites to get a better understand-
ing of the sample’s topography and respective roughness before indents. These scans consisted of a 5 × 5 µm 
array at a line scan speed of 0.5 Hz. 

The dynamic measurements, follow the experimental methodology described by Clausner et al.[82] with 
a specifically engineered sample adapter, Figure 2.1. The dynamic load was 20 µN while the static load is 
2000 µN. The dynamic indentation loads were increased monotonically from 1 Hz to 300 Hz and the sweep 
consisted of 20 frequencies. However, frequencies until 1 Hz were excluded from the study since they are 
more prone to drift and would significantly increase the testing time. For statistic proposes, four indents on 
different test locations were made on all samples for each test temperature. To combine the data of the four 
measurements into one single group, mathematical analysis was done by decomposing the means and standard 
deviation.[83] 

 

 Morphological Characterization with EDS-SEM 

Due to substantial morphological alterations evaluated by in-situ SPM images of the Mo sample with a thick-
ness of 439 nm annealed at 300 ºC, the chemical composition of was evaluated by EDS-SEM with the Bruker 
Xflash®5010 Detector and Zeiss NVision 40 SEM at Fraunhofer IKTS. 

 Finite Element Simulations (FEM) with ANSYS 

The finite element simulations were performed using the commercial FEM software ANSYS version 2022 R2. 
As the whole FEM workflow is in the state of a proof-of-concept in this study, a simple cube geometry, as 
well as a simple set of boundary conditions (displacement-governed cube compression), have been used to 

Figure 2.1 — A schematic of the nano-DMA setup used to measure the viscoelastic properties. Adapted from Clausner et al.[82] 



 12 

create a minimal functional FE model. In the processing of the force, displacement and stress reactions in the 
simple cubes have been analysed. The focus of this study was on the transition of the experimentally measured 
micro-mechanical materials' behaviour to the FEM material model needed for the whole FEM workflow. To 
that, for the films governed by Hooke’s law, such as the Mo and IGZO, a linear-elastic model is used to 
describe these materials in the FEM code. For polyimide, a viscoelastic material model was used in this study 
that is analogous to the one described by Slanik et al.[84] These models are directly selected within the ANSYS 
environment and the Prony Series developed by Park and Schapery[85, 86] are used to describe and implement 
the viscoelastic behaviour of the PI materials in the FEM code. 
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3  
 

RESULTS AND DISCUSSION 

3.1 Thickness Measurements 

The obtained thicknesses do not correspond to the initial desired as can be seen in Table A.1 in Appendix A. 
However, this was not taken as an issue beforehand. Given that the work intends to acquire a better under-
standing of how the variation of the thickness of the material impacts its mechanical properties, a difference 
in thicknesses is already enough to conclude the tendencies observed in the properties. For the polyimide 
samples, thickness measurements were performed considering the annealing temperature given that polymers 
are more deeply impacted morphologically[87] by it that the other materials in this study. Therefore, a smaller 
thickness was expected for a higher annealing temperature, and this can be observed by the data present in this 
chapter and Table A.1 in the appendix. 

Another important factor to be considered when it comes to the nanoindentation technique is surface 
roughness. A higher roughness in the measured film will have a direct impact on the measurement and lead to 
errors. To assert the quality of the films, a FIB cut was performed on two samples, and the results in Table 3.1 
show that the film is homogeneous with the maximum standard deviation being 4.5 nm for the sample 
Ta2O5/SiO2 (without annealing). The SEM cross-sections for the Ta2O5 sample are present in Figure B.1.1 and 
Figure B.1.2 and for the Ta2O5/SiO2 sample in Figure B.1.3 and Figure B.1.4, in the Appendix section B.1. 
Table 3.1, besides presenting the average thickness values for the SEM cross-sections, also compares them 
with the Profilometer measurements. The difference in values between samples is less than 10%. 

 
Table 3.1 — Comparison of thickness measurements with profilometer and FIB-SEM. 

  Profilometer FIB-SEM 

Material 
Annealing 
conditions 

Number of 
measurements 

Average 
thickness 

(nm) 

Number of 
measurements 

Average 
thickness 

(nm) 
Ta2O5 No annealing 3 311.9 ± 4.8 8 327.5 ± 3.4 

Ta2O5/SiO2 No annealing 3 343.3 ± 4.3 7 381.2 ± 4.5 
 
The profilometer values were the ones considered for this study given that the sample preparation time for 
FIB-SEM is very extensive and, therefore, not ideal, also from a financial point of view, to be performed on 
all samples.  

3.2 Quasi-Static Measurements 

As previously mentioned in Chapter 1, to assess the mechanical properties of thin films composed of metals 

(Mo), semiconductors (IGZO) and dielectrics (Ta2O5 and Ta2O5/SiO2) in the linear elastic region, the quasi-
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static nanoindentation technique allows for the extraction of hardness and, most importantly, Young´s modulus 

of the films. Several depth-depended mechanical property plots were obtained for the nanoindentation meas-

urements, allowing the extraction of the mechanical properties of each film. The indentations were performed 

until it was achieved a penetration depth of roughly 180 nm which, given the film thicknesses for some sam-

ples, will unavoidably probe the substrate properties. For this reason, it is necessary to critically analyse the 

indentation depth-dependent data and define the depth range in which the signal comes mostly from the thin 

film. To better assess this and divide it into film and substrate properties, a pre-measurement was done for the 

silicon substrate on which the films were deposited. This measurement is present in all graphics. 

 Molybdenum and IGZO Thin Films 

Figure 3.1 presents the nanoindentation measurements for the molybdenum film with a thickness of 93 nm. 

As mentioned in Chapter 1.2.3, there are some considerations to be taken previously when defining the range 

for the measurement of Young’s modulus and Hardness. An effective indentation size range must be found 

empirically while taking into consideration some effects. For Young’s modulus, these effects are mostly far-

range and translate into the substrate influence on the measurement. While for the hardness, the effects are 

mostly short-range and are related to the tip shape. For the left image of Figure 3.1, corresponding to the film 

without annealing, Indentation Size Effect (ISE) might be present as the hardness is higher at a lower depth, 

until a penetration depth of 6 nm. ISE is a small-scale phenomenon that translates into an increase in hardness 

with decreasing penetration depth and becomes important for depths of less than approximately 1 µm.[88]  This 

phenomenon can be attributed to the nucleation of dislocation within the plastic zone.[75]  

 

Dislocations are created in two ways, those arising for statistical reasons and those arising from the 

geometry of the indenter. This increases the effective yield strength of the material which in turn means an 

increase in hardness. For the centre image, corresponding to the film with annealing at 180 °C, the tip rounding 

effect can be observed for an indentation depth of 7 to 20 nm as there is a clear drop in hardness. As the 
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Figure 3.1 — Nanoindentation measurements for Young’s modulus and hardness for Mo with a thickness of 93 nm: (left) as depos-
ited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 
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penetration depth increases, the signal of the film starts to overlap the signal of the substrate. This is expected 

since the penetration depth is higher than the film thickness and, therefore, the properties being probed corre-

spond to the ones of the substrate. In Figure 3.2, the same nanoindentation measurements are presented for the 

Mo sample with a thickness of 180 nm, where the tip rounding effect is also present.  

 

Figure 3.3 also presents the graphics obtained from the indentation measurements for the Mo sample 

with a thickness of 439 nm. For the right image, corresponding to the sample annealed at 300 ºC, it is observed 

a clear dispersion of values for both Young’s modulus and hardness measurement. For this reason, further 

investigation was performed on this specific sample to better understand firstly, the surface morphology and 

secondly, the composition of the film.   
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Figure 3.3 — Nanoindentation measurements for Young’s modulus and hardness for Mo with a thickness of 439 nm: (left) as depos-
ited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 

Figure 3.2 — Nanoindentation measurements for Young’s modulus and hardness for Mo with a thickness of 180 nm: (left) as depos-
ited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 
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A pre-test Scanning Probe Microscopy (SPM) imaging of the testing site enables the direct measurement 
of the surface morphology (e.g., microstructure, topography, roughness) with nanometer resolution and is crit-
ical for avoiding surface defects before testing. Because of this, the nanoindentation measurements present in 
this study are the ones performed a second time with a pre-test SPM imaging that is a feature of the 
nanoindenter TI 950. For comparison proposes, Figure 3.4 represents the SPM images of topography (top) and 
lateral force images (bottom) for the Mo sample with a thickness of 93 nm with respective annealing condi-
tions. For the films as deposited (left) and with annealing of 180 ºC (centre), the films are considered conform-
able with a nearly constant thickness on both horizontal and vertical surfaces. Nonetheless, for the film with 
annealing at 300 ºC (right), two distinct observations can be made. Firstly, the film exhibits a polycrystalline 
microstructure with random crystallographic grain orientations. And secondly, some structural alterations can 
be observed with also an increase of surface roughness. In Figure 3.5 it is shown the corresponding SPM 
images for the Mo film with a thickness of 439 nm. The films as deposited (left) and with annealing of 180 ºC 
(centre) are also considered conformable but a substantial alteration in the structure and morphology of the 
film with annealing at 300 ºC (left) is observed in addition to a considerable increase in the surface roughness.  

 

For this reason, further studies were conducted to determine the composition of the film by resorting to 
Energy-Dispersive X-ray Spectroscopy (EDS) technique. This technique allowed for the elemental analysis of 
the Mo sample with a thickness of 439 nm annealed at 300 ºC and the obtained spectra is presented in Figure 
3.6. The presence of both Mo and Si is anticipated because the molybdenum was deposited in a silicon sub-
strate. Because no chemical elements were detected other than the expected ones, the hypothesis of contami-
nation was ruled out. However, further conclusions can be drawn from the elemental mapping of the sample 
in question (Appendix B.2, Figure B.2.1), where it is shown that the composition of the irregularities has 
oxygen. Hence, the formation of molybdenum oxide is the cause of this phenomenon. This is attributed to the 
fact that the annealing process was open air.  

SPM imaging for Mo with a thickness of 93 nm 
As deposited Annealing at 180 ºC Annealing at 300 ºC 

   

   
 Figure 3.4 — In-situ SPM imaging for Mo with a thickness of 93 nm, (top) topography image, (bottom) lateral force imaging: (left) 

as deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 
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Regarding the mechanical properties of the IGZO thin films, Figure 3.7 shows the nanoindentation 
measurements for a film thickness of 135 nm with the respective annealing conditions. The tip-rounding effect 
is present in all graphics. Given the film thickness, it would be expected, in similarity to the Mo thin films 
measurement, to observe, as the contact depth increases, a tendency towards the substrate values for both 
Young’s modulus and hardness due to the substrate influence. However, this is not the case for the 

SPM imaging for Mo with a thickness of 439 nm 
As deposited Annealing at 180 ºC Annealing at 300 ºC 

   

   
 Figure 3.5 — In-situ SPM imaging for Mo with a thickness of 439 nm, (top) topography image, (bottom) lateral force imaging: (left) 

as deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 

Figure 3.6 — Energy dispersive X-ray (EDS) spectra of Mo with a thickness of 439 nm annealed at 300 ºC. 
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nanoindentation measurements for all IGZO films and this is not fully understood as the measurements were 
repeated and the same occurred. Potential reasons for this behaviour can be strongly material-dependent inter-
actions between tip and film or high intrinsic film stress. Figure B.3.1 and Figure B.3.2 in Appendix B.3 show 
the nanoindentation measurements for IGZO films with a thickness of 261 nm for a thickness of 609 nm, 
respectively. 

 

Table 3.2 summarizes the mechanical properties of the Mo and IGZO thin films, obtained using the 
nanoindentation technique. Young’s modulus is an indirect measurement, and it is calculated from the reduced 
Young’s modulus and Poisson’s ratio by 𝐸 = 𝐸=(1 − 𝜈:). Poisson’s values were obtained from the literature, 
with 0.31[89] for molybdenum and 0.36[90] for IGZO. 

For Mo, films with annealing at 180 ºC exhibit better mechanical properties given the higher values for 
Young’s modulus and hardness. This means that these films are less prone to deformation for the same amount 
of stress and more resistant to localized plastic deformation. Even though this is not the case for the film with 
a smaller thickness (93 nm), it is important to point out that the nanoindentation measurements for a thickness 
this small are extremely challenging and cannot be entirely trustworthy, therefore, the previous conclusions 
are still valid. However, the obtained values for Young’s modulus show considerable differences concerning 
the Mo literature bulk value of 324 GPa.[91] But this is expected as previously mentioned in Chapter 1.2, given 
the low thicknesses of the studied films. This does not pose a problem as, for a bendable device, high values 
for both Young’s modulus and hardness would compromise flexibility. One other aspect that should be taken 
into consideration is the dispersion of values. Despite higher values for the standard deviation of the films 
annealed at 180 ºC, the data visualization of the nanoindentation measurements is very important, as the values 
follow an overall tendency, while for the samples annealed at 300 ºC, the values are extremely scattered. The 
Mo thin films with annealing at 300 ºC, exhibit poor mechanical properties due to the inferior quality of the 
films that translates into a high surface roughness. For a multilayer system, as in the case of the TFTs fabricated 
at CENIMAT-i3N, this will inevitably compromise the overall mechanical properties of the device.  

In the case of the IGZO thin films, no tendency for Young’s modulus and hardness is observed with the 
annealing process. This means that the mechanical properties of the IGZO thin films are not influenced by the 
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temperature processes relevant to this study. Therefore, when designing more mechanically robust devices 
with IGZO thin films, the annealing process must take into consideration implications on other properties other 
than the mechanical ones. 
 
Table 3.2 — Mechanical properties of Mo and IGZO thin films for respective thicknesses and annealing conditions obtained from 
nanoindentation. 

Sample Thickness 
(nm) 

Annealing 
condition 

Poisson’s 
ratio 

Reduced Young’s 
modulus 

(GPa) 

Young’s 
modulus 

(GPa) 

Hardness 
(GPa) 

Mo 

93 

No annealing 

0.31 

222.4 ± 13.8 201.0 ± 12.5 16.1 ± 2.2 
180 ºC 194.0 ± 17.7 175.4 ± 16.0 15.2 ± 1.3 

300 ºC 189.5 ± 20.1 171.3 ± 18.2 15.1 ± 1.4 

180 

No annealing 195.7 ± 21.1 176.9 ± 19.1 15.3 ± 1.4 

180 ºC 240.0 ± 57.7 216.9 ± 52.1 16.5 ± 2.4 
300 ºC 190.9 ± 20.9 172.5 ± 18.9 15.0 ± 2.5 

439 

No annealing 207. 6 ± 27.8 187.6 ± 25.1 14.8 ± 1.4 

180 ºC 231.3 ± 54.1 209.1 ± 48.9 16.4 ± 2.3 

300 ºC 201.7 ± 47.1 182.3 ± 42.6 13.6 ± 4.7 

IGZO 

135 

No annealing 

0.36 

171.2 ± 12.0 149.0 ± 10.4 11.5 ± 2.9 
180 ºC 164.1 ± 19.0 142.8 ± 16.5 11.7 ± 2.8 

300 ºC 163.0 ± 16.0 141.9 ± 13.9 12.6 ± 2.2 

261 
No annealing 157.2 ± 26.0 136.8 ± 22.6 10.7 ± 3.3 

180 ºC 159.7 ± 22.9 139.0 ± 19.9 11.4 ± 3.1 

300 ºC 162.4 ± 23.5 141.3 ± 20.4 11.7 ± 2.9 

609 

No annealing 149.3 ± 32.9 129.9 ± 28.6 10.3 ± 3.5 

180 ºC 155.2 ± 27.7 135.1 ± 24.1 11.0 ± 3.1 

300 ºC 148.6 ± 35.4 129.3 ± 30.8 10.6 ± 3.4 
 

 Ta2O5 and Multilayer Stack Thin Films 

Figure B.4.1 and Figure B.4.2 in Appendix B.4 correspond to the nanoindentation measurements performed 
for the Ta2O5 films with a thickness of 312 nm, and the multilayer stack (Ta2O5/SiO2) with a thickness of 343 
nm, respectively. All measurements exhibit tip-rounding effect for the initial penetration depths and the sub-
strate influence is not pronounced due to the film’s thicknesses. Table 3.3 displays the mechanical properties 
obtained from the data analysis for both the Ta2O5 and the multilayer stack thin films. Since the SiO2 layer, 
from the perspective of a nanoindentation measurement, is extremely thin (31 nm), the content of its value is 
hard to reach. Hence, this layer's influence on the properties can be measurable, but it cannot be individually 
characterized. A Poisson’s ratio value of 0.27[92] for Ta2O5 was obtained from the literature. In the case of the 
multilayer, the Poisson’s value can be assumed as the same due to the SiO2 small layer thickness. For the Ta2O5 
sample, Young’s modulus values are in accordance with the literature values for this thin film that ranges from 
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130 to 150 GPa.[75] The obtained hardness is slightly higher than the literature values (9 to 10 GPa).[75] Even 
though Young’s modulus values of SiO2 published in the literature are widely scattered,[93] these are all smaller 
than Young’s modulus values for Ta2O5. Hence, the multilayer thin film exhibits a lower Young’s modulus 
than the single Ta2O5 layer. No direct conclusion can be made for the annealing influence on the mechanical 
properties of the films, as there is only one thickness being studied for each sample. 

 
Table 3.3 — Mechanical properties of Ta2O5 and Ta2O5/SiO2 thin films for respective thickness and annealing conditions obtained 
from nanoindentation. 

Sample Thickness 
(nm) 

Annealing 
condition 

Poisson’s 
ratio 

Reduced Young’s 
modulus 

(GPa) 

Young’s 
modulus 

(GPa) 

Hardness 
(GPa) 

Ta2O5 312 

No annealing 

0.27 

158.7 ± 24.9 147.1 ± 23.1 10.6 ± 3.7 

180 ºC 160.2 ± 25.5 148.5 ± 23.6 10.5 ± 3.7 

300 ºC 151.1 ± 32.8 140.1 ± 30.4 10.5 ± 3.7 

Ta2O5/SiO2 343 

No annealing 

0.27 

145.7 ± 36.5 134.8 ± 33.8 10.4 ± 3.7 

180 ºC 141.6 ± 37.3 131.3 ± 34.6 10.4 ± 3.7 

300 ºC 149.9 ± 35.4 139.0 ± 32.8 10.7 ± 3.4 
 

 Polyimide Thin Films 

Quasi-static measurements were also performed on polyimide thin films to acquire Young’s modulus for each 
sample, and to give a pre-characterization before the viscoelastic properties of these samples. Figure 3.8 pre-
sents the nanoindentation measurements for the PI with the highest thickness of the study when annealed at 
250 ºC (green on the left) and at 350 ºC (pink on the right). Because polymers possess weaker intermolecular 
interactions[78] when compared to metals and ceramics, Young’s modulus is smaller. Figure B.5.1 and Figure 
B.5.2 in Appendix B.5 show the quasi-static nanoindentation measurements for PI films. The values obtained 
from the quasi-static nanoindentation measurements of all the PI samples are in Table 3.4. The Poisson’s ratio 
value was assumed 0.34. For the highest annealing temperature, there is a tendency for higher Young’s mod-
ulus values. In fact, annealing is a popular post-process whose main goal is to enhance the mechanical strength 
and increase the percentage of crystallinity of the material. It involves gently reheating the material to its glass 
transition temperature or just above, but below its melting temperature, holding it there for a specified time 
and then slowly allowing it to cool. This reheating and extended cooling increases the amount of large crys-
talline structures in the polymer and redistributes the stresses within the printed part leading to higher crystal-
linity, strength, and stiffness.[79, 80] Because the annealing temperature of 350 ºC is closer to the glass transition 
temperature (360 ºC for PI 2610), it reveals the higher Young’s modulus values. 

As the viscoelastic material parameters determined using the nano-DMA technique resemble better the 
mechanical behaviour of the PI, those should be used later in FE modelling. The linear elastic values derived 
here from the quasi-static measurements only give a first hint of the overall stiffness of the studied PI. 
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Table 3.4 — Mechanical properties of PI thin films for respective thicknesses and annealing conditions obtained from nanoindenta-
tion. 

Sample Thickness 
(nm) 

Annealing 
temperature 

(ºC) 

Poisson’s 
ratio 

Reduced Young’s 
modulus 

(GPa) 

Young’s 
modulus 

(GPa) 

Hardness 
(GPa) 

Polyimide 

1.100 250 

0.34 

7.5 ± 0.4 6.6 ± 0.3 0.7 ± 0.1 
1.066 350 7.9 ± 0.4 7.0 ± 0.3 0.7 ± 0.1 
1.583 250 8.1 ± 0.2 7.2 ± 0.2 1.0 ± 0.1 
1.563 350 9.8 ± 1.6 8.7 ± 1.4 1.2 ± 0.1 
10.153 250 6.4 ± 0.3 5.7 ± 0.3 0.6 ± 0.0 
9.516 350 7.6 ± 0.4 6.7 ± 0.3 0.6 ± 0.0 

3.3 Polyimide Viscoelastic Measurements with nano-Dynamic Me-
chanical Analysis 

Because polymers show viscoelastic behaviour, it is important to experimentally assess these properties that 
characterize such behaviour. This section presents the results obtained from the nano-DMA technique, namely 
storage modulus, loss modulus and phase angle (tan 𝛿). To achieve a complete picture of the dynamical me-
chanical behaviour of a polymer, the measurements were performed over a wide range of frequencies and 
temperatures, and it is possible to relate data obtained through a procedure known as time-temperature super-
position, which is valid for thermorheologically simple materials (TSM). This is because the time and temper-
ature dependence of the viscoelastic properties of polymers can be interrelated. For instance, a polymer that 
shows rubbery characteristics under a given set of testing conditions can be induced to display glassy behaviour 
by either increasing the frequency, testing time, or reducing the temperature. Frequencies lower than one Hertz 
require very slow ramp rates and for that reason not considered for this study. However, it is still important to 
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estimate behaviour at times that are inconvenient or impossible to measure experimentally. This can be done 
by the development of the master curve using time-temperature superposition which is a collection of fre-
quency- and temperature-dependent data that have been treated so they are displayed as one curve against an 
axis of shifted values. Usually, this is done using a frequency scale for the x-axis and temperature as the 
variable to create the curves. Hence, the data can be superpositioned to generate one curve. The model used 
for the shift is the Williams-Landel-Ferry (WLF), where the shift factor is given as: 

log 𝑎O =
@P,(O@O!)
P"Q(O@O!)

  (3.1) 

Where 𝑎O is the shift factor, 𝐶> and 𝐶: are material constants, 𝑇 is the temperature, and 𝑇= is the reference 
temperature. Because this model is applied directly in the ANSYS environment, this study focuses mainly on 
the obtention of the input data. 

 Storage Modulus 

As previously mentioned in Chapter 1.2.2, the storage modulus is a measure of the energy stored and recovered 
per cycle and is defined as the stress in phase with the strain in a sinusoidal shear deformation divided by the 
strain. The storage modulus can be understood as the linear elastic part of the viscoelastic material behaviour 
to the complex modulus. The nano-DMA measurements of storage modulus in relation to the test frequency 
at different temperatures are shown in Figure 3.9 for the PI thin film with a thickness of 9.516 µm annealed at 
350 ºC. However, from these results, it is already possible to affirm that some problems took place with the 
experimental part of these measurements. For higher temperatures towards the glass transition temperature, 
the storage modulus should normally decrease, and although that is here only the case for the temperature of 
141.8 ºC, it is not transversal to the overall tendency of the data. As polymers heat, they normally display more 
viscous behaviour, which is accompanied by an increase in the loss modulus, see below. 

 

Figures B.6.1-3 in Appendix B.6 show the nano-DMA measurements of storage modulus over frequency 
for PI films annealed at 250 ºC with a thickness of 1.100, 1.583, 10.153 µm, respectively. Figures B.6.4-5 in 
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Appendix B.6 show the nano-DMA measurements for PI films annealed at 350 ºC with a thickness of 1.066 
and 1.563 µm, respectively. 

 Loss Modulus 

Loss modulus is a measure of the elastic energy dissipated or lost as heat per cycle of sinusoidal deformation 
and is defined as the stress 90º out of phase with the strain divided by the strain. It can be seen as the viscous, 
load rate-dependent part of the complex modulus. Its value should be lower for higher frequencies, because, 
on a molecular basis, the shorter the period of deformation, the lower is going to be the capacity for molecular 
or atomic adjustments capable of dissipating energy. Regarding the temperature influence on the loss modulus, 
it should increase until it reaches the glass transition temperature of the sample and starts to decrease for higher 
temperatures. However, the glass transition temperature was not achieved with these measurements. This 
would require a different experimental setup that would allow performing the measurements at higher temper-
atures given that the glass transition temperature is indicated as 360 ºC in the PI 2610 product bulletin. What 
also can be seen in the loss modulus data is that its values are much smaller compared to the storage modulus, 
Figure 3.10. This means the PI studied here has no pronounced viscoelastic character. 

 

Figures B.7.1-3 in Appendix B.7 show the nano-DMA measurements of loss modulus over frequency 
for PI films annealed at 250 ºC with a thickness of 1.100, 1.583, 10.153 µm, respectively. Figures B.7.4-5 in 
Appendix B.7 show the nano-DMA measurements for PI films annealed at 350 ºC with a thickness of 1.066 
and 1.563 µm, respectively. 

 Tan 𝛿 

The tangent of the phase angle is a property also known as damping or loss tangent and is an indicator of how 
efficiently the material loses energy to molecular rearrangements and internal friction. It is a relative measure 
of the viscous and elastic properties of a material. The height and area under the tan 𝛿 curve give an indicator 
of the total amount of energy that can be absorbed by the material. A larger area under the tan curve indicates 
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greater molecular mobility, which translated into higher inner material damping, meaning that the material can 
better absorb and dissipate energy. This is critical for the case of this study since we intend to design more 
mechanically robust devices. Tan 𝛿 also varies with temperature and frequency. The phase angle in relation to 
the test frequency at different temperatures is shown in Figure 3.11 for the PI thin film with a thickness of 
9.516 µm annealed at 350 ºC. 

 

Figures B.8.1-3 in Appendix B.8 show the nano-DMA measurements of phase angle over frequency for 
PI films annealed at 250 ºC with a thickness of 1.100, 1.583, 10.153 µm, respectively. Figures B.8.4-5 in 
Appendix B.8 show the nano-DMA measurements for PI films annealed at 350 ºC with a thickness of 1.066 
and 1.563 µm, respectively. 

3.4 FEM Simulations with ANSYS 

The FE simulations were done for the objective of this work, namely, to transfer the experimental determined 
nanomechanical data to FE material models as well as a simple proof-of-concept for an upon-based FEM 
workflow, are chosen to be simple. The defined geometry is the same for all specimens, and for the objectives 
of this work, a simple cube with 50 µm of edge dimension was the choice of geometry. Posteriorly, the mesh 
is established, and boundary conditions are then defined (a displacement of the top plane applied on the cubes 
as load BC as well as fixed support at the bottom of the cubes). The FEM loading scenario was applying 
loading in 1 s to 1 µm displacement of the top plane, 1 s hold, and 1 s unload. The viscoelastic reaction was 
also studied at 50% of the 1 µm displacement unload of the top surface. See Figure 3.14. The displacement 
values are negative due to the direction of the load vector (compressive), Figure 3.12.  

Due to time constraints attributed to the challenging experimental work, the FEM simulations were 
performed for a selected group of samples. Because this study compromises two different types of material 
behaviour, it was fundamental to choose materials that obey different material models. Mo and IGZO were 
chosen for the application of the linear elastic model, and PI for the viscoelastic model, as it is the only visco-
elastic material in this study. The films with the smaller thicknesses were selected, in the case of the Mo and 
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IGZO for the simulation because, in a TFT stack, these material layers are in the order of a few nanometres. 
Hence, for coherence with the motivation for this study, the thinner film’s properties are of greater relevance. 
However, it is important to note that nanoindentation measurements for these films are very challenging, and 
the data obtained from them can pose some validity questions. For both Mo and IGZO, two samples with 
distinct annealing conditions were chosen. Because the Mo thin films exhibited better mechanical properties 
for annealing at 180 ºC, even if not the case for this specific thickness, the respective sample was chosen for 
this simulation. As for the polyimide, the sample with a thickness of 9.516 µm annealed at 350 ºC was chosen 
for both a linear elastic model and a viscoelastic model simulation.  

To characterize the films, Young’s modulus obtained from the quasi-static measurements as well as 
other material properties were introduced in the ANSYS workspace. Table 3.5 summarizes the properties de-
fined in ANSYS for the respective thin films. For the modelling of the viscoelasticity, the temperature- and 
frequency-dependent modulus data were fed into the ANSYS workplace, and the material model was internally 
parameterized using a fit of the experimental data with a Prony series for shear relaxation 

 
Table 3.5 — Material properties defined in ANSYS for the selected Mo, IGZO and PI thin films. 

 
 

Thickness 
Annealing 
conditions 

Poisson’s ratio 
Young’s modulus 

(GPa) 

Mo 93 nm 
No annealing 

0.31 
201.0 ± 12.5 

180 ºC 175.4 ± 16.0 

IGZO 135 nm 
No annealing 

0.36 
149.0 ± 10.4 

300 ºC 141.9 ± 13.9 
PI 9.516 µm 350 ºC 0.34 6.7 ± 0.3 

 
Because the materials have different Young’s modulus, for the same load, different deformations can 

be observed. For Mo, because it is a material with a higher Young’s modulus, the deformation is less signifi-
cant, hence the lower deformation value. For the PI viscoelastic material model, the simulation results show a 
clear viscoelastic behaviour as the material shows a significant deformation when compared to linear elastic 
materials.  

 

Figure 3.15 displays the simulation results for equivalent stress 1 s after unloading 50% of 1 µm dis-
placement of the top surface, and Figure 3.13 shows the graphic of the reaction stresses of the two material 
models for the PI sample where it can be observed the difference between linear elasticity and viscoelasticity. 
Equivalent stress allows the view of the stress of the structure in one plot and is an essential tool in engineering 
as can be used to determine the ductility of a material. By Newton’s laws of motion, any external forces being 
applied to a structure in macroscopic static equilibrium must be balanced by internal reaction forces. Stress 
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Figure 3.12 — Graphic of the boundary condition of the sample PI for displacement over time obtained in ANSYS for linear-elastic 
behaviour. 
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empresses these internal forces that neighbouring particles exert on each other. Because metals like Mo exhibit 
strong bonds between atoms, the stronger is going to be the internal reaction of the overall structure that con-
tradicts the applied load. Hence a higher stress value for the Mo material model. As for a viscoelastic material, 
the bonds between atoms are weaker and there will not exert as many internal forces on each other in reaction 
to the load. This translates into a lower stress value and a higher material ductility. However, polyimide’s 
stress values did not work in the viscoelastic model as the obtained stress value is practically zero. This is due 
to the strange raw data results that were obtained from the nano-DMA measurements. The nano-DMA exper-
imental work must be redone to acquire relevant results. 
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4  
 

CONCLUSIONS AND FUTURE PERSPECTIVES 

This work not only proves that the concept of simulating TFTs in FEM is possible but presents the workflow 
that should be adopted when doing so. 

For thin films that exhibit linear elastic behaviour in the elastic regime, such as metals (Mo), semicon-
ductors (IGZO) and dielectrics (Ta2O5 and Ta2O5/SiO2), quasi-static nanoindentation was the adopted tech-
nique to determine the mechanical properties of the films (Young’s modulus). As for polymeric thin films (PI), 
they exhibit viscoelastic behaviour in the elastic regime and the nanoscale Dynamic Mechanical Analysis 
technique allowed for the extraction of the viscoelastic material properties (storage modulus, loss modulus and 
tan 𝛿). With the data obtained from the challenging measurements, a linear elastic material model (Mo, IGZO, 
Ta2O5 and Ta2O5/SiO2) and a viscoelastic material model (PI) were parametrized, a geometry was defined, 
meshed, boundary conditions were set, and the FEM solutions of the continuum mechanics problem were 
achieved. Hereby, proving the concept of this study. 

In the data obtained from the nanoindentation quasi-static measurements, the following conclusions 
were obtained: 

• The Mo thin films annealed at 180 ºC exhibit the best mechanical properties (higher Young’s mod-
ulus). 

• Annealing at 300 ºC is critical for the mechanical properties of the Mo thin films. Thus, when it 
comes to the process of designing a TFT for flexible electronics applications, this thermal process 
temperature should not be considered as it would pose serious implications on the mechanical aspect 
of a multilayer/TFT stack. 

• Annealing of IGZO thin films has no impact on their mechanical properties. 
• Further quasi-static nanoindentation measurements should be performed for Ta2O5 and Ta2O5/SiO2 

thin films with different thicknesses for each, to assess the influence of the annealing process on the 
mechanical properties of these films. 

However, it is very important to consider that, although in this study the films were characterized 
individually, a TFT device is composed of multilayers of these films. Therefore, other studies, in terms of 
mechanical behaviour, must be considered for multilayer stacks, such as, for instance, the evaluation of inter-
facial strength of the thin film multilayer. 

The experimental data obtained for the nano-DMA measurement had some experimental peculiarities 
and should be considered as not very exact. Thus, to obtain a valid viscoelastic material model, the nano-DMA 
analysis would have to be repeated, ideally, with a setup with higher thermal stability.  For temperature meas-
urements, there are commercially available systems that possess many advantages that could significantly re-
duce measurement errors. These allow for reaching higher temperature values (600 ºC) and achieving high 
thermal stability and short stabilization times. Another aspect, and that these commercial systems consider, is 
the temperature difference between the tip and the specimen, as it can create thermal drift and, consequentially, 
errors in the measurement.  



 30 

The next step to complement this study is not only to acquire a bigger database of the mechanical prop-
erties of other thin film materials used in oxide TFTs, but also to improve the complexity of the simulations, 
and, consequentially, achieve a detailed simulation of TFTs in FEM. This can be done with a bigger variety of 
continuum mechanics problems, such as critical stress interface and thermal stress for instance and signifi-
cantly improving the defined geometries until they are in accordance with the desired TFT structure. 
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A  
 

APPENDIX: TABLES 

A.1 Thickness Measurements 

Table A.1 – Average thickness obtained from profilometry in comparison to the desired thickness. 

Material Number of measurements Average thickness Desired thickness 

Mo 9 

39.5 ± 2.3 nm 100 nm 

180.1 ± 3.7 nm 200 nm 

438.6 ± 3.7 nm 500 nm 

IGZO 9 

134.8 ± 2.7 nm 100 nm 

261.2 ± 2.8 nm 200 nm 

608.6 ± 4.8 nm 500 nm 

Ta2O5 3 311.9 ± 4.8 nm 350 nm 

Ta2O5/SiO2 3 343.3 ± 4.3 nm 370 nm 

Polyimide (250 °C) 3 

1.100 ± 0.016 µm 500 nm 

1.583 ± 0.005 µm 1 µm 

10.153 ± 0.151 µm 10 µm 

Polyimide (350 °C) 3 

1.066 ± 0.004 µm 500 nm 

1.563 ± 0.002 µm 1 µm 

9.516 ± 0.330 µm 10 µm 
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B  
 

APPENDIX: FIGURES 

B.1 SEM cross-sections for Ta2O5 and Ta2O5/SiO2 

 

Figure B.1.1 — SEM cross-section for Ta2O5 as deposited, with 4 thickness measurements. 
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Figure B.1.2 — SEM cross-section for Ta2O5 as deposited, with 4 thickness measurements. 

Figure B.1.3 — SEM cross-section for Ta2O5/SiO2 as deposited, with 8 thickness measurements. 

c 
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B.2 EDS  

  

 

Figure B.1.4 — SEM cross-section for Ta2O5/SiO2 as deposited, with 8 thickness measurements. 

 

Figure B.2.1 — SEM image, energy dispersive X-ray (EDS) elemental mapping of (right) O. 
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B.3 Quasi-Static Nanoindentation Measurements for IGZO 
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Figure B.3.1 — Nanoindentation measurements for Young’s modulus and hardness for IGZO with a thickness of 261 nm: (left) as 
deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 

 

Figure B.3.2 — Nanoindentation measurements for Young’s modulus and hardness for IGZO with a thickness of 609 nm: (left) as 
deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 
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B.4 Quasi-Static Nanoindentation Measurements for Ta2O5 and Mul-
tilayer Stack (Ta2O5/SiO2) 

 
Figure B.4.1 — Nanoindentation measurements of Young’s modulus and hardness for Ta2O5 with a thickness of 312 nm: (left) as 

deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 

 

 
Figure B.4.2 — Nanoindentation measurements of Young’s modulus and hardness for Ta2O5/SiO2 with a thickness of 312/31 nm: 

(left) as deposited; (centre) annealed at 180 ºC; (right) annealed at 300 ºC. 
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B.5 Quasi-Static Nanoindentation Measurements for PI 

 
Figure B.5.1 — Nanoindentation measurements for Young’s modulus and hardness for PI with a thickness of: (left) 1.100 µm an-

nealed at 250 ºC; (right) 1.066 µm annealed at 300 ºC. 

 

 
Figure B.5.2 — Nanoindentation measurements for Young’s modulus and hardness for PI with a thickness of: (left) 1.583 µm an-

nealed at 250 ºC; (right) 1.563 µm annealed at 300 ºC. 
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B.6 Nano-DMA Measurements of Storage Modulus for PI 

  

Figure B.6.1 — Nano-DMA measurements of storage modulus vs frequency at different temperatures for PI with a thickness of 
1.100 µm annealed at 250 ºC. 

  

Figure B.6.2 — Nano-DMA measurements of storage modulus vs frequency at different temperatures for PI with a thickness of 
1.583 µm annealed at 250 ºC. 
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Figure B.6.3— Nano-DMA measurements of storage modulus vs frequency at different temperatures for PI with a thickness of 
10.153 µm annealed at 250 ºC. 

  

Figure B.6.4 — Nano-DMA measurements of storage modulus vs frequency at different temperatures for PI with a thickness of 
1.066 µm annealed at 350 ºC. 
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Figure B.6.5 — Nano-DMA measurements of storage modulus vs frequency at different temperatures for PI with a thickness of 
1.563 µm annealed at 350 ºC. 

B.7 Nano-DMA Measurements of Storage Modulus for PI 

  

Figure B.7.1 — Nano-DMA measurements of loss modulus vs frequency at different temperatures for PI with a thickness of 1.583 
µm annealed at 250 ºC. 
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Figure B.7.2 — Nano-DMA measurements of loss modulus vs frequency at different temperatures for PI with a thickness of 1.100 

µm annealed at 250 ºC. 

 

  

Figure B.7.3 — Nano-DMA measurements of loss modulus vs frequency at different temperatures for PI with a thickness of 10.153 
µm annealed at 250 ºC. 
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Figure B.7.4 — Nano-DMA measurements of loss modulus vs frequency at different temperatures for PI with a thickness of 1.066 
µm annealed at 350 ºC. 

 

Figure B.7.5 — Nano-DMA measurements of loss modulus vs frequency at different temperatures for PI with a thickness of 1.563 
µm annealed at 350 ºC. 
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B.8 Nano-DMA Measurements of Phase Angle for PI 

 

Figure B.8.1 — Nano-DMA measurements of phase shift vs frequency at different temperatures for PI with a thickness of 1.100 µm 
annealed at 250 ºC. 

 

Figure B.8. 2 — Nano-DMA measurements of phase shift vs frequency at different temperatures for PI with a thickness of 1.583 µm 
annealed at 250 ºC. 
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Figure B.8.3 — Nano-DMA measurements of phase shift vs frequency at different temperatures for PI with a thickness of 10.153 µm 
annealed at 250 ºC. 

  

Figure B.8.4 — Nano-DMA measurements of phase shift vs frequency at different temperatures for PI with a thickness of 1.066 µm 
annealed at 350 ºC. 
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Figure B.8.5 — Nano-DMA measurements of phase shift vs frequency at different temperatures for PI with a thickness of 1.563 µm 

annealed at 350 ºC.   
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