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Kurzfassung

Flexible gedruckte Elektronik (FPE) ist ein schnell wachsendes Forschungsfeld mit vielver-
sprechenden Anwendungen, z.B. Wearables, Sensoren und flexible Displays. Eine der größten
Herausforderungen stellt dabei jedoch die feuchtigkeitsbedingte Degradation dar, da diese die
Leistung, Lebensdauer und Zuverlässigkeit dieser Geräte beeinträchtigt.

Die vorliegende Dissertation konzentriert sich auf die Auswirkungen von Feuchtigkeit auf
gedruckte Silberleiterbahnen und Kondensatoren, die mit zwei verschiedenen Nanopartikel-Tinten
hergestellt werden. Zur Bewertung der Auswirkungen von Feuchtigkeit auf die elektrischen
Eigenschaften der gedruckten Komponenten werden Umwelttests gemäß internationalen Standards
entwickelt.

Die Ergebnisse der Umwelttests zeigen, dass Feuchtigkeit positive Effekte auf das Sintern
von Tinten mit Polyvinylpyrrolidon- (PVP-) beschichteten Silbernanopartikeln (Ag NPs) hat.
Zur Analyse des Einflusses von Feuchtigkeit beim Sintern dieser PVP-beschichteten Ag NPs
werden Untersuchungen durchgeführt. Der Sintermechanismus der PVP-beschichteten Ag
NPs im niedrigen Temperaturbereich wird dargestellt in Abhängigkeit der Zustände der PVP-
Schicht unter verschiedenen Bedingungen. Basierend auf diesen Erkenntnissen werden zwei
neuartige Sintermethoden bei niedrigen Temperaturen entwickelt: Feuchte-Wärme-Sintern und
Wassersintern.

Zudem zeigen die Ergebnisse der Umwelttests, dass die Feuchtigkeitsaufnahme und -abnahme im
dielektrischen Material (BST/P(VDF-TrFE)) der gedruckten Kondensatoren zu Schwankungen
ihrer Kapazität führen. Eine Kapselung für diese gedruckten Kondensatoren ist erforderlich, um
die feuchtigkeitsbedingten Kapazitätsänderungen zu minimieren.

Verschiedene Kapselungsmaterialien und -methoden für flexible gedruckte Elektronikkomponen-
ten werden untersucht, wobei die lösemittelbasierte Kapselung mithilfe von Polymeren besonders
hervorgehoben wird. Die Verlängerung der effektiven Weglänge der Permeation in einem Polymer
gilt als vielversprechender Ansatz zur Verbesserung der Barriereeigenschaften. Diese kann erzielt
werden durch das Einbringen von Füllstoffen in die Polymermatrix. Vier verschiedene Füllstoffe
in Polyvinylalkohol (PVA) werden untersucht. Der Vergleich ihrer Wasserdampfdurchlässigkeits-
raten (WVTR) zeigt, dass Glasflocken (GF) der effektivste Füllstoff sind, und ihre optimale
Konzentration in PVA wird bestimmt. Die Barriereeigenschaft der PVA/GF-Filme wird durch
die Kapselung von gedruckten Silberleiterbahnen und feuchtigkeitsempfindlichen Kondensatoren
validiert.
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Kurzfassung

Darüber hinaus wird ein kommerziell erhältliches Hybridpolymer, OrmoClear30, eingesetzt,
um eine weitere lösemittelbasierte Kapselung zu realisieren. Eine neuartige "Dam and Fill"
Dispensmethode für OrmoClear30 wird entwickelt, die die lokale Kapselung für die feuchtigkeits-
empfindlichen Kondensatoren ermöglicht. Die signifikante Reduktion der feuchtigkeitsbedingten
Kapazitätsänderung bestätigt die Wirksamkeit der Feuchtigkeitsbarriere dieser OrmoClear30-
Kapselung. Im Anschluss werden die PVA/GF Kapselung und die OrmoClear30 Kapselung
verglichen.

Abschließend werden zukünftige Forschungsfelder vorgeschlagen: die Untersuchung des Ein-
flusses von Feuchtigkeit beim Sintern anderer metallischer Nanopartikel-Tinten, die Erforschung
weiterer lösemittelbasierte Hybridpolymere als Kapselungsmaterialien sowie die Entwicklung
eines automatisierten Biegesystems zur Bewertung der mechanischen Biegfestigkeit und der
langfristigen Zuverlässigkeit von gekapselten FPE-Komponenten.

Zusammenfassend bietet diese Dissertation wertvolle Einblicke in die Auswirkungen von
Feuchtigkeit auf spezifische FPE-Komponenten, die mit ausgewählten Nanopartikel-Tinten
gedruckt sind. Sie präsentiert Ansätze zur Verbesserung ihrer Leistung und Haltbarkeit und leistet
damit einen Beitrag zur Weiterentwicklung alternativer Sinterprozesse für PVP-beschichtete Ag
NPs sowie zur Erweiterung der Einsatzmöglichkeiten von FPE-Komponenten in feuchtigkeits-
empfindlichen Anwendungen.
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Abstract

The development of flexible printed electronics (FPE) is a rapidly growing field with promising
applications, including wearables, sensors, and flexible displays. However, moisture-induced
degradation remains one of the key challenges, affecting the performance, longevity, and reliability
of these devices.

This dissertation focuses on the moisture impact on printed silver tracks and capacitors fabricated
using two nanoparticle inks. Environmental tests are designed in accordance with international
standards to evaluate the impact of moisture on their electrical properties.

The environmental results show that moisture has positive effects on sintering of the polyvinyl
pyrrolidone (PVP) capped silver nanoparticles (Ag NPs) ink. Systematic investigations are
conducted to explore the role of moisture in the sintering of PVP capped Ag NPs. Taking the
states of the capping layer under different conditions into account, a comprehensive explanation
of the sintering mechanism of Ag NPs at low temperature ranges is provided. Based on these
findings, two novel sintering methods at low temperatures, damp heat sintering and water sintering
are developed.

The environmental test results also indicate that moisture absorption and desorption in the
dielectric material (BST/P(VDF-TrFE)) of the printed capacitors lead to a variation in their
capacitance. An encapsulation is needed for those printed capacitors to minimize this moisture-
induced capacitance change.

Various encapsulation materials and methods for FPE devices are discussed and the solution
processable encapsulation realized by using polymers is emphasized. One promising approach to
improve a polymer’s moisture barrier property is to create tortuous paths e.g. by adding fillers into
the polymer matrix. Therefore, four fillers added in poly(vinyl alcohol) (PVA) are investigated.
By comparing their water vapor transmission rate (WVTR) values, glass flakes (GFs) turn out to
be the most effective filler type and its optimal concentration in PVA is determined. The moisture
barrier property of PVA/GF films is validated by encapsulating the printed Ag tracks and the
printed moisture-sensitive capacitors.

Moreover, a commercially available hybrid polymer, OrmoClear30, is utilized to form another
solution processable encapsulation. A novel "dam and fill" dispensing method for OrmoClear30
is developed and a local OrmoClear30 encapsulation for the printed moisture-sensitive capacitors
is realized. The significant reduction of moisture-induced capacitance change confirms the
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Abstract

moisture barrier effectiveness of this OrmoClear30 encapsulation. A comparison between the
PVA/GF encapsulation and the OrmoClear30 encapsulation is provided.

Suggestions for future work include investigating the role of moisture in sintering of other metallic
NP inks, exploring other solution processable hybrid polymers as encapsulation materials, and
establishing an automated bending setup to evaluate the mechanical bendability and long-term
reliability of encapsulated FPE devices.

In summary, this dissertation provides insights into the moisture impact on specific FPE
components printed with selected NP inks. It presents solutions to enhance their performance
and durability, thereby contributing to the development of alternative sintering processes for PVP
capped Ag NPs and broadening the application of FPE devices in moisture-sensitive applications.
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1 Introduction

Conventional silicon-based electronics has been applied to fabricate numerous devices, e.g.
computers, smartphones, and tablets, to perform various functions such as processing and storing
information for more than 60 years [1]. Conventional silicon-based electronics are manufactured
using deposition processes paired with high-resolution lithography. This approach allows for
achieving exceptionally fine feature sizes, approaching just a few nanometers. The primary benefit
is the ability to pack numerous circuits into a small area, resulting in a high integration density
and enabling the creation of powerful components. However, the fabrication of conventional
silicon-based electronics requires complicated repeated thin-film depositions, baking, lithography,
developing, etching and packaging steps [2].

Printed electronics (PE) is an emerging technology that utilizes printing, coating, and dispensing
techniques to deposit newly developed functional inks to fabricate electronic devices on diverse
substrates. In addition, as shown in Figure 1.1, its fabrication requires less complicated process
steps and less loss of raw materials compared to conventional silicon-based electronics [2, 3, 4, 5].
Flexible printed electronics (FPE) are devices printed on flexible substrates. The use of flexible
substrates expands the application scope of PE devices, making them suitable for wearables,
smart packaging, and healthcare monitoring systems due to their mechanical flexibility.

Figure 1.1: Comparison of process steps of conventional silicon-based electronics manufacturing using photolithog-
raphy and printed electronics using printing techniques. In both process chains for a final product all but
the last step have to be repeated multiple times (adapted from [2]).

However, the downside of PE technology is that the current printing techniques cannot reach
the level of the conventional silicon-based electronic technology with respect to the integration
degree, information capacity, resolution, etc [1, 4]. PE devices alone frequently do not suffice to
achieve full functionality. To address this issue, one common approach is called flexible hybrid

1



1 Introduction

electronics (FHE) [6, 7]. Silicon-based devices are mounted onto the substrate with printed
structures. With this hybrid setup, the most beneficial properties of functional printing and
silicon-based electronics are combined.

However, performance and reliability of printed components still remain as a challenge, since they
can be significantly influenced by environmental factors, particularly moisture and oxygen. These
can interact with the materials used in printed components, altering their electrical and mechanical
properties. These interactions may happen along the entire product lift cycle, including during its
fabrication processes and operational use, leading to failure in the device’s performance [8].

To broaden the use of the FPE devices, depending on the application, they should be well
encapsulated and protected from adverse environmental influences such as moisture and oxygen.
There is a wide range for encapsulation requirements, varying from applications to applications
[9]. Barrier property against moisture or oxygen is the most crucial factor of an encapsulation
[10]. An overview of the order of magnitude of water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) requirements of different kinds of FPE devices are shown in
Figure 1.2. Organic light emitting diodes (OLEDs) have the most strict barrier requirements, the
WVTR and OTR of their encapsulation should not exceed 10−6 gm−2 d−1 and 10−5 mLm−2 d−1

respectively. Wearables require less demanding barrier properties.

Figure 1.2:WVTR and OTR required for common flexible electronic devices. Adapted from [10].

Moreover, for FPE devices, a flexible or conformal encapsulation that globally or locally protects
the devices is required [11, 12], but it should add little volume and weight to the devices. A global
encapsulation covers the entire device while a local encapsulation protects the sensitive parts of
the device (see Figure 1.3 (b) and (c)). For some specific devices, e.g for monitoring devices,
a selective encapsulation which only allows the analyte to permeate the encapsulation layer is
required. Furthermore, it is quite common for FPE devices to work under bending, stretching or
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1 Introduction

twisting forces. Therefore, another requirement of the encapsulation is its flexibility to make sure
that even under those forces, the device still works stably [13] (see Figure 1.3 (d)).

Figure 1.3: Encapsulation requirements. (a) FPE device without encapsulation. (b) FPE device with a global
encapsulation layer. (c) FPE device with a local encapsulation layer. (d) illustration for the flexibility of
an encapsulation layer.

The complexity, environmental friendliness and the cost of the encapsulation process also are
considerable factors in industry. Thus, the encapsulation requirements for FPE devices can be
concluded as follows.

• Low moisture or oxygen permeability: the encapsulation should provide a sufficient
protection of the devices from moisture or oxygen.

• Flexibility: the encapsulation should be flexible enough, along with the devices substrates
without the formation of cracks.

• Stability: the encapsulation should withstand the mechanical forces, such as bending,
stretching or twisting forces.

• Processing simplicity: a simple, environmental friendly and low-lost encapsulation
processing can help realizing the marketization of FPE devices.

Nowadays, encapsulation methods for FPE devices can be categorized into three main approaches:
barrier film lamination, vacuum-deposited thin film encapsulation, and solution processable
encapsulation [14].

In the barrier film lamination method, a barrier film is attached to the substrate or printed
structures by adhesion, thermal bonding, or laser welding. However, this technique has a
significant limitation — it does not allow for conformal encapsulation on non-planar surfaces,
making it less suitable for complex device geometries.

Vacuum-deposited thin film encapsulation, on the other hand, involves depositing organic (such
as Parylene C [15]) or inorganic materials (such as Al2O3 [16], TiO2 [17], SiOx [18] or SiNx
[19]) by chemical and physical deposition techniques, such as physical vapor deposition (PVD),
chemical vapor deposition (CVD), and atomic layer deposition (ALD). Furthermore, multilayer
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strategies combining both organic and inorganic layers are often applied to improve the barrier
property. These methods achieve very low WVTR, reaching values as low as 10−5 gm−2 d−1

[16], thereby providing excellent moisture protection. Vacuum-deposited thin film encapsulation
is widely utilized for protecting flexible organic light emitting devices (FOLEDs) used in displays,
wearable devices and biomedical devices [20, 21]. However, a drawback of this approach is
the requirement for sophisticated and costly vacuum equipment, such as an ALD reactor, which
increases both production complexity and cost [14].

Solution processable encapsulation is an promising approach for FPE devices for its low cost
and ease of processing. Solution processable polymers can be used as encapsulation materials
directly deposited on the device surface to form barrier films using various printing, coating or
dispensing techniques. Both global and local encapsulation can be realized by selecting suitable
polymer materials and techniques. Moreover, the encapsulation process can also be integrated
into the printing process chain.

As moisture-induced degradation to date is still a challenge for the longevity and reliability of
FPE devices, the objective of this dissertation is to develop solution processable moisture barrier
films for the encapsulation of FPE devices. Above all, this dissertation investigates the moisture
impacts on the electrical properties of specific FPE components fabricated by nanoparticle inks.
Solutions are sought to harness its positive effects while mitigating the negative ones. By selecting
suitable materials and techniques, solution processable encapsulation methods are successfully
developed to protect specific FPE components from moisture.

The content of this dissertation is organized as follows (see also Figure 1.4):

• Chapter 2 offers an overview of the materials and fabrication processes used in FPE. This
chapter reviews the reported moisture impacts on FPE devices during both fabrication
and usage. Fundamental principles of permeation are introduced, followed by a review of
state-of-the-art solution processable encapsulation methods for flexible printed electronics.
Lastly, current measurement techniques for assessingWVTR of barrier films are introduced.

• Chapter 3 investigates the moisture impacts on the performance of FPE components
fabricated using specific nanoparticle inks. Environmental tests are designed and conducted
in accordance with relevant international standards. The moisture influence is analyzed,
and potential solutions are proposed to harness its positive influences while mitigating the
negative ones.

• Chapter 4 explores the role of moisture in sintering of printed silver tracks using a specific
silver nanoparticle ink at low temperature ranges. Experiments are systematically designed
and conducted. The underlying sinteringmechanisms are explained based on the experiment
results. Two novel sintering methods for this silver nanoparticle ink are proposed and
compared. Environmental tests are conducted to examine the durability of the electrical
performance of printed silver tracks sintered by these two novel sintering approaches.
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• Chapter 5 utilizes polymers to develop two solution processable barrier films for the
encapsulation of the printed test structures. One approach involves incorporating fillers
into the polymer matrix to enhance its moisture barrier properties. Four polymer/filler
barrier films are investigated and compared. WVTRs are measured to choose the most
effective filler. The moisture barrier effect of the selected polymer/filler films is further
validated by encapsulating printed silver tracks and moisture sensitive capacitors. Another
approach utilizes a commercially available hybrid polymer as the encapsulation material.
Two dispensing methods for this hybrid polymer are developed. The moisture barrier effect
of the resulting hybrid polymer films are validated by encapsulating moisture sensitive
capacitors. Finally, a comparison between the polymer/filler encapsulation and the hybrid
polymer encapsulation is provided.

• Chapter 6 summarizes the findings and achievements of this dissertation and outlines
potential directions for future research.

Figure 1.4: Overview of the dissertation.
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This dissertation focuses on the moisture influence on the performance of flexible printed
electronics (FPE) both during its fabrication processes and operational use. Therefore, this chapter
begins with an overview of the materials and fabrication processes commonly applied in FPE
device development, followed by a review of reported moisture-related effects. The fundamental
principles of permeation are introduced to provide a theoretical understanding of how moisture
penetrates. Furthermore, current solution processable encapsulation approaches for FPE devices
are reviewed. Measurement methods for water vapor transmission rate for the assessment of
moisture barrier effectiveness of encapsulation are introduced. These foundational insights form
the basis for the investigations presented in this dissertation. 1

2.1 Fabrication of flexible printed electronic devices

Various novel materials, printing, coating and dispensing technologies, and post-treatments are
applied to fabricate a variety of FPE devices [22, 23, 6]. The following sections provide an
overview of the materials and fabrication processes commonly used in the development of FPE
devices.

2.1.1 Materials

A FPE device can consist of multiple printed electronic components, such as conductive tracks,
resistors, capacitors, and transistors, similar to those applied in conventional electronics. Flexible
substrates provide the mechanical flexibility, while functional inks enable the desired electronic
functionalities. This section introduces the commonly used flexible substrates and functional
inks for the fabrication of FPE devices.

Flexible substrates Flexible substrates provide the mechanical flexibility of FPE devices. Nowa-
days, polymers, textiles, paper and biodegradable substrates such as silk and cellulose nanofiber
(CNF) are commonly used as substrates in FPE [24]. Various polymers are utilized such as

1 Parts of this chapter are published in: [14] Zehua Chen, Ulrich Gengenbach, Maher Mansour, and Liane Koker.
Approaches for solution-processed encapsulation of printed medical wearable devices. Current Directions in
Biomedical Engineering, 6(3):131–134, sep 2020. doi: 10.1515/cdbme-2020-3034.
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polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polycarbonate (PC), polyimide
(PI), polyether-ether-ketone (PEEK), polyvinylidene fluoride (PVDF) and polydimethylsiloxane
(PDMS) [25, 6, 26]. Among them, PET, PEN and PI are the most common substrates for FPE.
Table 2.1 summarizes the key properties of these three polymer materials. In the literature, PET
is most frequently used due to its optical transparency and the great benefit of low cost. However,
PET has a poor heat resistance, necessitating careful handling during processing, where low
temperatures below 130 °C are required [27]. For applications requiring higher heat resistance,
alternatives like PEN and PI offer better performance, but these may come with drawbacks such
as reduced transparency and increased cost.

Table 2.1: Three commonly used polymer substrates for FPE and their key properties [25].

Substrate
Typical thickness

(µm)
Transparency

(%)
Density
(g cm−3)

Tg1

(°C)
Youngs modulus

(GPa)
A_H2O2

(%)
Ref.

PET 16-175 90 1.38 80 2.8 0.4-0.6 [6, 25]
PEN 12-250 87 1.4 120-155 3 0.3-0.4 [6, 25]
PI 12-125 30-60 1.4 410 2.5 1.3-3.0 [6, 25]

1 Tg: glass transition temperature.
2 A_H2O: water absorption.

Functional inks Functional inks are printed on the flexible substrates to fabricate conductors
and electronic devices such as resistors, capacitors, transistors. According to their electrical
properties, functional inks can be classified into three types: conductive inks, semi-conductive
inks, and insulating/dielectric inks [6].

In order to realize electrical conductivity, conductive materials such as metallic materials (silver
(Ag), copper (Cu), and gold (Au) [25]), organic molecules (poly (3,4-ethylenedioxy-thiophene):
poly (styrenesulfonate) (PEDOT:PSS) [28]), and ceramics (indium tin oxide (ITO) [29], carbon
nanomaterials [30] and graphene [31, 32, 33]) are widely utilized in ink development. Table 2.2
summarizes the most relevant conducting materials applied in conductive inks [27]. Among all
the different types of conductive material, metallic materials, especially Ag, Au and Cu, possess
the best conductivity values. Among them, Ag is more widely used due to its chemical stability
(compared to Cu), relatively low cost (compared to Au), and the conductivity of its oxide form
[34]. Recent advancements in nanomaterials and surface modification techniques have made it
possible to effectively disperse metallic nanoparticles in solvents to develop metallic nanoparticle
inks [1]. For instance, Ag nanoparticle (Ag NP) ink consists of a dispersion of Ag NPs, coated
with capping agents to avoid agglomeration in the surrounding solvents. Many types of solvents
are available, such as water, glycerol, ethylene glycol, ethanol, acetone, ethyl acetate, etc [35].
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Capping agents commonly used in Ag NP inks are polyvinyl pyrolidone (PVP), polyacrylic acid
(PAA), polyvinyl alcohol (PVA), alkanethiols, alkylamines, and carboxylic acids [35, 36].

Table 2.2:Materials used in conductive ink development for FPE [25].

Materials Electrical conductivity (Sm−1) Ref.

Metal Ag 6.3× 107 [34, 25]
Cu 5.9× 107 [37, 25]
Au 4.4× 107 [38, 25]

Organic PEDOT:PSS 100− 105 [28]
Ceramics ITO 105 − 106 [29]

CNT 106 [30]
Graphene 2× 106 [31, 32, 33]

Semi-conductivematerials exhibit electrical conductivity between that of conductors and insulators,
making them versatile for applications such as resistance control, signal amplification switching,
and energy conversion. Their conductivity can be tuned through doping. Inorganic semi-
conductive micro/nanoscale particles, wires, ribbons, and sheets (ZnO, TiO2, CuO, SnO2, In2O3,
and MoS2), are active components in semi-conductive inks [25, 28]. Organic materials such as
poly (3-hexylthiophene) (P3HT) and triisopropylsilyl pentacene (TIPS-pentacene) have been
successfully utilized in semi-conductive inks [25]. They offer flexibility, low-cost processing, and
tunable optoelectronic properties but suffer from low carrier mobility and poor environmental
stability [25]. Table 2.3 summarizes the most relevant semi-conductive materials utilized in the
ink development for FPE [25].

Table 2.3:Materials used in semi-conductive ink development for FPE [25].

Materials Carrier mobility (cm2 V−1 s−1) Ref.

Inorganic ZnO ≈ 150 [39]
In2O3 ≈ 3 [28]
Cu2O ≈ 90 [40]
TiO2 ≈ 10 [41]
SnO2 ≈ 500 [42]

Organic P3HT ≈ 0.01 [43]
TIPS-Pentacene ≈ 2 [44]

Insulator materials are crucial in FPE devices for forming non-conductive layers between
conductive tracks, enabling multilayer structures such as capacitors and thin film transistors (TFTs)
[45, 25]. In TFTs, insulators impact performance by affecting morphology, surface properties,
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and the dielectric constant (ε), which influences threshold and operation voltages. Insulator
materials can be inorganic ceramics, such as Ba0.6Sr0.4TiO3 (BST) and BaTiO3 (BTO) [46, 47], or
organic, such as PVA, PVP, polymethyl methacrylate (PMMA) and PVDF [6, 25, 48, 49]. Table
2.4 summarizes the most relevant insulator/dielectric materials utilized in the ink development for
FPE. Organic dielectric materials are lightweight and flexible but have lower dielectric constant.
Adding ceramic nanoparticles in polymers to improve their dielectric constants is a common
approach to develop dielectric inks [50, 47].

Table 2.4: Insulator/dielectric materials used in ink development for FPE.

Materials dielectric constant ε Ref.

Inorganic BST 283 [51]
BTO 2000 [25, 52]

Organic PVA 2.5 [50]
PVP 5 [53, 54]
PMMA 4 [46]
PVDF ≈ 10 [55, 47]

2.1.2 Substrate treatment

In general, before printing functional inks on a flexible substrate, substrate treatment is performed
to improve printing resolution and enhance adhesion between the printed structures and the
substrate. Printing resolution is primarily determined by the wetting of the deposited ink on the
substrate. The contact angle is the primary descriptor of surface wettability: a contact angle of 0°
represents complete wetting. A surface is considered wettable if the contact angle is between 0°
and 90°; if it exceeds 90°, the surface is classified as non-wettable. Various substrate treatment
methods, such as wet chemical treatment and plasma treatment, are widely used to modify
substrate wettability [23, 56, 57].

2.1.3 Printing and coating techniques

Functional inks can be deposited on flexible substrates using various printing and coating
techniques. As defined by Nisato [58], printing is the reproduction of patterns, while coating
techniques, such as spin coating and doctor blading, are more suitable for large-area coverage
and coarse patterning. According to [59], printing techniques can be divided into two categories:
conventional printing (with a master), such as screen printing, offset printing, and gravure printing,
and non-impact printing (masterless), such as inkjet printing. The following sections describe
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2.1 Fabrication of flexible printed electronic devices

the printing and coating techniques used in this dissertation, namely inkjet printing and doctor
blading.

Inkjet printing Inkjet printing is a digital printing process that does not require the patterning of
plates, cylinders, or masks. Inkjet printing can be classified into two main categories: continuous
inkjet (CIJ) printing and drop-on-demand (DOD) inkjet printing. In CIJ, a continuous stream of
ink droplets flows from the nozzle. These droplets are electrically charged by a pair of electrodes
and pass through a deflection system with two plates. The plates deflect the droplets more strongly
based on the charge applied to them. This system directs the ink either onto the substrate or
deflect it if no pixel is to be printed. A collection system recycles the ink back into the tank to
minimize material losses (see Figure 2.1 (a)). However, ink that flows past the substrate and
could theoretically be reused often becomes unusable due to external factors, such as solvent
evaporation and contamination, leading to high material wastage and low cost-effectiveness. DOD
printers emit an ink droplet only when it is needed to form the print pattern (see Figure 2.1 (b)),
making more efficient use of available resources [60].

Figure 2.1: Illustration of two types of inkjet printing: (a) continuous inkjet (CIJ) printing and (b) drop-on-demand
(DOD) inkjet printing. Adapted from [60].

DOD inkjet printing is commonly utilized in the development of FPE devices [60, 61]. Thermally
actuated and piezoelectric print heads are the two primary types for generating ink droplets [60].
In a thermally actuated print head, when the heating element of the ink reservoir is activated, a
part of the ink evaporates, forming a gas bubble and providing the pressure to expel the ink [60].
A piezoelectric print head utilizes piezoelectric crystals that deform under an electric signal to
generate pressure. When a voltage pulse is applied, the piezoelectric reservoir walls contract,
generating the pressure to eject ink droplets [60]. For every ink a proper waveform of the voltage
pulse has to be determined to achieve proper droplet ejection (i.e. no satellite droplets) and to
control droplet size [61, 62]. Single nozzle piezoelectric print heads are frequently used for vector
printing, while multi-nozzle print heads are used for raster printing [59].
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Doctor blading Doctor blading is a widely used coating technique for producing thin films
on large-area surfaces [63]. It involves a blade, which is typically made of metal or plastic and
is used to scrape or "doctor" the coating material onto the substrate to achieve a uniform and
controlled thickness. Doctor blading begins by positioning the blade at a fixed distance from
the substrate. A coating material is placed in front of the blade, and the blade is moved along
the surface to create a wet film (see Figure 2.2). The film thickness can be controlled at the
micrometer level by adjusting the gap between the blade and the substrate.

Figure 2.2: Schematic illustration of a doctor blading process.

2.1.4 Fluid dispensing techniques

Besides the printing and coating techniques mentioned above, the fluid dispensing technique is
commonly used in the fabrication of FPE devices. This method is typically applied to relatively
high-viscosity materials such as silver paste and adhesives, used to build conductive tracks or for
electrical and mechanical interconnections between printed structures and rigid components in
FHE devices [64].

Fluid dispensing techniques are commonly classified into two categories: contact and non-contact
dispensing [65]. Contact dispensing involves both the needle tip and the substrate in contact
with the fluid. Non-contact dispensing, also called jetting dispensing, involves ink being ejected
directly from the nozzle without the dispenser contacting the substrate [66].

In contact dispensing, time-pressure dispensing is commonly used. A time-pressure dispensing
system consists of a cartridge with a dispensing needle and a compressed air connection. The
liquid is conveyed through the dispensing needle under switchable pressure. The amount of
liquid dispensed depends on the duration the valve is open and the air pressure applied to
the cartridge. Due to the compressibility of air and the increasing dead volume within the
cartridge as it is emptied, as well as the continuous heating of the fluid due to the cyclical
compression and expansion of the air, the system tends to have poor reproducibility. Variations
in the dispensed volume can be observed over time, even though the pressure and dispensing
time remain unchanged. The main advantages of this dispensing system are its low cost and the
easy-to-use, disposable dispensing needle [65].
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2.1.5 Post-treatments of printed structures

After printing, post-treatment may be required to achieve the final performance of FPE devices.
This step helps to improve the electrical conductivity, mechanical strength, surface finish, or
a combination of these properties in the printed structures [25]. Different types of functional
inks require different post-treatment processes. Generally, the printed wet structures require a
drying process. Printed structures made with metallic NP inks require a sintering process to
enhance their functionality, while polymer inks may require a curing process to complete the
final polymerization.

Drying of inks The printable inks are fluids. The printed wet structures need be dried to remove
the solvents and adhere to the substrate. They can be dried under room temperature (RT), or
thermally dried on a hotplate or in an oven, or vacuum dried in a vacuum chamber. Thermal and
vacuum drying accelerate the drying process.

Sintering of metallic NP inks Metallic NP inks are widely used in FPE devices. After drying,
most solvents are removed. However, due to the residues of solvents and the capping agents
around the NPs, the contact area between NPs is limited, the dried printed structures are generally
not conductive or have a high resistance [2]. A suitable sintering process is required. During
sintering, diffusion processes ensure the formation and growth of necks between touching NPs,
thus leading to their growth and ultimately to a densification of the porous network of the printed
structures [2, 36, 67]. Depending on the type of metallic NPs, the sintering process can require a
protective atmosphere such as vacuum, inert gas, or reducing atmospheres to avoid unwanted
oxidation. In addition, except for more expensive high-temperature substrates such as PI films,
most polymer films can not withstand high temperatures above 150 °C, the temperature of the
sintering process must be carefully adjusted to avoid substrate damage [68].

Figure 2.3: Experimental and theoretical values of the melting point temperature of (a) Au NPs and (b) Ag NPs
[36]. Reproduced with permission. Copyright 2019, the authors. Licensee MDPI, Basel, Switzerland.
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As metal particles are scaled down towards single nanometer level, their melting temperatures
exhibit a decrease in line with their reduced dimensions [69]. This melting point depression
behavior is depicted in Figure 2.3, the melting temperature of Au particles experiences a
substantial reduction when their diameter falls below the range of five to seven nanometers [70].
This phenomenon of size-dependent melting temperature decrease has also been observed in
Ag NPs [71]. Specifically, Ag NPs with diameters of approximately six nanometers exhibit a
distinct melting behavior at significantly lower temperatures, around 150 °C, in sharp contrast to
the melting temperature of bulk silver, which stands at 960 °C.

In this dissertation, an Ag NP ink is utilized. Therefore, the following sections focus on various
sintering methods for Ag NP inks.

Thermal sintering: Ag NPs show a melting point depression compared to bulk Ag [72]. Thus,
thermal sintering is the most commonly used sintering method for Ag NP inks [73, 74, 25]. The
printed structures along with the substrate are together subjected to high temperatures, typically
between 100 °C to 400 °C, in an oven or on a hot plate [75]. A thermal sintering process usually
takes more than 30min [76].

Electrical sintering: By applying direct current (DC) or alternating current (AC), across the
printed region, the resulting ohmic heat can be locally and rapidly transfered to sinter Ag NPs
[77, 78]. However, the printed structures need to be slightly conductive in order to generate
ohmic heating, thus a drying process is required prior to an electrical sintering process. It is
found that the initial resistance and input voltage greatly affect the resulting conductivity [79]. If
the initial resistance is too high, the electrical sintering might not work even by rising the applied
input current; if the initial resistance is too low, the printed region might be burn when high input
currents are applied.

Photonic sintering: The heat for sintering can also be locally and rapidly transfered by the
absorption of light (IPL [80, 81], laser [80, 82], or infrared light [83]). The selection of a particular
wavelength, the control of irradiation parameters and the use of specific photo-responsive chemical
agents are crucial factors for the performance of a photonic sintering process [84].

Plasma sintering: Plasma is an ionized gas generated by applying high energy (heat, electric
current, or electromagnetic irradiation) on the desired gaseous species. These excited species
like ions, electrons, and neutrals can decompose the capping agents on the surface of Ag NPs,
leading to a sintering effect of the printed structures [85, 67]. This process can be conducted
at low temperatures. A plasma sintering process usually requires a processing time of at least
30min, as the process occurs from the top to the bottom of the printed layer [67].

Chemical sintering: Chemical sintering is a simple, effective, and low-temperature (down to
room temperature) sintering process. The capping agents on the surface of Ag NPs can be removed
by using destabilizing agents such as poly(diallyldimethylammonium chloride) (PDAC) [86],
sodium chloride (NaCl) [87], potassium chloride (KCl) [88] and sodium hydroxide (NaOH) [89].
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After this destabilization process, coalescence of the Ag NPs occurs, resulting in neck formation
between the Ag NPs and thus, improved conductivity of the printed Ag structures. However,
since chemical sintering is typically a solution-based process, the printed structures must be dried
before being immersed in the destabilizing agent solution. Moreover, the destabilizing agent needs
to be subsequently removed by washing [87, 90]. This additional step can weaken the adhesion
between the printed layer and the substrate, which can require an additional post-treatment for
the adhesion improvement [68, 87, 91, 92].

Curing of polymer inks In FPE, polymer inks are often used as insulator/dielectric inks to
print non-conductive layers between conductive tracks, enabling multilayer structures such as
capacitors and TFTs [25, 45]. After printing, a further curing process, such as thermal or UV
curing, can be required to toughen or harden the polymer material by cross-linking of polymer
chains [93, 94]. Similar to a sintering process, it is also beneficial when the curing process can
be executed at low temperatures to avoid polymer substrate damage [95]. Table 2.5 lists some
typical curing processes for various polymer insulator/dielectric inks and their curing process
parameters.

Table 2.5: Curing process for various polymer insulator/dielectric inks

Insulator/dielectric
ink

Substrate
Printing/coating

technique
Curing

technique
Curing

temperature
Curing
time

Ref.

PVA PI Aerosol jet Thermal 80 °C to 90 °C 15min [96]
PVP PET Inkjet Thermal 130 °C 20min [97]
PMMA Glass Spin coating Thermal 100 °C 10min [98]
PVDF-TrFE PI, PET Inkjet Thermal 140 °C 2 h [99]
SU-8 PI Inkjet UV RT seconds [100, 101]

2.2 Moisture influences on flexible printed electronic devices

Nowadays, most of the FPE devices are still on lab scale. In order to broaden the use of FPE
devices, long-time stable functionalities of these devices should be guaranteed. It is crucial to
investigate the influences of moisture and oxygen on the performance of FPE devices, both during
their fabrication process and in the use/storage phase [102, 103]. In this section, these influences
of moisture are discussed in detail.
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2.2.1 Moisture influences during FPE device fabrication

The presence of moisture can lead to various issues during different stages of fabrication, affecting
the performance and reliability of the final FPE devices. This influence can be both positive and
negative. Moisture is found to be beneficial for the sintering of Ag NPs. Allen et al. obtain a
resistivity of printed Ag patterns of 5.88 µΩ cm by exposing substrates with ink-receptive coatings
to 85% relative humidity (RH) at room temperature before and after printing [104]. Olkkonen
et al. find that a significant enhancement in conductivity can be obtained with pure boiling
water treatment after drying of Ag NPs [87]. Bourassa et al. expose the printed Ag pattern to
water vapor by placing a measured amount of water (10 g) in a bottom tray in the oven during
the sintering process at 120 °C for 60min, resulting in a resistivity of 3.24 µΩ cm [105]. They
assume an influence of moisture on the capping agents on the surface of Ag NPs and an influence
of capillary forces, which promote the neck formation between Ag NPs and result in a better
conductivity [105]. Moisture improves the sintering effect of Ag NPs, however, for other metallic
NP inks, moisture is a negative factor, for instance, owing to the atomic structure, copper can
easily react with water and oxygen to produce oxides (CuO, Cu2O) under ambient conditions
[106]. Especially on the nanometer level, the higher specific surface area makes Cu NPs more
susceptible to oxidation, which seriously hinders electron transfer and increases the resistance
of the printed film [107]. Cu produces oxides in an air atmosphere. Thus, it is necessary to
carry out the thermal sintering under vacuum or inert gas [107]. Table 2.6 summarizes the
positive/negative influence of moisture on Ag and Cu NPs in different FPE fabrication processes.

Table 2.6:Moisture influence during fabrication

Material Fabrication process Moisture influence on conductivity 1Ref.

Ag NP Substrate treatment ++ [104]
Ag NP Sintering ++ [87, 105]
Cu NP Sintering – [107]

1 Positive influence: "++"; negative influence: "–".

2.2.2 Moisture influences during FPE device use

Moisture can play a positive or a negative role in the fabrication of FPE devices. Similarly, it
can also impact the performance and reliability of FPE devices during use, either positively or
negatively. This section first introduces the negative influences of moisture.

Organic and inorganic materials are often used for the fabrication of FPE devices. Organic
materials are much more vulnerable to moisture compared to inorganic materials. When organic
layers are exposed to moisture, they undergo oxidation and crystallization, leading to degradation,
morphological changes, and functional impairments in devices [108]. Moisture is a major concern
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for the lifetime of FPE devices that utilize moisture-sensitive organic materials, such as printed
flexible OLEDs (FOLEDs). The bending of the FOLEDs can create stress points which may
lead to encapsulation layer breaches. Once moisture penetrates the OLED structure, it can
trigger chemical reactions with the organic materials, breaking chemical bonds and leading to
decomposition. Moisture can also corrode the electrodes, leading to electrical shorts and device
failure. As moisture interacts with the OLED layers, it can cause delamination, where layers
separate from each other. This moisture-induced degradation accelerates the aging of FOLEDs,
significantly reducing their operational lifetime [109].

Moisture is a negative factor for FOLEDs, however, it can also be a necessary factor or have
beneficial effects for other FPE devices, as they require a certain level of humidity for the device
functionality. Printed electrolyte-gated field-effect transistors (EGFETs) are widely used in
biosensing applications due to their high sensitivity, low operating voltage, and compatibility with
flexible substrates. Their ability to detect ionic and biochemical interactions in real-time makes
them ideal for applications in healthcare monitoring, environmental sensing, and lab-on-a-chip
devices [110].

Composite solid polymer electrolytes (CSPEs) are commonly used as gate-insulators in a field-
effect transistor (FET) due to their high gate capacitance, printability, and high ion conductivity
[111]. Marques et al. fabricate EGFETs with a CSPE comprising PVA, propylene carbonate,
dimethyl sulfoxide (DMSO), and lithium perchlorate and precursor derived indium oxide as the
semiconductor channel. Figure 2.4 illustrates the schematic structure of such a CSPE-gated FET
[111].

Figure 2.4: Schematic structure of a CSPE-gated FET [111]. Reproduced with permission. Copyright 2019, IEEE.

They conduct a comprehensive study to investigate the effect of humidity on CSPE-gated FETs.
As shown in Figure 2.5, their results indicate that at RH levels below 20%, the CSPE-gated
FET does not switch off, regardless of the applied gate–source voltage. This scenario occurs
since the printed CSPE has a high surface-to-volume ratio, causing trapped solvents to evaporate.
This disconnects the solvent channels, resulting in situations similar to dry polymer electrolyte
with much lower conductivity values [111]. The printed thin CSPE layers require a minimum
humidity level to establish conducting pathways for ion mobility and to obtain high conductivity,
which is essential for the device operation.
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An encapsulation layer prevents moisture from both entering and escaping the device’s functional
layer. A proper encapsulation can maintain the humidity in a certain level under which the FPE
device works stably.

Figure 2.5: (a) Transistor capacitance (CG) versus the gate voltage (VG) at different RH levels. (b) Gate capacitance
(CG) plotted against the RH at a gate voltage (VG) of 0.6V [111]. Reproduced with permission.
Copyright 2019, IEEE.

2.3 Fundamental principles of permeation

Moisture can negatively impact the performance of FPE devices during their operational use,
making encapsulation essential for protection. Permeation of moisture through the encapsulation
layers into FPE devices is a major concern for the lifetime of FPE devices [112, 113, 114].

This section presents the theoretical background of permeation principles to explain how moisture
penetrates. Furthermore, since this dissertation focuses on using polymers to form flexible barrier
films for encapsulation, factors affecting polymer permeability are introduced. Finally, methods
to enhance the barrier properties of polymers are discussed.

2.3.1 Theoretical background of permeation principles

The permeation of a gas or vapor across an encapsulation layer depends both on the solubility
of the permanent molecules into the encapsulation layer and their ability to diffuse through it
[115, 114].

The permeation mechanism of a gas or vapor through an encapsulation layer with thickness l, area
A, permeant pressure p1 on the side with high permeant molecules concentration c1 and pressure
p2 on the side with low permeant molecules concentration c2 (where p1 > p2 and c1 > c2)
involves three steps: adsorption, diffusion and desorption as shown in Figure 2.6.
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Figure 2.6: General mechanism of gas or vapor permeation through an encapsulation layer.

• Adsorption: permeant molecules attach to the surface of the encapsulation layer at the
side with higher potential (p1 and c1). If the gas or vapor is soluble in the encapsulation
material, the molecules dissolve in the upper layer [116].

• Diffusion: permeant molecules physically diffuse across the entire thickness of the
encapsulation layer (l), moving from an area of high concentration to an area of low
concentration, eventually reaching the opposite side.

• Desorption: permeant molecules are released from the encapsulation layer into the lower
potential region (p2 and c2).

Fick’s first law is the fundamental law of diffusion. Fick’s first law states that the flux of
a substance through a medium is directly proportional to the concentration gradient of that
substance. Referring to Fick’s first law, the quantity of substance ∆m that passes through a unit
area A in a unit time ∆t, which is known as flux (J), can be obtained as follows:

J =
1

A
× dm

dt
= −D × dC

dx
(2.1)

where: J is the flux of the substance, D is the diffusion coefficient of the substance in the
medium, dC

dx
is the concentration gradient of the substance along the distance x.

In the steady state, where concentration is not varying with time and the diffusion flux (J) remains
constant, the flux of diffusion across a membrane with a thickness (l) and concentrations (C1 and
C2) of the permeant on opposite sides of the membrane can be obtained as follows:

J =
1

A
× ∆m

∆t
= −D × C2 − C1

l
(2.2)

The total amount of permeant ∆m diffusing through the encapsulation layer is obtained as:

∆m = −A×∆t×D × C2 − C1

l
(2.3)
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Rather than measuring concentrations at the encapsulation surfaces, it’s more practical to measure
the permeant’s partial pressure, denoted as p, on both sides of the encapsulation layer. The
adsorption of gases in polymers is described by Henry’s law [117]. Assuming Henry’s law is
valid on both surfaces, the concentration C of permeant that will dissolve in the polymer at a
partial pressure p of the permeant can be mathematically expressed as:

C = S × p (2.4)

where S is the solubility coefficient of the permeant in the medium, the unit of S is molm−3 Pa−1.

Thus, the total amount of the permeant can also be obtained as:

∆m = −A×∆t×D × S × p2 − p1
l

(2.5)

The permeability P:
P = D × S = − ∆m

A×∆t
× l

p2 − p1
(2.6)

For the diffusion of the permeant, permeability is the proportionality constant between the flow
of the permeant through an encapsulation layer thickness per unit area per unit time and per
pressure drop across the encapsulation layer. Permeability can vary with both pressure drop and
film thickness [115, 118]. Thus, in the case of water vapor, data is usually expressed in terms of
WVTR, which is defined as the rate of passage of water vapor through a given area of material in
a specific time:

WV TR =
∆m

A×∆t
(2.7)

Permeability calculated using equation 2.6 represents the average vapor or gas permeability under
specific test conditions. Hence, it’s crucial to record the relative humidity and the temperature
on both sides of the encapsulation layer during experimental determination of permeability or
WVTR [119, 115, 118]. The WVTR is usually given in mass unit as gm−2 d−1 [114].

2.3.2 Factors affecting moisture permeability of polymers

Polymer films are usually applied as encapsulation materials for FPE devices. Various chemical
and physical factors can influence the moisture permeability of these films [120, 121]. In this
section, factors which can increase or decrease the moisture permeability of polymer films are
described.
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Positively correlated factors

• Temperature of polymer/permeant: Elevating the temperature of a polymer or permeant
increases the permeation rate due to two primary factors. Firstly, higher temperatures
enhance the solubility of the permeant within the polymer. Secondly, increased thermal
energy enhances polymer chain mobility, allowing the permeant to diffuse more easily
[121]. The temperature dependence of diffusion D, solubility S, and permeability P

coefficients follows the Arrhenius relationship [120].

D = D0(e
−ED

RT ) (2.8)

S = S0(e
−∆Hs

RT ) (2.9)

P = P0(e
− Ep

RT ) (2.10)

Where ED and Ep are the activation energies of diffusion and permeation, respectively.
∆Hs is the heat of the permeant in the polymer and D0, S0 and P0 are the pre-exponential
factors. R is the universal gas constant and T is temperature. EP and ED are related as
follows:

Ep = ED +∆Hs (2.11)

Referring to the equations above, the permeation rate is increased as temperature rises.
Hence, it’s crucial to record the temperature during experimental determination of perme-
ability.

• Pressure/permeant concentration: Since diffusion is driven by the pressure/concentration
gradients, the permeation rate of gases increases at higher partial pressures. For liquids,
permeation rates rise with an increase in the concentration of the permeant [122]. Unless
the permeant species are highly soluble in the polymer, the permeation rate increases
linearly with pressure and concentration [121, 122].

• Polymer/permeant chemical similarity: A similarity of chemical functional structures
of the polymer and the permeant will promote solubility and permeation rate [121]. A
polar chemical exhibits a lower permeation rate in a nonpolar polymer compared to a
polar polymer, and vice versa. This phenomenon occurs because chemicals with similar
structures to the polymer can cause swelling, thereby increasing the space between polymer
chains and facilitating permeation [121]. Permeants dissolve in polymers with similar
solubility parameters [123]. Using Hansen solubility parameters is an approach to predict
the solubility of permeants in polymers [123].

• Voids in polymers: Voids are gaps or air bubbles within the polymer structure that can
effect the movement of gases or liquids within the polymer. A higher number of voids
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generally increases permeability, as they provide pathways for gases or liquids to travel
through the polymer, making diffusion through the polymer easier.

Negatively correlated factors

• Permeant size: The molecular size of the permeant, its chemical structure, and its
condensation characteristics affect permeation. Diffusion of the permeant increases as its
molecular size decreases, thus contributing to an increase in permeation.

• Polymer thickness: For a typical hydrophobic polymer film, the rate of permeation
experiences a significant decline as the film thickness increases. Initially, at lower thickness
levels, the permeation rate is notably high, but it gradually decreases in an almost exponential
manner as the thickness increases. Once a critical thickness is surpassed, the influence of
thickness diminishes, and the permeation rate levels off, forming a plateau (see Figure 2.7)
[121, 122].

Figure 2.7:Water vapor transmission rate of Teflon® perfluorinated ethylene propylene resins at 40 °C [121].
Reproduced with permission. Copyright 2015, Elsevier.

• Polymer crystallinity: Polymer crystallinity refers to the degree of structural order in
a polymer, where molecular chains are arranged in a regular, repeating pattern, forming
crystalline regions within the material. Crystallinity is an important factor, which depends
on the polymer chemistry and can to some extent be controlled during the processing of
the polymer. For semicrystalline polymers:

S = S0(1− ϕc) (2.12)

where S0 is the solubility coefficient of the amorphous phase, ϕc is the volume fraction of
the crystalline phase [113]. For a purely crystalline phase, S = 0, thus, the crystalline phase
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is generally considered impermeable due to its tightly packed, highly ordered structure,
which reduces its specific volume. As a result, there is little to no free space between
polymer chains for permeants to pass through. In contrast, the amorphous phase has a
random, less compact structure with interchain spaces that allow for permeation. The
specific volumes of the crystalline (0.43 cm3 g−1) and amorphous (0.5 cm3 g−1) phases of
polytetrafluoroethylene (PTFE) support this argument. The amorphous phase has a 13%
higher specific volume, providing additional space for permeation [121, 124, 117].
The presence of crystallites has dual effects on the diffusion process. Firstly, they serve as
barriers to permeant molecules, compelling them to traverse longer routes. Furthermore, the
existence of crystals can immobilize side-chains within the amorphous phase, subsequently
diminishing the available free space. This reduction leads to elevated activation energies
for diffusion [117].

• Polymer cross-linking grade: Cross-linking refers to the formation of covalent bonds be-
tween polymer chains, creating a three-dimensional network. Cross-linking acts somewhat
similar to crystallinity [121]. Highly cross-linked polymers tend to have lower permeability
[120]. The interconnected network limits the movement of permeant molecules, preventing
them from easily diffusing through the polymer. On the other hand, less cross-linked or
non-cross-linked polymers have higher permeability. The absence of strong interconnec-
tions between polymer chains allows for more open pathways for permeant molecules to
move through the polymer.

• Polymer chain stiffness: The permeability of a polymer is influenced by the stiffness of
its chain structure. A polymer with rigid and closely packed chains tends to have lower
permeability. This is because the restricted movement of stiff polymer chains creates
fewer pathways for gas or vapor molecules to diffuse through the polymer. As a result, the
permeant encounters more resistance, leading to a lower permeability value. On the other
hand, a polymer with more flexible and loosely arranged chains allows for greater free
volume between the chains. This increased free volume provides more room for gas or
vapor molecules to move, promoting higher permeability [125].

• Polymer interchain forces: Polymer interchain forces influence how tightly polymer
chains are packed together, which in turn affects the ability of gases or vapors to diffuse
through the polymer. Strong interchain forces, such as hydrogen bonding or dipole-dipole
interactions, can lead to a more closely packed polymer structure. This reduces the
available free volume for permeant molecules to move within the polymer. As a result, the
permeability of the polymer decreases because the movement of permeant molecules is
hindered by the strong interchain forces. Conversely, weaker interchain forces result in a
more loosely arranged polymer structure with increased free volume. This allows permeant
molecules to diffuse more easily through the polymer, leading to higher permeability [121].
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Table 2.7 summarizes the aforementioned factors affecting permeability of polymers. It can be
seen clearly that thickness of the polymer film, polymer type, and ambient conditions of the
use/storage environment influence the transfer of the permeant into and out of the polymer films.

Table 2.7: Summary of factors affecting permeability of polymers [126].

Factor Change Permeability

Temperature of polymer/permeant ↑ 1 ↑
Pressure/permeant concentration ↑ ↑
Polymer/permeant chemical similarity ↑ ↑
Voids in polymer ↑ ↑
Permeant size ↑ ↓ 2

Polymer thickness ↑ ↓
Polymer crystallinity ↑ ↓
Polymer cross-linking grade ↑ ↓
Polymer chain stiffness ↑ ↓
Polymer interchain forces ↑ ↓

1 ↑: increase
2 ↓: decrease

2.3.3 Methods enhancing moisture barrier properties of polymer films

Various methods can modify/control the barrier properties of polymer films [113]. The following
sections introduce polymer post-treatments, polymer blends, creation of tortuous paths in
polymers, and a combination of these methods.

Polymer post-treatments As summarized in Table 2.7, the structure of the polymer has strong
impacts on its permeability. Thus, with suitable modification, the barrier properties of polymer
can be improved. The crystallites are obstacles and the permeant molecules have to pass around
them. They are generally considered to be impermeable. Therefore, treatments to increase
the crystallinity of polymers are often applied to improve the barrier properties. For instance,
crystallinity of PVA can be further raised by an appropriate heat treatment [124]. PVA films
with an initial crystallinity of 25% to 27% can obtain a final crystallinity of 56% after the heat
treatment at 150 °C for 155min [124]. Table 2.8 shows the final crystallinity of PVA films
obtained after various heat treatments [124].
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Table 2.8: Average crystallinity of PVA films (initial crystallinity: 25% to 27%) after heat treatment at 70 °C,
130 °C, and 150 °C [124]. Reproduced with permission. Copyright 1993, Wiley.

Temperature (°C)

70 130 150

Heating time (min) 900 10 30 120 780 25 155
Final crystallinity (%) 29 35 37 39 44 33 56

Highly cross-linked polymers tend to have better barrier properties, hence, chemical cross-
linking modification is a promising approach to enhance the barrier properties of polymers.
For instance, the hydroxyl group on the PVA chain can react with organic acids or anhydrides
in high-temperature esterification reactions, leading to the incorporation of carbonyl groups
between the molecular chains of PVA [127]. For PVA, there are numerous kinds of cross-linking
agents such as boric acid (BA), glutaraldehyde (GA), malonic acid (MA), and citric acid (CA)
[128, 129, 130, 131, 132, 133].

Polymer blends A polymer blend refers to a system where one type of polymer is dispersed
within a matrix mainly composed of another polymer, which exhibits different crystalline or
amorphous and rubbery or glassy characteristics [113]. Generally, the barrier properties are
mainly defined by the interaction between the polymers, degree of heterogeneity, the extents of
crystallinity and rubbery/glassy characteristics [120, 117, 113].

Passador et al. investigate blends of high density polyethylene (HDPE) with linear low density
polyethylene (LLDPE) and find that incorporating LLDPE into a HDPE matrix (without a
compatibilizing agent) has a substantial impact on the barrier properties against moisture and
oxygen. Due to the lower crystallinity of LLDPE compared to HDPE, the resulting blend exhibits
enhanced oxygen permeation, while the blend’s non-polar nature restricts the diffusion of water
vapor [134].
Other blends that have been developed are chitosan (CS) in PVA [135] and polylactide (PLA)
in PVA [136]. Compared to the pure PVA film, the PVA-CS films show greater elongation at
break, lower oxygen permeability, higher moisture barrier properties, and greater antibacterial
properties [135]. As shown in Figure 2.8, with PLA, the crystallinity of the blend film gradually
increases, from 31.9% of the pure PVA film to 47% of the PVA film with 15wt% PLA. Thus,
the blend PVA/PLA films show increased mechanical properties and water resistance [136].
Hah et al. indicate that by adding 33% of pure butyl rubber (PIB) into PDMS, a transparent,
flexible encapsulant with high moisture stability can be formed [137].
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Figure 2.8: Crystallinity of PVA/PLA blend films with different PLA content. Reproduced with permission.
Copyright 2021, Wiley.

Creation of tortuous paths in polymers The effective diffusion path of permeants from one
side of a polymer layer to the other side is determined by both the physical thickness and the
internal structure of the polymer [138]. An increase in thickness leads to reduced permeation
rates. However, simply increasing thickness is not the optimal solution due to drawbacks such as
added weight, increased cost, and reduced mechanical flexibility [139]. The concept of tortuosity
involves increasing the effective diffusion path length while keeping the geometric polymer
thickness constant. This aspect is described by the tortuosity factor, denoted as τ and can be
given by [113]:

τ =
l

l0
(2.13)

Where l is the actual diffusion path length and l0 is the nominal polymer thickness.

The diffusion coefficient D:
D =

D0

τ
(2.14)

Where D0 is the diffusion coefficient of the pure polymer.

Creating tortuous paths in the polymer can be achieved by adding impermeable fillers into the
polymer matrix [118], resulting in zigzag or tortuous pathways (as illustrated in Figure 2.9) for
diffusing permeant molecules. As a result, permeability decreases [139, 118, 114].

Well-aligned filler platelets can provide a very good barrier property. The tortuosity factor τ is
influenced by the concentration, size, shape, and orientation of the fillers [139]. τ reaches its
highest value, when the fillers are oriented perpendicular with respect to the diffusion direction.
In this case, the Nielsen model can be used to calculate τ [140]:

τ = 1 +
αϕf

2
(2.15)
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Figure 2.9: Schematic diagram of a film (A) without fillers, leading to a straight diffusion path, and (B) a film
filled with platelets arranged perpendicular to the diffusion direction, creating a tortuous path [114].
Reproduced with permission. Copyright 2021, Elsevier.

Where α is aspect ratio of the fillers, and ϕf is the volume fraction of the filler.

For non-oriented fillers, Bharadwaj et al. introduce an order parameter (O) to quantify the degree
of orientation of fillers with respect to the diffusion direction [141].

O =
1

2
(3cos2θ − 1) (2.16)

Where θ represents the angle between the direction of preferred orientation (n) and the sheet
normal unit vectors (p) as shown in Figure 2.10.

Figure 2.10: Values of the order parameter for three orientations of the fillers [141]. Reproduced with permission.
Copyright 2001, American Chemical Society.

The modified tortuosity factor τ :

τ = 1 +
α

2
ϕf (

2

3
)(O +

1

2
) (2.17)
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The permeation behavior of polymer/filler systems is also influenced by the compatibility of
the two components, which in turn is determined by their chemical nature. When the filler is
compatible with the polymer, it occupies the voids within the polymer, leading to a tortuous
diffusion path [142]. In contrast, if the filler and polymer are incompatible, the adhesion between
them diminishes. With increasing concentration, the filler particles tend to aggregate, causing a
random arrangement of platelets. This, in turn, raises the fractional free volume, resulting in
reduced resistance to permeation [143, 144, 145].

Combination of methods Combining the aforementioned methods can greatly reduce the voids
in a polymer, increase permeation paths of permeants as shown in Figure 2.11, and the barrier
property of the polymer is improved.

Figure 2.11: Combined methods to enhance the barrier properties of polymer.

2.4 Solution processable encapsulation for flexible printed
electronic devices

Moisture can negatively impact the performance and the reliability of FPE devices. Thus, a
encapsulation layer is required. This dissertation focuses on the solution processable encapsulation
using polymers for its low cost and ease of processing. Solution processable polymers can
be deposited directly on the devices’ surface to form barrier films using various printing,
coating or dispensing techniques. Thus, both global and local encapsulation can be realized.
The encapsulation process can be integrated into the printing process chain. Furthermore,
the flexibility of polymer layers are advantageous for FPE. While the resulting WVTRs are
significantly higher than those achieved with vacuum-deposited thin film encapsulation, they
are sufficient for various applications [146, 147]. In addition, as described in section 2.3.3, the
barrier properties of polymers can be significantly improved by various methods.

In this section, solution processable barrier films are classified into polymer barrier films and
polymer/filler barrier films. The relevant work of solution processable encapsulation and the
materials associated with it are introduced.
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2.4.1 Solution processable polymer barrier films

Organic polymers such as Ecoflex [148, 149], SU-8 [150, 151], PDMS [152, 153], polyvinyl
chloride (PVC) [154], polylactic-co-glycolic acid (PLGA) [155], fluoropolymer (Cytop) [156],
photopolymer NOA63 [157] and silicon rubber [158] are materials used for solution processable
polymer barrier films.

Ecoflex is a printable biopolymer with special properties such as flexibility, toughness and water
resistance [159]. Lee et al. screen print an Ecoflex encapsulation layer onto a strain sensor
on a glove for the detection of finger motion. In this work, the waterproof performance of the
Ecoflex encapsulation is validated by demonstrating that a LED-integrated sample remained fully
functional after being immersed in water for one hour. Additionally, the strain sensors exhibit
outstanding mechanical resilience, with a stretchability of up to 70%, the ability to bend to a
radius of 1.5mm, and durability in dynamic stretching and bending tests for ten thousand cycles
[148].

SU-8 is a photoresist. The viscosity of SU-8 can be adjusted from 1 cp to 15 cp [160], thus SU-8
inks with different viscosities are compatible with inkjet printing and spin-coating [161]. Moya
et al. inkjet print a SU-8 ink as the encapsulation layer onto the oxygen sensor devices [150].

Inorganic-organic hybrid polymer is another type of polymer to produce solution processable
barrier films. The inorganic network is formed as a result of controlled hydrolysis and condensation
of alkoxysilanes, organoalkoxysilanes, acryloxysilanes or metal alcoholates. The organic network
results from subsequent thermal or UV induced polymerization of organo-functional groups
[162]. Due to the control of the inorganic and organic network densities and the insertion of
specific functional groups to control the polarity of the resulting material, it is possible to develop
high-barrier coatings with excellent adhesion properties on a wide variety of polymer films. In
the following sections, promising hybrid polymers are introduced.

ORMOCER ORMOCER, an acronym for organically modified ceramics, describes a group of
hybrid polymer materials. During sol–gel processing of ORMOCERs, an inorganic network is
built up by the targeted hydrolysis and condensation of organically modified silicon alkoxides. In
addition, co-condensation with other metal alkoxides (Ti, Zr, Al alkoxides) is possible [162, 163].
Organic cross-linking is the final curing step [162, 164]. The basic structural elements of
ORMOCERs are shown in Figure 2.12. Through a complex synthesis process, the properties of
ORMOCERs can be adapted to the respective application [165, 166, 167, 168, 169].

WVTR values of individual ORMOCER layer can be achieved in a range between approximately
1 gm−2 d−1 to 5 gm−2 d−1 (calculated for 100 µm layer thickness) [170]. Amberg-Schwab et
al. measure the WVTR values of uncoated, SiOx-coated, and SiOx/ORMOCER-coated PET
films under the test condition of 23 °C and 85%. The results show that the application of an
ORMOCER layer can improve the moisture barrier properties of the SiOx-coated PET films
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Figure 2.12: Hybrid polymers ORMOCER developed by Fraunhofer ISC [169]. Reproduced with permission.
Copyright 2023, the authors, MDPI, Basel, Switzerland.

from 0.51 to 0.16 gm−2 d−1. This improvement can be explained as a synergistic barrier effect
through combination of the SiOx and the ORMOCER layer. As illustrated in Figure 2.13 (a),
the macroscopic defects formed in the SiOx layer are compensated by the ORMOCER layer. The
ideal scheme of interfacial bonding is shown in Figure 2.13 (b).

Figure 2.13: (a) Compensation of the macroscopic defects formed in the SiOx layer. (b) Idealized scheme of
interfacial bonding [162]. Reproduced with permission. Copyright 1998, Kluwer Academic Publishers.

Polysilazane Polysilazane (PSZ) is another promissing hybrid polymer consisting of a basic
Si–N backbone, to which various reactive and/or inert side groups are attached at either the
Si or N atoms [171, 146, 172, 147]. Depending on the nature of side groups, polysilazanes
can be categorized as either inorganic or organic polysilazanes (OPSZ) (see Figure 2.14).
Perhydropolysilazane (PHPS) is a typical inorganic polysilazane material, due to the exclusive
presence of hydrogen side groups [173]. PHPS is an attractive encapsulation material due to
its ability to produce dense silica barrier films, providing excellent barrier properties, high
transparency, hardness, and density [146, 172, 174, 147]. However, with increasing thickness,
the volume change increases the inner stress of the coating, resulting in crack formation on the
coating [171]. On the other hand, OPSZ offers the advantage of forming thick, elastic coatings
due to the presence of organic groups in the molecular chains. This increases flexibility and
reduces volume shrinkage [173].
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Figure 2.14: Simplified chemical formulas of (a) perhydropolysilazane (PHPS) and (c) organopolysilazane (OPSZ).
(b) and (d) illustrate the possible molecular structures of PHPS and OPSZ, respectively [173].
Reproduced with permission. Copyright 2022, The Authors.

PSZ coatings provide excellent barrier properties because they can be converted into SiOx, SiCO,
SiCN, or Si3N4 ceramic coatings after curing [175]. However, along with the favorable barrier
properties come inherent issues of non-ideal coating thicknesses due to a great dependence on
perfect ambient curing conditions [176]. It is reported that the permeability of PHPS against
oxygen and moisture are heavily dependent on the curing methods and the curing environment
[177]. Optimal curing processes should be further investigated to accelerate the conversion of
PHPS into silica [177]. Table 2.9 selects some studies on fabrication of such barrier films made
from hybrid polymers.

Table 2.9: Solution processable hybrid polymer barrier films.

Substrate Material
Solution
deposition

Thickness Test conditions
WVTR

( gm−2 d−1)
Ref.

Temperature
( °C)

RH
(%)

SiOx coated PET (30 µm) ORMOCER R2R1 5 µm 23 85 0.16 [162]
- ORMOCER R2R 100 µm - - 1-5 [170]
PET (50 µm) PHPS DB2 250 nm - - 0.2 [172]
PET (125 µm) PHPS DB 400 nm 40 85 0.15 [147]

1 R2R: roll-to-roll coating.
2 DB: doctor blading.
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2.4.2 Solution processable polymer/filler barrier films

As outlined above in section 2.3.3, creating tortuous paths in a polymer improve its moisture
barrier property. Therefore, another method to form solution processable barrier films is to
add less permeable inorganic materials as fillers into a polymer matrix. In this way, tortuous
paths can be built within the polymer matrix, enhancing its barrier property [178, 118, 179].
Several polymers, such as PVA, polyvinyl butyral (PVB), polyurethane, and fillers, such as clays,
lignin, mica flakes, glass flakes, ZnO, and silica, are already utilized in the literature to develop
such barrier films as encapsulation materials [144, 180, 181, 182, 183, 184, 185, 186]. In the
following section, the polymer and filler materials utilized in this dissertation are introduced.

PVA PVA is often utilized as the polymer matrix due to its biocompatibility, biodegradability,
film-forming properties, ease of modification, and non-toxic nature [187]. PVA is a water-soluble,
semicrystalline polymer. The properties of PVA typically rely on two main factors: its molecular
weight and degree of hydrolysis. The molecular weight generally ranges between 20,000 and
40,000, determined by the length of the vinyl acetate polymer chain used in its production.

Clay Clay is a widely used inorganic filler in polymers for barrier film production [188, 118] due
to its abundance, simple processing, non-toxicity and the relatively high aspect ratio (AR, defined
as the ratio of diameter to thickness) of its particles with their sheet like structures (platelets).
Clays are filler particles of layered mineral silicates. The most commonly used clays as fillers in
polymer/filler composites are montmorillonite (MMT), hectorite (Hec) and vermiculite. The
difference among them is based on their chemical composition and nanoparticle morphology.

Chandio et al. addMMTNa+ into a PVA solution. The resulting barrier films (100 µm thick) yield
a WVTR of 2.8 gm−2 d−1 (test condition: 40 °C and 85%RH) and exhibit excellent flexibility
and maintain their moisture barrier property after undergoing 10000 bending cycles [189]. Roehrl
et al. utilize Hec as fillers in the PVA matrix. The resulting films (3.7 µm thick) along with their
PET carrier substrate (36 µm thick) yield a WVTR of 0.02 gm−2 d−1 under the test conditions of
23 °C and 50%RH [190].

Silica Silica particles are also widely used as filler embedded in a polymer matrix to improve the
mechanical and morphological properties [191, 191]. Silica particles are of hydrophilic nature,
they exist as white amorphous powder or as colloid suspension. Themost important characteristics
are their extremely large surface area and smooth nonporous surface. When dispersed in polymer
systems, nonporous silica particles reduce polymer permeability by decreasing the polymer’s free
volume and increasing the tortuosity of the diffusion path. Chen et al. develop PVA/silica barrier
films, yielding a WVTR of 1.28 gm−2 d−1 under the test conditions of 37.8 °C and 90%RH.
Compared to pure PVA films, the addition of silica reduced the WVTR by 39.6% [184].
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Graphene Graphene is two-dimensional sheet of sp2 bonded carbon atoms densely packed in a
honeycomb crystal lattice. It is produced by the exfoliation (separation) of graphite nanoplatelets
[192]. One application of graphene is its incorporation as filler in polymer nanocomposites.
Due to its unique structure, polymer/graphene nanocomposites have shown excellent thermal,
mechanical and electrical properties, much better than the polymer/clay nanocomposites.

Among graphene-family nanomaterials, graphene oxide (GO) stands out as the most promising
nanofiller for nanocomposites due to its lower tendency to agglomerate compared to pristine
graphene [193]. Studies on polymer/GO nanocomposites have shown that their aspect ratio values
are significantly higher than those reported for polymer/clay composites [194, 195, 196, 197, 198].
In Kim’s study, two fillers (MMT Na+ and GO) and two polymers (PDAC and PVA) are used to
form flexible barrier films with multilayers on the PEN carrier substrates, yielding a improved
flexibility and a decreased WVTR of 3.1 × 10−3 gm−2 d−1 under test conditions of 23 °C and
50%RH [183].

Glass flakes Glass flakes (GFs) possess a high AR, typically featuring thicknesses of less than a
micrometer and average lengths ranging from 100 µm to 300 µm [114]. Due to their large lateral
extension, which is on the same order as the film thickness, they can be easily aligned parallel to
the film surface during the coating process [186].

Polymer/GF composites exhibit enhanced gas/moisture barrier properties, improved thermal
stability, and superior mechanical strength due to the increased tortuosity of the diffusion path
[199, 200]. Channa et al. develop an oxygen and moisture barrier film for encapsulating organic
(opto-)electronic devices by incorporating GFs into PVB solutions. The resulting 78 µm thick
barrier films achieve a WVTR of 2.1 gm−2 d−1, a significant improvement compared to pristine
70 µm thick PVB films, which exhibit a WVTR of 65 gm−2 d−1 under the test conditions of 40 °C
and 85%RH [186]. In another study by the same authors, GFs are added into PVA solutions to
develop sustainable and eco-friendly barrier films for food packaging. The resulting barrier films
yield a WVTR of 1.2 gm−2 d−1 compared to pristine PVA films with a WVTR of 22.5 gm−2 d−1

under the test conditions of 25 °C and 75%RH [201].

Table 2.10 provides an overview of relevant studies on polymer/filler systems and their measured
WVTRs.
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Table 2.10: Permeability results of studies on polymer/fillers.

Material Processing Structure Thickness Test conditions
WVTR

(gm−2 d−1)
Ref.

Substrate Polymer Filler
Temperature

(°C)
RH
(%)

- PVA MMT Na+ DB1 SL2 100 µm 40 85 2.8 [189]
PET (36 µm) PVA Hec DB SL 3.7 µm 23 50 0.02 [190]
PEN (125 µm) PVA/PDAC MMT/GO DC3 ML4 48 nm 23 50 3.1 × 10−3 [183]
- PVB Glass flake DB SL 78 µm 40 85 2.1 [186]
- PVA Glass flake DB SL 100 µm 25 75 1.2 [201]
- PVA Silica DC SL 60 µm 37.8 90 1.28 [184]

1 DB: doctor blading.
2 SL: single layer structure.
3 DC: dip coating.
4 ML: multilayer structure.

2.5 Water vapor transmission rate measurement methods

WVTR is a key factor for assessing the effectiveness of encapsulation in providing moisture
protection. To date, various WVTR measurement methods are available [202]. This section
provides a brief description of three WVTR measurement methods: the coulometric method, the
calcium (Ca) test method, and the gravimetric method.

2.5.1 Coulometric method

Utilizing a coulometric device, an inert carrier gas is employed to transport the permeated
water to a sensor. This sensor employs a phosphorus pentoxide (P4O10), a potent desiccant, as
the electrolyte between two adjacent electrodes. The P4O10 absorbs the transported water and
becomes an ionic electrolyte, enabling the flow of current between the electrodes. The resulting
current is measured and converted into a corresponding WVTR value. This methodology is
often referred to as the "MOCON test", originating from its development and commercialization
by MOCON, Inc. Their AQUATRAN Model 3 apparatus is acknowledged for its capacity to
measure WVTR values as low as 5 × 10−5 gm−2 d−1 [202].

2.5.2 Calcium test method

Ca is easily oxidized by oxygen as well as moisture. The oxidation is dominated by moisture
[203].

Ca+ 2H2O → Ca(OH)2 + H2 (2.18)
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2.5 Water vapor transmission rate measurement methods

The optical and electrical properties of Ca are changed along with the oxidation status [204, 205].
The optical Ca test uses the principle that opaque Ca becomes transparent with oxidation. The
transmittance of light passing through a Ca film is measured based on the Lambert–Beer law, as
follows:

I = I0e
−αh (2.19)

where I is the light intensity passing through the layer, I0 is the light intensity reaching the layer,
α is the absorption coefficient of the layer material, and h is the homogeneous height of the Ca
layer [202].

An electrical Ca test, based on the principle that conductive Ca becomes non-conductive upon
oxidation (as calcium oxides, CaO and CaOH, are non-conductive) is presented in Figure 2.15.
When two electrodes are connected to the evaporated Ca film, the resistance increases over time in
accordance with the progress of oxidation. The WVTR is calculated using the following formula
[202]:

WVTR = −nM(H2O)

M(Ca)
δρlb

d(1/R)

dR

dt
(2.20)

where n is the number of water molecules per Ca atom, M is the molar mass, δ is the Ca density,
ρ is the Ca resistivity, l is the length of the Ca layer, b is the width of the Ca layer, R is the
resistance of the Ca layer, and t is time.

Figure 2.15: Electrical calcium test: (a) schematic diagram of the Ca pad sample; and (b) photograph of the Ca pad
with increasing Ca oxidation [202]. Reproduced with permission. Copyright 2019, The Authors.

2.5.3 Gravimetric method

The gravimetric cup method, as specified by ASTM D1653 or ASTM E96/E96M [206], provides
a straightforward way to measure the WVTR of a barrier film [202]. It includes two basic test
methods: the wet cup method and the dry cup method (see Figure 2.16). In both methods, a test
dish is covered with the film sample being tested and filled with either water or a desiccant. This
creates a difference in partial water vapor pressure between the controlled climatic conditions
within the test environment (e.g. a climate chamber) and the interior of the sample vial, leading to
moisture permeating through the film sample. The amount of moisture permeation is determined
by weighing the mass change of the test dish.
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Figure 2.16: Illustration of the gravimetric method: (a) wet cup method and (b) dry cup method. The test condition
refers to ASTM E96/E96M [206].

In the dry cup method, the sample is sealed to a test dish containing a desiccant, and the assembly
is placed under controlled test conditions. The WVTR is assessed by periodic weighings as
moisture permeates the sample into the desiccant, causing an increase in the total mass of the
assembly. The wet cup method differs in that the test dish is filled with distilled water instead of
a desiccant. The moisture moves from the test dish toward the outside, decreasing the mass of
the assembly over time.
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3 Moisture influence on the performance of printed
structures using nanoparticle inks

Moisture can contribute to the degradation of printed electronic devices, resulting in a worse and
unreliable performance. In this chapter, the moisture influences on the electrical performance of
inkjet printed conductive tracks and capacitors using specific nanoparticle inks are investigated.
The printed test structures are subjected to three environmental tests. Whether moisture brings
positive or negative influence on the performance and reliability of those test structures is
discussed. Potential solutions to take advantage of moisture positive and avoid negative influences
are suggested. Figure 3.1 shows the structure of this chapter. 1

Figure 3.1: Structure of chapter 3 - investigation of moisture impact on the performance of printed structures using
nanoparticle inks

1 Parts of this chapter are published in: [207] Martin Ungerer, Zehua Chen, Tim Pang Mach, Klaus-Martin
Reichert, Ulrich Gengenbach, Moritz Lindmüller, Joachim R. Binder, Markus Reischl, and Liane Koker.
Automated characterisation of printed electronics under adjustable ambient conditions. In 2024 International
Semiconductor Conference (CAS), pages 69–72. IEEE, oct 2024. doi: 10.1109/cas62834.2024.10736741.
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3.1 Materials and methods

In this section, materials, an automated characterization setup for the test structures, as well as
the environmental tests based on various standards are described.

3.1.1 Materials

Substrates

• DuPont Teijin PET films Melinex ST506 (175 µm thick);

• DuPont Kapton HN PI films (75 µm thick).

Inkjet printable inks

• Silver nanoparticle ink (Silverjet DGP 40LT-15C, Sigma Aldrich). This silver nanopar-
ticle ink contains 30wt% to 35wt% silver nanoparticles (Ag NPs). The manufacturer
recommends a sintering temperature between 100 °C and 150 °C.

• Ceramic nanoparticle ink (developed at KIT IAM-ESS [47]). This ceramic nanoparti-
cle ink consists of Ba0.6Sr0.4TiO3 (BST) nanoparticles and polyvinylidene fluoride-co-
trifluoroethylene (P(VDF-TrFE)). A comprehensive description of the production process
for this BST/P(VDF-TrFE) ink can be found in [47].

3.1.2 Automated characterization setup for printed electronics

To accelerate the electrical characterization of printed electronic devices, an automated mea-
surement setup has been established (see Figure 3.2 [207]). A test adapter is designed to
contact multiple devices on a 55mm × 55mm substrate and combined with an in-house built
multiplexer, enabling the automated readout of measurement data from the LCR meter for several
test structures on one substrate. Test conditions can be provided by the Memmert CTC256 climate
chamber and can be controlled by the software "Celsius" provided by the manufacturer of climate
chamber.

Test adapter A test adapter is developed to contact multiple electronic devices on a substrate
of 55mm × 55mm. As shown in Figure 3.3, this test adapter features an Ingun MA 350/F
manual test fixture, equipped with a lever-based parallel stroke mechanism (20mm) for closing
(1), along with a customized, interchangeable test fixture kit, consisting of a pressure frame
plate (2), a moving plate (3), protruded test probes (4), and a probe plate (5). The connection
cable (6) of this test adapter allow its integration into an automated measurement setup for the
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3.1 Materials and methods

Figure 3.2: Measurement setup for the automated characterization of printed electronic devices in a climate chamber
(adapted from [207], own publication).

characterization of printed electronic devices. The inlet (7) enables the exposure of test structures
to preconditioned air from below. This test adapter can withstand a maximum temperature of
60 °C. The exchangeable components designed for the printing layout in this dissertation, as well
as the assembly of the test adapter, are developed by Ing. Ludwig Rausch GmbH (Langenzersdorf,
Austria).

Figure 3.3: Test adapter with lever (1) , test fixture kit which consists of a pressure frame plate (2), a moving plate
(3), protruding test probes (4), a probe plate (5), and a connection cable (6) to external measurement
equipment. The inlet (7) is for the exposure of test structures to preconditioned air from below (adapted
from [207], own publication).

This test adapter can simultaneously contact multiple test structures on a single substrate. The
test probes are arranged in nine test fields, positioned in a grid with 2.54mm spacing on the probe
plate, as shown in Figure 3.3 right. The overall test layout is determined by the configuration of
the test fields, with each test field comprising 12 contact pins.
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To perform four-point measurements for characterizing passive components such as resistors,
capacitors, and related sensors, the 12 contact pins within each test field are utilized to contact six
pads, with each pad connected by two pins (see Figure 3.4). The standard pad size for four-point
measurements is defined as 3.9mm × 2.0mm. The contact pads in each test field enclose a free
area of 5mm × 5mm, allowing devices to be positioned either in this free area or directly above a
through-hole in the moving and probe plate.

Figure 3.4: The general layout of the test structures on a single substrate is designed to fit the test adapter (adapted
from [207], own publication).

Multiplexer Each probe of the test adapter is controlled by two relays (3570-1419-054, Comus
International), allowing for flexible switching between high and low states. This configuration
enables the setup to adapt to various measurement tasks, such as switching between devices or
altering the polarity of the devices. ARaspberry Pi Pico is used to control themultiplexer, ensuring
efficient management of the switching processes. The four BNC outputs of the multiplexer are
connected to the respective measurement instrument, which is a LCR meter (Keysight E4980AL)
in this work.

Control of the characterization process The automated setup is managed using proprietary
Python and MicroPython scripts running on both the PC and the Raspberry Pi controlling the
multiplexer. Each probe can be individually activated and configured with different settings, such
as varying bias voltages. To facilitate automated measurements under controlled environmental
conditions, the setup can be synchronized with the climate chamber via its network port using the
"Celsius" software. This integration allows for precise control of ambient conditions, enabling
consistent testing and data collection.

3.1.3 Environmental tests setup

Static accelerated aging test setup ASTM F1980-21 is a standard guide developed by ASTM
International, specifically by the committee on Medical and Surgical Materials and Devices.
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The full title is "Standard Guide for Accelerated Aging of Sterile Barrier Systems for Medical
Devices." ASTM F1980-21 provides a scientific approach for accelerating the aging process of
sterile barrier systems in medical devices, ensuring that these products can be reliably tested
for longevity and performance in a shorter time frame [208]. This standard applies a storage of
samples at an elevated temperature in order to simulate real time aging in a reduced amount of
time. An accelerated aging factor (AAF) estimate is calculated by the following equation:

AAF = Q
TAA−TRT

10
10 (3.1)

where: TAA is the accelerated aging temperature (°C), and TRT is the representative ambient
temperature (23 °C in this work). Using the Arrhenius equation with Q10 set to 2 is a common
and conservative means of calculating an aging factor [208].

The accelerated aging time (AAT) needed to establish equivalence to real time aging is determined
by dividing the desired (or required) shelf life by the AAF:

AAT =
Tdesired

AAF
(3.2)

In this work, static accelerated aging (SAG) test conditions are adopted by this standard. An
accelerated aging temperature TAA higher than 60 °C is not recommended in this standard due
to the higher probability in many polymeric systems to experience nonlinear changes, such as
crystallinity, formation of free radicals, and peroxide degradation [208]. However, this is not
relevant for the materials in this work. For this accelerated aging test, the samples are placed in
the climate chamber under the test condition of 85 °C and 50%RH. According to the data sheet
of suppliers, the utilized substrates and inks can withstand this specific test condition. With the
desired life time set to one year, the calculated AAF is 73, and the calculated AAT is five days.

Static damp heat test setup The international standard IEC 60068 provides a test method
for determining the suitability of electrotechnical products, components or equipment for
transportation, storage and use under conditions of high humidity. The test is primarily
intended to permit the observation of the effect of high humidity at constant temperature without
condensation on the specimen over a prescribed period. This test provides a number of preferred
test severities of high temperature, high humidity and test duration. The test severity is defined by
a combination of temperature, relative humidity and total test duration. Unless otherwise specified
in the relevant specification, temperature and relative humidity severities may be selected from
the following Table 3.1. Preferred test durations are: 12 hours, 16 hours, 24 hours, 2 days, 4
days, 10 days, 21 days or 56 days [209].

41



3 Moisture influence on the performance of printed structures using nanoparticle inks

Table 3.1: Recommended temperature and relative humidity severities IEC 60068 [209].

Temperature Humidity

(30 ± 2) °C (93 ± 3)% RH
(30 ± 2) °C (85 ± 3)% RH
(40 ± 2) °C (93 ± 3)% RH
(40 ± 2) °C (85 ± 3)% RH

In this work, the combination of 40 °C and 85%RH as test condition for the static damp heat
(SDH) test is selected, the test duration is set to four days.

Cyclic humidity test setup In addition to static environmental tests, a cyclic humidity test is
performed. The setup for this cyclic humidity test is illustrated in Figure 3.5. Test structures are
placed in a climate chamber, where the temperature is maintained at 23 °C. The relative humidity
is cycled between 35%RH and 85%RH, with measurements taken at intervals of 10%RH. This
humidity cycling process is repeated three times to ensure comprehensive evaluation of the test
structure performance under varying moisture conditions.

Figure 3.5: Temperature and relative humidity profile for the cyclic humidity test conducted for investigating moisture
influence on the performance of printed test structures during use.

3.1.4 Test structures

Due to the thermal resistance limitation of the utilized test adapter, three test structures are
designed for different environmental test conditions. Two designs of conductive tracks are applied
for the static environmental tests and cyclic humidity tests.
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Test structure 1 - inkjet printed conductive tracks for static environmental tests

Inkjet printed silver tracks on Melinex ST506 PET films are utilized as test structures for the
static accelerated aging test and the damp heat test. The designed Ag tracks have a length of
45mm, with pads at both ends measuring 1.5mm× 3.5mm (see Figure 3.6).

Figure 3.6: Test structure 1 - inkjet printed conductive tracks for static environmental tests

As mentioned in section 3.1.2, the developed test adapter can withstand a maximal temperature
of 60 °C, however, the static accelerated aging test requires test structures subjected to a test
condition of 85 °C and 50%RH, which exceeds the maximal acceptable temperature of the test
adapter. Thus, the characterization of test structures before and after those static environmental
tests is conducted manually using a B&K Precision LCR-Meter 981 connected to a Formfactor
EPS150 probestation, with 150 µm probe tips.

Test structure 2 - inkjet printed conductive tracks for cyclic humidity tests

For the cyclic humidity tests, the layout of inkjet printed conductive tracks is designed as shown
in Figure 3.7, consisting of two conductive tracks (contact pad 1⃝ to contact pad 2⃝ and contact
pad 1⃝ to contact pad 3⃝), allowing the automated characterization described in section 3.1.2.

Figure 3.7: Test structure 2 - inkjet printed conductive tracks for cyclic humidity tests

Test structure 1 and 2 are printed onMelinex PET substrates. The hotplate of the printer (Autodrop
Gantry inkjet printer, MD-K-140 print head) is heated to 85 °C. The printing parameters are set
to a voltage of 170V, a pulse width of 45 µs, a vacuum pressure of 7mbar, and a drop distance
of 100 µm. The Ag tracks in test structure 1 are printed in two passes, test structure 2 in one pass.
After printing, the printed Ag tracks undergo a commonly applied thermal sintering process in an
oven at 120 °C for one hour.
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Test structure 3 - inkjet printed capacitors Acapacitor setupwith two printed bottom electrodes
(contact pads 2⃝ and 3⃝), one top electrode (contact pad 1⃝) and an extended dielectric (see Figure
3.8) is applied as the layout of inkjet printed capacitors, allowing the automated characterization
described in section 3.1.2. This layout based on a design by [47] contains two capacitors at the
intersections of electrodes. Two types of substrate, Melinex ST506 PET films and Kapton HN PI
films, are utilized. Ag NP ink is utilized for top and bottom electrodes. The bottom electrodes
are printed on the substrate with the printer hotplate heated to 80 °C. Afterwards, the bottom
electrodes are sintered in an oven at 120 °C for one hour. The BST/P(VDF-TrFE) ink is printed
as dielectric on top with the printer hotplate heated to 55 °C. Finally, the top electrode is printed
with the printer hotplate heated to 80 °C. The printed capacitor is dried in a vacuum drying oven
at 90 °C for 20 hours [47].

Figure 3.8: Test structure 3 - inkjet printed capacitors for both static environmental tests and cyclic humidity tests.

3.2 Results

To evaluate the performance and reliability of the inkjet printed test structures (Ag conductive
tracks and capacitors), three environmental tests are conducted. Resistance and capacitance of
the test structures are measured before and after static environmental test as well as during the
cyclic humidity test to analyze the moisture influences on their electrical properties. The results
are discussed in the following sections.

3.2.1 Environmental test results of inkjet printed silver tracks

The results of the SAG test and the SDH test for inkjet printed Ag tracks are shown in Figure 3.9.
After the SAG test, the resistance of thermally sintered Ag tracks decreases by 13%, suggesting
that the sintering process continues under the test conditions of 85 °C and 50%RH. Further
investigation is needed to determine whether the temperature of 85 °C, the humidity of 50%RH,
or a combination of both contribute to this finding. In contrast, the resistance of Ag tracks after
the SDH test shows minimal change, confirming the constant performance of these one-hour
120 °C sintered Ag tracks under SDH conditions.
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3.2 Results

Figure 3.9: Static environmental test result of thermally sintered (120 °C, one hour) silver tracks. Six printed silver
tracks are measured. Error bars represent standard deviations.

Similar to the SDH test results, as shown in Figure 3.10, the resistance of Ag tracks during
the cyclic humidity test remains stable both during and between each humidity cycle, further
confirming the reliability of these Ag tracks under cyclic humidity conditions.

Figure 3.10: Cyclic humidity test result of thermally sintered (120 °C, one hour) silver tracks. Six printed silver
tracks are analyzed. Error bars represent standard deviations.

3.2.2 Environmental test results of inkjet printed capacitors

The capacitance of the printed capacitors is depending on the thickness of BST/P(VDF-TrFE)
dielectric layer and the line widths of the bottom and top silver lines. These values are highly
dependent on the inkjet printing quality. Measuring the thickness of the BST/P(VDF-TrFE)
dielectric layer requires cutting the samples, which would destroy the capacitors. Therefore,
assuming that the thickness of the BST/P(VDF-TrFE) dielectric layer remains consistent across
samples, the widths of bottom and top silver lines are measured using a Keyence VHX 7000
microscope.
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Table 3.2 summarizes the measured widths of the bottom and top silver lines, the resulting
calculated surface areas, and the measured capacitances of the printed capacitors on Melinex
ST506 PET substrates and Kapton HN PI substrates for the SAG test, the SDH test and the
cyclic humidity (CH) test. The variation in capacitor surface area contributes to the observed
differences in their absolute capacitance.

Table 3.2:Measured widths of the silver lines, calculated surface areas, and measured capacitances of printed
capacitors on Melinex ST506 PET films and Kapton HN PI films (five samples each for SAG and SDH
tests, three samples each for CH test).

SAG test samples SDH test samples CH test samples

Substrate Melinex ST506 Kapton HN Melinex ST506 Kapton HN Melinex ST506 Kapton HN
Bottom silver line [µm] 159.0 ± 4.2 180.0 ± 10.4 156.2 ± 4.4 178.8 ± 6.1 127.7 ± 4.5 184.0 ± 4.4
Top silver line [µm] 94.4 ± 3.0 100.6 ± 2.4 90.6 ± 3.8 92.6 ± 1.1 83.7 ± 2.1 95.0 ± 1.0
Surface area [mm2] 0.015 0.018 0.014 0.017 0.011 0.017
Capacitance before test [pF] 2.64 ± 0.19 3.37 ± 0.27 2.68 ± 0.31 3.11 ± 0.10 2.19 ± 0.13 3.13 ± 0.19

Both on Melinex ST506 PET and Kapton HN PI substrates, the change in capacitance is negligible
before and after these two static environmental tests (see Figure 3.11). This result confirms the
constant performance of capacitors printed with the Ag NP ink and the BST/P(VDF-TrFE) ink
under SAG and SDH test conditions.

Figure 3.11: Static environmental test result of inkjet printed capacitors using an Ag NP ink and a BST/P(VDF-TrFE)
ink. The measured capacitance (a) before and after the static accelerated aging (SAG) test and (b)
before and after the static damp heat (SDH) test. Five samples on each type of substrates are measured.
Error bars represent standard deviations.

Figure 3.12 shows the capacitance changes of printed capacitors under cyclic humidity conditions
(35%RH to 85%RH and back to 35%RH, three cycles, at 23 °C). The variation in capacitor
surface area contributes to the observed differences in their absolute capacitance (see Table 3.2).
Nevertheless, the trend of capacitance change in response to humidity is similar on both PET and
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PI substrates. Capacitance increases with increasing humidity and decreases with decreasing
humidity. A hysteresis is observed between the increase and subsequent decrease of humidity.
This behavior is attributed to the differing rates of humidity absorption and desorption in the
polymer components in the BST/P(VDF-TrFE) dielectric layer [207].

Figure 3.12: Absolute capacitance of inkjet printed capacitors on Melinex ST506 PET and Kapton HN PI substrates
during cyclic humidity tests. (a) Capacitance over time at 23 °C for three measurement cycles. (b)
Capacitance over relative humidity in the last measurement cycle. Three samples on each type of
substrate are measured. Error bars represent standard deviations.

Figure 3.13: Relative capacitance of inkjet printed capacitors on Melinex ST506 PET and Kapton HN PI substrates
during cyclic humidity tests. (a) Relative capacitance over time at 23 °C for three measurement cycles.
(b) Relative capacitance over relative humidity in the last measurement cycle. Three samples on each
type of substrates are measured. Error bars represent standard deviations.
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Despite the variation in absolute capacitance between capacitors on PET and PI substrates, the
relative capacitance (normalized to the capacitance at 35%RH in the first measurement cycle)
shows less difference between the two substrate types. As shown in Figure 3.13, capacitance
increases by approximately 55% for capacitors both on PET substrates and PI substrates as the
relative humidity increases from 35%RH to 85%RH. These findings indicate the necessity of a
proper encapsulation to mitigate the influence of moisture on the printed capacitors’ performance.

3.3 Conclusion

In this chapter, inkjet printed Ag tracks (thermally sintered at 120 °C for one hour) and capacitors
printed with the Ag NP ink and the BST/P(VDF-TrFE) ink are subjected to three environmental
tests based on various standards. After SAG test, a decrease in resistance of printed Ag tracks
is observed, which indicates that the thermally sintered Ag NPs can be additionally sintered
under the condition of 85 °C and 50%RH. As reported in previous studies [210, 211], polyvinyl
pyrrolidone (PVP) is the capping agent to stabilize the Ag NPs. At the temperature of 85 °C, a
thermal decomposition of the capping layer can be excluded, as the thermal decomposition of PVP
starts between 250 °C and 600 °C [212]. Moreover, the melting point of Ag NP is significantly
higher than 85 °C, suggesting that this additional sintering effect may be influenced by moisture.
A similar observation is reported by Bourassa et al. [105]. They report an enhanced sintering
effect of Ag NPs by placing a cup of water (10 g) on a bottom tray in an oven at 120 °C for one
hour. They suggest that the enhanced sintering effect is influenced by the interaction of water
with the capping layer and by the sintering pressure on the Ag NPs due to the surface tension of
water. To explore the role of moisture in sintering of Ag NPs at a low temperature of 85 °C, a
systematic investigation is necessary. If verified, this effect could enable the development of a
novel low-temperature sintering process for Ag NPs, effective even at 85 °C.

The inkjet printed capacitor shows negligible changes in capacitance after the SAG and the
SDH tests. However, a dynamic variation in capacitance with changes in humidity reveals the
moisture sensitivity of the dielectric BST/P(VDF-TrFE) material. This characteristic shows
promising potential for applications in humidity sensing. However, the moisture sensitivity
raises concerns regarding the long-term stability and reliability of these capacitors in humid
environments. Addressing these challenges requires further investigation to mitigate the effects of
moisture. Potential solutions include encapsulation techniques to enhance both functionality and
durability of these devices in practical applications.
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nanoparticle ink

The findings in chapter 3 indicate that moisture may enhance the sintering effect of PVP capped Ag
NPs at a low temperature of 85 °C. In this chapter, two novel low-temperature sintering methods,
controlled damp heat sintering and water sintering, are introduced. A systematic investigation
is conducted to explore the role of moisture in sintering of Ag NPs in a low temperature range
(23 °C to 85 °C). Additionally, the influence of two drying methods on the water sintering effect
is explored. Furthermore, three environmental tests are conducted to evaluate the stability of
printed silver tracks sintered using different processes. A comprehensive explanation of the
sintering mechanism of PVP capped Ag NPs at low temperature ranges is provided. 1

4.1 Materials and methods

Materials and methods utilized in this chapter are described in the following sections.

4.1.1 Materials

Substrates Three types of substrates are utilized:

• Mitsubishi NB-TP-3GU100 PET films (138 µm thick [213]). NB-TP-3GU100 PET
films exhibit significant deformation at temperatures exceeding 100 °C, attributed to the
nanoporous coating on one surface.

• DuPont Teijin Films Melinex ST506 PET films (175 µm thick). Melinex ST506 PET films
are heat-stabilized PET substrates capable of withstanding processing temperatures up to
150 °C [214].

• DuPont Kapton HN PI films (75 µm thick). Kapton HN films are well-known for their
thermal stability, withstanding temperatures as high as 400 °C.

1 Parts of this chapter are published in: [68] Zehua Chen, Ulrich Gengenbach, Liane Koker, Liyu Huang, Tim P.
Mach, Klaus-Martin Reichert, Richard Thelen, and Martin Ungerer. Systematic investigation of novel, controlled
low-temperature sintering processes for inkjet printed silver nanoparticle ink. Small, December 2023. ISSN
1613-6829. doi: 10.1002/smll.202306865.

49



4 Moisture influence on the sintering of a silver nanoparticle ink

Inkjet printable conductive ink The silver nanoparticle ink, Silverjet DGP 40LT-15C (Sigma
Aldrich), contains 30wt% to 35wt% Ag NPs dispersed in triethylene glycol monomethyl ether
(TGME) as the solvent. Polyvinyl pyrrolidone (PVP) is the capping agent to stabilize the
nanoparticles [210, 211]. According to the technical data sheet, this ink exhibits a specific
resistivity of 11 µΩ cm after sintering at 250 °C for three hours.

Silicone oil Silicone oil for the oil bath is purchased from VWR Chemicals (VWR catalog
number: 24610.363) and is utilized to study the influence of heat transfer by a liquid during the
sintering process.

4.1.2 Test structure - inkjet printed silver tracks

The inkjet printed Ag tracks are utilized as test structures. These Ag tracks have a length of
45mm, with pads at both ends measuring 1.5mm× 3.5mm (see Figure 3.6).

The Ag tracks are printed on NB-TP-3GU100 substrates at room temperature (RT) and left to
dry for seven days under the same conditions. When Melinex ST506 and Kapton HN are used
as substrates, the printer hotplate temperature is set to 85 °C during printing to minimize ink
spreading. After printing, the samples are dried on the hotplate for an additional 45 minutes at
85 °C. The printing parameters, voltage and pulse width, are set to 170V and 45 µs, respectively.
A vacuum pressure of 7mbar is applied to the ink vessel. The drop distance is adjusted to 50 µm
for NB-TP-3GU100, and 100 µm for Melinex ST506 and Kapton HN. The Ag tracks are printed
in two passes.

4.1.3 Two novel low-temperature sintering processes for inkjet printed silver
tracks

Damp heat sintering Damp heat sintering processes are conducted in a climate chamber
(Memmert CTC 256). The test conditions are set to 85%RH and three different temperatures:
23 °C, 55 °C, and 85 °C. At each temperature, three to five Ag tracks are sintered. The resistance
of these Ag tracks is measured before sintering and after one hour, three hours, and 24 hours of
sintering.

The detailed settings for the damp heat sintering experiments are listed in Table 4.1. To compare
the damp heat sintering results, reference printed Ag tracks are thermally sintered in a convection
oven (Memmert UF30 plus). The thermal sintering temperatures are 85 °C for the printed Ag
tracks on NB-TP-3GU100 and Melinex ST506 substrates, and 250 °C for the printed Ag tracks
on Kapton HN substrates.
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Table 4.1: Damp heat sintering process parameters (adapted from [68], own publication)

Substrate Humidity Climate chamber temperatures Durations
(% RH) (°C) (h)

NB-TP-3GU100 85 23 55 85 1 3 24
Melinex ST506 85 23 55 85 1 3 24
Kapton HN 85 85 1 3 24

Water sintering To ensure optimal exposure of the printed Ag tracks to water at various
temperatures, they are immersed in deionized water (DIW) at different temperatures, 23 °C,
55 °C, and 85 °C. The detailed settings for the water sintering experiments are listed in Table 4.2.
Four-point resistance measurements are conducted before and after each immersion.

Table 4.2:Water sintering process parameters (adapted from [68], own publication)

Substrate DIW temperatures Durations
(°C) (min)

NB-TP-3GU100 23 55 85 1 4 16 64
Melinex ST506 23 55 85 1 4 16 64
Kapton HN 85 1 4 16 64

Water exhibits distinctive chemical properties, such as high polarity, and physical properties,
including high surface energy and heat capacity. These chemical and physical influences are
analyzed separately. A possible explanation for the observed sintering effect could be physical,
specifically due to the enhanced heat transfer provided by a fluid with high heat capacity. To
explore the impact of intensified heat transfer in a fluid with high heat capacity, reference test
structures printed on NB-TP-3GU100 and Melinex ST506 PET substrates are immersed in a
silicone oil bath at 85 °C for the same durations as those used in the water sintering process (see
Table 4.2).

4.1.4 Investigation of the influence of drying processes on water sintering

Before water sintering, the printed Ag tracks must be dried to prevent damage during immersion.
The following investigation evaluates the influence of two different drying processes on the final
water sintering outcome. A baseline water sintering process, conducted at 85 °C in DIW for
16minutes, is established to assess how these drying processes influence the removal of ink
solvents and affect the subsequent water sintering.
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Vacuum drying Test structures are printed on Melinex ST506 substrates at three different
temperatures (23 °C, 55 °C, 85 °C) and left on the hot plate for a total of 15minutes. To remove
ink solvents, the test structures undergo vacuum drying for 40minutes at a pressure of 0.3mbar
in a plasma oven chamber (Diener Atto). After drying, they are electrically characterized and
then subjected to 16minutes of water sintering (see Figure 4.1).

Figure 4.1: Schematic illustration of the vacuum drying process prior to the water sintering process (published in
[68], own publication).

Thermal drying To examine whether a thermal drying process affects the subsequent water
sintering, additional test structures are printed on Melinex ST506 substrates. During printing, the
hotplate temperature is set to 85 °C, and the test structures remain on the hotplate for a total of
15minutes. Following this, the test structures are divided into four groups for further thermal
drying processes.

• Group A: test structures are directly immersed in DIW at 85 °C for 16minutes;

• Group B: test structures stay on the printer hotplate at 85 °C for additional 75minutes
before immersion in DIW at 85 °C for 16minutes;

• Group C: test structures are placed in the oven at 85 °C for two hours before immersion in
DIW at 85 °C for 16minutes;

• Group D: test structures are placed in the oven at 100 °C for one hour before being immersed
in DIW at 85 °C for 16minutes.

The experimental setup is illustrated in Figure 4.2.
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Figure 4.2: Schematic illustration of the thermal drying processes prior to the water sintering process (published in
[68], own publication).

4.1.5 Characterization of inkjet printed silver tracks

The linewidth of the printed Ag tracks is firstly measured using a Keyence VHX 7000 microscope.
In addition, the linewidth, cross-sectional area, and roughness of the printed Ag tracks on
three different substrates are assessed with a MahrSurf CM select confocal microscope. Data
obtained from these measurements are analyzed using the MountainsLab software. Scanning
electron microscopy (SEM) images of the Ag tracks are captured from the top using a Zeiss
SUPRA 60 VP. Energy-dispersive X-ray spectroscopy (EDX) analysis is conducted using an
Ultim Extreme silicon drift detector (Oxford Instruments, AZtec software) at a Zeiss SUPRA 55,
operating at an acceleration voltage of 4 kV, to determine the elemental composition. Atomic
force microscopy (AFM) image of printed Ag NPs is taken using a Veeco Dimension Icon
Atomic Force Microscope. Four-point resistance measurements are conducted using a B&K
Precision LCR-Meter 981 connected to a Formfactor EPS150 probestation, with 150 µm probe
tips. Environmental tests described in section 3.1.3 are conducted to evaluate the stability of the
printed silver tracks sintered by different sintering methods.

4.2 Results

The printed Ag tracks on three different substrate types are optically characterized. They are
sintered using two novel low-temperature sintering methods. Additionally, the influence of
two drying processes on the water sintering is investigated. Furthermore, these novel sintering
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methods are compared with the thermal sintering by evaluating the conductivity stability of the
printed Ag tracks. The results are presented in the following sections.

4.2.1 Optical inspection results of the inkjet printed Ag tracks

As shown in Figure 4.3, the printed Ag tracks on NB-TP-3GU100 substrates exhibit significant
differences compared to those on Melinex ST506 and Kapton HN substrates. The Ag tracks on
NB-TP-3GU100 show significantly narrower widths than those printed on Melinex ST506 and
Kapton HN.

Figure 4.3: Inkjet printed Ag tracks on (a) NB-TP-3GU100, (b) Melinex ST506, and (c) Kapton HN substrates
(published in [68], own publication).

In order to explain these differences, the surface roughness of the three substrates is measured
using a MahrSurf CM select confocal microscope. The measured surface roughness values are
presented in Table 4.3. Among the tested substrates, the NB-TP-3GU100 PET substrate exhibits
the highest roughness, followed by the Kapton HN PI substrate, while the Melinex ST506 PET
substrate has the smoothest surface.

Table 4.3:Measured roughnesses of the three substrates. For every substrate, six areas are selected for the
measurement (published in [68], own publication).

Substrate NB-TP-3GU100 Melinex ST506 Kapton HN

Roughness [nm] 152.30 ± 57.75 13.10 ± 2.79 83.47 ± 20.65

The variation of surface properties of these three substrates results in different inkjet printing
outcomes of the Ag tracks. The measured mean width and cross-sectional area of the Ag
tracks are 122.13 ± 6.91 µm and 149.27 ± 20.20 µm2 on NB-TP-3GU100, 229.13 ± 9.55 µm
and 127.00 ± 7.96 µm2 on Melinex ST506, and 222.60 ± 12.82 µm and 131.60 ± 10.61 µm2 on
Kapton HN substrates, respectively (see Figure 4.4).
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Figure 4.4: Measured linewidth and cross-sectional area of the printed Ag tracks on three different substrates. Three
Ag tracks on each substrate, and five profiles (with a 10mm spacing between each) on each Ag track are
measured. Error bars represent standard deviations (adapted from [68], own publication).

4.2.2 Damp heat sintering results

A high humidity environment positively influences the sintering process. The resistances and
the reduction in resistance after sintering of Ag tracks printed on three types of substrates are
measured. Under constant humidity of 85%RH, the resistance decreases further as the applied
sintering temperature increases.

When NB-TP-3GU100 PET films are used as substrates, Ag tracks are printed and left to
dry completely at room temperature for seven days. Reference Ag tracks on NB-TP-3GU100
substrates are thermally sintered in an oven at 85 °C.

As shown in Figure 4.5, even at a very low temperature of 23 °C, the resistance of printed Ag
tracks decreases significantly over time, from 124.98Ω to 99.99Ω after one hour, then to 91.64Ω
after three hours, and finally to 77.45Ω after 24 hours. At a higher temperature of 55 °C, the
resistance drops more rapidly, decreasing by 45% from 136.08Ω to 75.30Ω after one hour, and
further to 57.58Ω after 24 hours.

The most effective sintering occurs at 85 °C and 85%RH, where the resistance sharply decreases
from 134.92Ω to 45.30Ω after one hour, then to 41.80Ω after three hours. However, with a
prolonged sintering duration of 24 hours, the resistance slightly increases to 42.67Ω. Without a
high humidity environment, the sintering effect is significantly reduced. For reference, Ag tracks
sintered in an oven at 85 °C for 24 hours show only a 12% reduction in resistance, compared to a
69% reduction under 85 °C and 85%RH.
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Figure 4.5: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on NB-TP-3GU100
substrates are measured after one hour, three hours, and 24 hours of damp heat sintering. R0 is the
resistance before sintering. Three to five printed Ag tracks are characterized for each condition. Error
bars represent standard deviations (adapted from [68], own publication).

Similar tendencies are observed in samples printed on Melinex ST506 substrates, as shown in
Figure 4.6. The optimal damp heat sintering effect is achieved under conditions of 85 °C and
85%RH, where the resistance decreases with extended sintering durations. After 24 hours, the
resistance of samples decreases by 57% on Melinex ST506 substrates.

Figure 4.6: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on Melinex ST506
substrates are measured after one hour, three hours, and 24 hours of damp heat sintering. R0 is the
resistance before sintering. Three to five printed Ag tracks are characterized for each condition. Error
bars represent standard deviations (adapted from [68], own publication).

However, unlike NB-TP-3GU100 substrates, the sintering effect on Melinex ST506 substrates
at 23 °C and 85%RH is negligible. This difference can be attributed to the water adsorption
properties of the substrates. NB-TP-3GU100 substrates feature a porous coating approximately
38 µm thick [213], which facilitates greater moisture adsorption. This enhanced moisture uptake
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promotes neck formation between Ag NPs, leading to improved conductivity even at a low
temperature of 23 °C. In contrast, the smoother surface of Melinex ST506 substrates is less prone
to water adsorption, resulting in less neck formation between Ag NPs at low temperatures.

Additionally, the nanoporous coating on NB-TP-3GU100 substrates makes them thermally more
sensitive in a dry state. Slight bending is observed after sintering in an oven at 85 °C, while this
effect is not observed in the climate chamber with conditions set to 85 °C and 85%RH. This
small deformation may introduce mechanical stress to the printed Ag tracks and lead to poor
conductivity. Melinex ST506 substrates are capable of withstanding temperatures up to 150 °C,
with no deformation observed when heated in an oven at 85 °C.

The effectiveness of damp heat sintering at 85 °C and 85%RH on printed Ag tracks on Kapton
HN substrates is presented in Figure 4.7. Prior to sintering, the resistance of the printed Ag
tracks on Kapton HN substrates is 66.00Ω. After one hour of damp heat sintering, the resistance
decreases significantly to 23.38Ω, which is approximately twice the resistance of Ag tracks
thermally sintered at 250 °C for one hour (10.65Ω).

Figure 4.7: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on Kapton HN
substrates are measured after one hour, three hours, and 24 hours of damp heat sintering. R0 is the
resistance before sintering. Three to five printed Ag tracks are characterized for each condition. Error
bars represent standard deviations (adapted from [68], own publication).

After 24 hours of damp heat sintering, the resistance further decreases to 17.66Ωwith a calculated
resistivity of 5.16 µΩ cm, which is only 1.7 times that of the Ag tracks thermally sintered at
250 °C for 24 hours (10.58Ω), with a calculated resistivity of 3.09 µΩ cm.

Figure 4.8 compares the damp heat sintering effect (85 °C, 85%RH) on printed Ag tracks
across three types of substrates. As shown in Figure 4.8 (a), the resistance of Ag tracks on
NB-TP-3GU100 substrates is higher than that of Ag tracks printed on Melinex ST506 and
Kapton HN substrates. This difference arises because the NB-TP-3GU100 substrates are at room
temperature during printing, while the Melinex ST506 and Kapton HN substrates are heated to
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85 °C. Figure 4.8 (b) demonstrates that the resistance of Ag tracks decreases more significantly
on NB-TP-3GU100 and Kapton HN substrates compared to Melinex ST506 substrates.

Figure 4.8: Comparison of damp heat sintering effect (85 °C, 85%RH) among printed Ag tracks on NB-TP-3GU100,
Melinex ST506, and Kapton HN substrates. The resistances R of printed Ag tracks are measured after
one hour, three hours, and 24 hours of sintering. R/R0 represents the resistance reduction after the
respective sintering durations, where R0 is the resistance before sintering. Three to five printed Ag
tracks are characterized for each condition. Error bars represent standard deviations (adapted from [68],
own publication).

The SEM images in Figure 4.9 provide morphological evidence supporting the resistivity
data. Sintering Ag NPs in a high humidity environment (85%RH), even at low temperatures
below 100 °C, results in noticeable particle necking and the formation of a porous, mesh-like
network structure without significant growth of the Ag NPs. The SEM images show that higher
temperatures promote more extensive neck formation between Ag NPs, contributing to reduced
resistance.

Moreover, these images confirm that the presence of moisture is critical for neck formation
between Ag NPs. Figure 4.9 (i) and (j) reveal distinct structural differences between Ag NPs
sintered under damp heat conditions (85 °C, 85%RH) and those sintered in an oven at 250 °C.
Under damp heat conditions, more pronounced neck formation is observed, whereas thermal
sintering in an oven at 250 °C leads to stronger growth and coalescence of the Ag NPs.
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(a) 23 °C & 85%RH (b) 55 °C & 85%RH (c) 85 °C & 85%RH (d) 85 °C, oven

(e) 23 °C & 85%RH (f) 55 °C & 85%RH (g) 85 °C & 85%RH (h) 85 °C, oven

(i) 85 °C & 85%RH (j) 250 °C, oven

Figure 4.9: SEM images of Ag NPs on different substrates after sintering under different conditions. All images
have the same magnification.
(a)-(d): Ag NPs onNB-TP-3GU100 substrates sintered in a climate chamber under damp heat conditions
for 24 hours.
(e)-(h): Ag NPs onMelinex ST506 substrates sintered in a climate chamber under damp heat conditions
for 24 hours.
(i)-(j): Ag NPs on Kapton HN substrates sintered in a climate chamber (i) and in an oven (j) for 24
hours (published in [68], own publication).

4.2.3 Water sintering results

The resistances and the reduction in resistance before and after water sintering of Ag tracks
printed on three types of substrates with various water sintering durations are measured. To
isolate the influence of fluid heat transfer, reference Ag tracks are immersed in oil at 85 °C for the
same durations as the water sintering processes.

When using NB-TP-3GU100 films as substrates (see Figure 4.10), immersing Ag tracks in 23 °C
DIW for 64min only results in a 17% reduction in resistance. However, as the temperature of
DIW increases to 55 °C, a noticeable decrease of resistance by 56% after 64min is observed.
The best sintering effect occurs when the temperature of DIW is raised to 85 °C. Even after just
one minute of immersion, the resistance drops sharply by 60%. After 64 minutes of immersion,
the resistance drops by 81%.
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Figure 4.10: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on NB-TP-3GU100
substrates after water sintering. R0 is the resistance before before each immersion in DIW/oil. The
sintering durations are set to 0min (unsintered samples), 1min, 4min, 16min, 64min. Three to
five printed Ag tracks are characterized for each condition. Error bars represent standard deviations
(adapted from [68], own publication).

When using Melinex ST506 films as substrates (see Figure 4.11), no difference in resistance is
observed between the non-sintered samples and those sintered in DIW at 23 °C. However, as
the temperature of DIW increases to 55 °C, the effect of water sintering becomes evident, with
the resistance decreasing by 31% within the first 16minutes. Similar to the results obtained on
NB-TP-3GU100 substrates, the most effective water sintering on Melinex ST506 occurs at 85 °C,
where the resistance decreases sharply, even within the first minute of immersion.

Figure 4.11: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on Melinex ST506
substrates after water sintering. R0 is the resistance before before each immersion in DIW/oil. The
sintering durations are set to 0min (unsintered samples), 1min, 4min, 16min, 64min. Three to
five printed Ag tracks are characterized for each condition. Error bars represent standard deviations
(adapted from [68], own publication).
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To distinguish the influence of fluid heat transfer from the supposed influence of water on the
capping agents, printed Ag tracks on both NB-TP-3GU100 and Melinex ST506 substrates are
immersed in silicone oil at 85 °C. For both substrates, after 64minutes of immersion in silicone
oil, the reduction in resistance is significantly less than that observed for Ag tracks immersed in
DIW at 85 °C. This provides strong evidence that, compared to heat transfer alone, the influence
of water plays a dominant role in the sintering process.

When using Kapton HN films as substrates (see Figure 4.12), a significant reduction in resistance
is also observed. Immersing Ag tracks in DIW at 85 °C results in resistance reductions of 67%
after one minute and 72% after four minutes. However, the adhesion between the printed Ag
tracks and the Kapton HN substrate is notably weak, with the tracks peeling off the substrate
after just four minutes of immersion (see Figure 4.13).

Figure 4.12: (a) The resistances R and (b) the resistance reduction R/R0 of printed Ag tracks on Kapton HN
substrates after water sintering. R0 is the resistance before before each immersion in DIW/oil. The
sintering durations are set to 0min (unsintered samples), 1min, 4min, 16min, 64min. Three to
five printed Ag tracks are characterized for each condition. Error bars represent standard deviations
(adapted from [68], own publication).

Figure 4.13: Ag tracks printed on Kapton HN substrates after immersing into DIW at 85 °C for different durations
(published in [68], own publication).

Nevertheless, the Ag tracks remain intact on the Kapton HN substrate when the immersion
duration is set to one minute, and the resulting resistance is only twice that of Ag tracks sintered
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in an oven at 250 °C for one minute. The phenomenon of sectional detachment of the printed Ag
tracks and pads while retaining their original shape suggests that the cohesion among the Ag
NPs is significantly stronger than their adhesion to the Kapton HN substrate. This observation
supports the assumption of a noticeable sintering level.

Figure 4.14 compares the water sintering effects on printed Ag tracks across these three types of
substrates. Similar to damp heat sintering, water sintering occurs most effective for the Ag tracks
on Kapton HN substrates. However, as previously mentioned, the adhesion issue between the Ag
tracks and the Kapton HN substrate remains a challenge that requires a solution.

For Ag tracks on NB-TP-3GU100 substrates, the initial resistance of the non-sintered samples is
higher than those printed on Melinex ST506 substrates. This is probably due to different substrate
temperatures during printing. Nevertheless, after 16min of 85 °C water sintering, the resistance
difference between the two substrates becomes less, and after 64min, it is nearly negligible.

Figure 4.14: Comparison of water sintering effect (85 °C of DIW) among the printed Ag tracks on NB-TP-3GU100,
Melinex ST506, and Kapton HN substrates. The resistances are measured before and after immersing
the samples in DIW/oil. R0 is the resistance before each immersion in DIW/oil. R represents the
resistance of Ag tracks after each immersion in DIW, while R/R0 represents the resistance reduction.
For each sintering duration, five printed Ag tracks are measured. Error bars represent standard
deviations (adapted from [68], own publication).

Figure 4.15 shows SEM images of the surface morphology of water sintered Ag NPs. Similar
to the results from damp heat sintering, a porous, mesh-like network structure of Ag NPs is
observed after sintering in DIW. Moreover, the formation of this network occurs faster and more
pronounced with increasing DIW temperature.

Figure 4.15 (d) and (h) show SEM images of Ag NPs sintered in an oil bath at 85 °C for 64min.
No significant neck formation is observed, indicating that water plays a critical role in promoting
neck formation between Ag NPs, yielding more conductive paths, thus, leading to enhanced
conductivity.
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(a) 23 °C, DIW (b) 55 °C, DIW (c) 85 °C, DIW (d) 85 °C, oil

(e) 23 °C, DIW (f) 55 °C, DIW (g) 85 °C, DIW (h) 85 °C, oil

(i) 85 °C, DIW (j) 250 °C, oven

Figure 4.15: SEM images of Ag NPs on different substrates after sintering under different conditions. All images
have the same magnification. (a)-(d): Ag NPs on NB-TP-3GU100 substrates sintered for 64min.
(e)-(h): Ag NPs onMelinex ST506 substrates sintered for 64min.
(i)-(j): Ag NPs on Kapton HN substrates sintered for 4min in (i) DIW at 85 °C, and (j) in the oven at
250 °C (published in [68], own publication).

4.2.4 Influence of two drying processes on the water sintering effect

To prevent damage during immersion in water, the printed Ag tracks must be dried before water
sintering. Section 4.2.3 reveals that a water sintering duration of 16min is sufficient to achieve a
significant reduction in resistance for Ag tracks on Melinex ST506 substrates. Therefore, this
process is used as a baseline to evaluate the influence of two drying methods on the final water
sintering effect.

Vacuum drying The substrate temperature during printing plays a role in the removal of ink
solvents. To investigate this effect, Ag tracks are printed on Melinex ST506 substrates at three
different temperatures (23 °C, 55 °C, and 85 °C) and subsequently vacuum dried for 40min. As
summarized in Table 4.4, the Ag tracks printed at 23 °C or 55 °C and then vacuum dried remain
non-conductive even after three days of storage under room conditions, whereas the printed Ag
tracks not subjected to vacuum drying become conductive (399.67Ω and 178.60Ω, respectively).
However, when these vacuum dried Ag tracks are further treated with 16min of water sintering
at 85 °C, their resistance drops to 180.63Ω and 49.86Ω, respectively.
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These results suggest that vacuum drying hinders neck formation among Ag NPs, which is critical
for achieving high conductivity. In dry state, the ambient environment cannot facilitate neck
formation. Conversely, when the substrate temperature during printing is 85 °C, there is no
significant difference in resistance between printed Ag tracks with or without vacuum drying,
both before and after water sintering. It is assumed that after extended periods on the printer
hotplate at 85 °C, adsorbed water in the printed Ag tracks is already significantly removed. The
vacuum drying process does not further reduce water content in the printed Ag tracks.

Table 4.4: Resistance of printed Ag tracks on Melinex ST506 substrate undergoing various treatments. Resistance
values are measured from five samples in each group (published in [68], own publication).

T
Vacuum dried (40min),
then stored under RT (3d)

Without vacuum, then
stored under RT (3d)

Vacuum dried (40min), then
85 °C water sintered (16min)

Without vacuum, then
85 °C water sintered (16min)

23 °C non-conductive 399.67 ± 33.65 Ω 180.63 ± 32.20 Ω still wet, non-conductive
55 °C non-conductive 178.60 ± 6.32 Ω 49.86 ± 3.89 Ω still wet, non-conductive
85 °C 269.40 ± 12.93 Ω 289.40 ± 11.80 Ω 27.21 ± 1.83 Ω 26.19 ± 1.38 Ω

T: substrate temperature during printing.

Thermal drying To investigate the influence of thermal drying on the water sintering effect,
four different conditions are compared:

• group A: test structures remain on the hotplate for a total of 15minutes during printing,
without further drying process;

• group B: test structures stay on the printer hotplate at 85 °C for additional 75minutes;

• group C: test structures are placed in the oven at 85 °C for two hours;

• group D: test structures are placed in the oven at 100 °C for one hour.

Test structures from these four groups are then immersed in DIW at 85 °C for 16min. The results
show that thermal drying does not positively influence the water sintering process. As shown in
Figure 4.16 (a), printed Ag tracks in group D dried in the oven at a higher temperature (100 °C),
exhibit however lower conductivity after water sintering compared to the Ag tracks in group A.
These are just briefly dried on the printer hotplate (15min in total, including printing and drying),
and achieve the highest conductivity. This behavior can possibly be attributed to the thermally
enhanced cross-linking rate of the capping agent, PVP. Tan et al. report that below the thermal
decomposition point (250 °C) of PVP, the cross-linking rate increases with temperature [215].

An interesting observation is the change in color of printed Ag tracks subjected to these drying
processes. As shown in Figure 4.16 (b), groups C and D exhibit a brownish hue, whereas
groups A and B appear more yellowish. To exclude a chemical influence such as the formation of
silver oxide, EDX analysis is performed on the four groups. The results in Table 4.5 indicate

64



4.2 Results

no significant differences in the concentrations of Ag and oxygen (O2), nor any stoichiometric
relation indicative of silver oxide formation.

Figure 4.16: (a) Resistance and (b) color of printed Ag tracks on Melinex ST506 substrate undergoing various
thermal drying processes and subsequently 16min of water watering. For each group, five Ag tracks are
printed on a substrate. Error bars represent standard deviations. Adapted from [68], own publication.

Table 4.5: Element concentration of printed Ag tracks in four groups (published in [68], own publication)

Group Drying process Ag [%] O [%] C [%]

A 15 min, 85 °C hot plate 95.87 1.16 2.97
B 90 min, 85 °C hot plate 95.02 1.18 3.79
C 2 h, 85 °C oven 94.23 1.18 4.58
D 1 h, 100 °C oven 94.81 1.43 3.76

(a) 15min 85 °C, printer hotplate (b) 90min 85 °C, printer hotplate (c) 2 h 85 °C, oven (d) 1 h 100 °C, oven

Figure 4.17: SEM images of thermally dried Ag NPs after water sintering in (a) group A, (b) group B, (c) group C
and (d) group D. All SEM images have the same magnification (published in [68], own publication).

Further insights are provided by SEM images in Figure 4.17, which reveal significant differences
in neck formation between Ag NPs in the four groups. These differences result in varying
porosities of the water sintered Ag films. As both the particle and pore sizes are much smaller
than the wavelength of light, the observed color differences are assumed to be Rayleigh scattering
caused by the nanoporous structures [216]. A similar phenomenon has been observed in a
nanoporous Ag film created by oxygen plasma [217].
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Overall, these findings indicate that thermal drying, whether on a hotplate or in an oven, provides
no additional benefits and may even negatively affect the water sintering effect.

4.2.5 Environmental test results of inkjet printed silver tracks sintered by three
sintering processes

Previous sections have demonstrated that damp heat sintering and water sintering are two
promising methods for sintering PVP-capped Ag NPs to achieve high conductivity. In this section,
damp heat sintering (85 °C & 85%RH, three hours) and water sintering (85 °C, 16min) are
compared with thermal sintering (120 °C, one hour). Three environmental tests are conducted to
evaluate the stability of the achieved conductivity in sintered Ag tracks.

The results of static environmental tests of inkjet printed Ag tracks (layout design see Figure
3.6, printed on Melinex ST506 PET substrates in two passes) sintered by different processes are
as depicted in Figure 4.18. Both before and after the SAG test and the SDH test, the thermally
(120 °C, one hour) sintered Ag tracks show the highest resistance. The damp heat and water
sintered Ag tracks yield better conductivity. Besides, their resistance stays stable under the
condition of a SAG test (85 °C and 50%RH) and a SDH test (40 °C and 85%RH). The resistance
of thermally sintered Ag tracks drops by 13% after five days of SAG test, while the resistance
changes in damp heat and hot water sintered Ag tracks are negligible.

Figure 4.18: Static environmental tests result of inkjet printed silver tracks sintered by three different processes. For
each sintering method, five Ag tracks are measured. Error bars represent standard deviations.

Cyclic humidity test results of inkjet printed Ag tracks (layout design see Figure 3.7, printed in
one pass on Melinex ST506 PET substrates) subjected to three different sintering processes are
shown in Figure 4.19. The resistance of the Ag track between contact pad 1⃝ and 2⃝ is measured.
Independent of the sintering process used, the resistance of the Ag tracks remains stable both
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within and between each humidity cycle. However, with the same layout, the damp heat and
water sintered Ag tracks possess lower resistance than those of thermally sintered Ag tracks.

Figure 4.19: Cyclic humidity test results of inkjet printed silver tracks. The resistance of the Ag tracks between pad
1⃝ and 2⃝ is measured. For each sintering method, five Ag tracks are measured. Error bars represent
standard deviations.

4.3 Discussion

The investigations of both damp heat sintering and water sintering confirm that moisture
significantly enhances the sintering effect, enabling high conductivity in printed tracks using Ag
NP ink (Silverjet DGP 40LT-15C) at temperatures as low as 85 °C. The calculated resistivity of
Ag NPs after damp heat and water sintering is summarized in Table 4.6. Notably, the resistivity
of Ag tracks sintered under 85 °C damp heat conditions (5.16 µΩ cm) is only about twice that of
Ag NPs thermally sintered at 250 °C (3.09 µΩ cm).

Table 4.6: Calculated resistivity of Ag NPs after water/damp heat sintering (published in [68], own publication)

Substrate 85 °C, water sintering 85 °C & 85%RH, damp heat sintering

1min 4min 16min 64min 1h 3h 24h

NB-TP-3GU100 16.66 µΩ cm 14.06 µΩ cm 10.20 µΩ cm 8.42 µΩ cm 15.03 µΩ cm 13.87 µΩ cm 14.16 µΩ cm
Melinex ST506 11.79 µΩ cm 8.49 µΩ cm 7.90 µΩ cm 7.24 µΩ cm 9.52 µΩ cm 8.62 µΩ cm 8.04 µΩ cm
Kapton HN 8.19 µΩ cm 6.25 µΩ cm - - 6.84 µΩ cm 5.96 µΩ cm 5.16 µΩ cm

Water sintering is more efficient than damp heat sintering for the three substrate types. At 85 °C,
four minutes of water sintering achieves nearly the same effect as 24 hours of damp heat sintering.
Experiments using silicone oil further reveal that the enhanced sintering observed at these low
temperatures is not just due to fluid heat transfer. To gain a deeper understanding of the role of
moisture in the sintering of PVP-capped Ag NPs, its influence on the properties of the capping
layer is firstly analyzed.
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4 Moisture influence on the sintering of a silver nanoparticle ink

4.3.1 Moisture influence on the properties of the capping layer

Lowmolecular weight PVP is commonly utilized in the fabrication of Ag NP ink [218]. Increasing
with molecular weight, the thermal decomposition of PVP begins between 250 °C and 600 °C,
with the lower decomposition threshold of 250 °C being a reasonable assumption. This is
supported by measurements for PVP-capped Ru-NPs, where the decomposition of the PVP
capping layer is observed at 260.98 °C [212]. Decomposition of the capping layer is a key
mechanism at high temperature (above 250 °C) thermal sintering of Ag NPs on substrates that
can withstand elevated temperatures, such as PI films.

States of the capping layer of an Ag NP Below the PVP decomposition point, the capping
layer exhibits different states depending on environmental conditions. Figure 4.20 depicts the
PVP capping layer of an Ag NP in four different states:

(a) in a good solvent, such as TGME, the PVP capping layer is widely expanded and thus the
agglomeration of NPs is inhibited [219];

(b) when the printed PVP-capped Ag NPs are dried at low temperatures or vacuum dried at RT,
the PVP layer collapses and forms a dense layer around the NP;

(c) below the decomposition point but at elevated temperatures (120 °C to 150 °C) in an oven,
the dry PVP layer becomes denser, brittle and starts to crack [220];

(d) the collapsing of the dried PVP layer is reversible [219], when the PVP-capped Ag NPs are
subjected to water, the PVP layer can re-expand in water or in a high humidity environment.

Figure 4.20: Schematic illustration of a PVP-capping layer in four different states: (a) in a good solvent such as
TGME, (b) after low temperature drying or vacuum drying, (c) in an oven at an elevated temperature,
and (d) in water/high humidity environment. Published in [68], own publication.

Above the PVP decomposition point, the capping layer is completely removed, allowing Ag NPs
to come into direct contact and form conductive paths, resulting in enhanced conductivity. In the
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lower thermal sintering range (such as 120 °C to 150 °C), cracks develop in the PVP layer (as
illustrated in Figure 4.20 (c)), enabling metallic contact between the particles and thus lead to
sintering, as shown in Figure 4.21.

Figure 4.21: Schematic illustration of thermal sintering mechanism of PVP-capped Ag NPs at temperatures below
the decomposition point (such as 120 °C–150 °C). (a) After drying, the solvent evaporates and the PVP
capping layer collapses. (b) The cracks in the PVP layer allow metallic contact between the particles,
leading to the sintering effect. Published in [68], own publication.

Besides the thermal effects discussed above, an aqueous environment also significantly influences
the PVP capping layer, and thus the NP sintering process. As shown in Figure 4.22, during
a chemical sintering process, the capping layer around Ag NPs can be removed in an aqueous
environment using destabilizing agents such as NaCl [36]. However, since only deionized water is
utilized both in the damp heat and water sintering processes, such chemical destabilization of the
capping layer can be excluded. Moreover, to the best of our knowledge, no chemical coating for
capping layer destabilization has been documented for Melinex ST506 and Kapton HN substrates.

Figure 4.22: Schematic illustration of the chemical sintering of Ag NPs. (a) After drying, the solvent evaporates
and the PVP capping layer collapses. (b) In an aqueous environment with destabilizing agents (NaCl
solution), the PVP capping agent around the Ag NPs can be removed, leading to direct metallic contact
and capillary force assisted sintering. Published in [68], own publication.

Even in the absence of destabilizing agents, moisture has a strong effect on PVP. The absorption
of a solvent in the PVP capping layer is a reversible process. After the solvent TGME evaporates
during the drying process, the PVP layer collapses, however, it can re-expand upon exposure
to another solvent (in this case, moisture, as shown in Figure 4.20 (d). Water is a relatively
poor solvent for PVP compared to TGME [219], despite this, PVP exhibits a strong hygroscopic
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4 Moisture influence on the sintering of a silver nanoparticle ink

effect, which increases exponentially with humidity [221]. The moisture influence on the
stability of PVP as a capping layer has been explored in pharmaceutical applications [222]. The
authors find that, even at room temperature, increasing the humidity from 0%RH to 85%RH
lead to an increase in the polymer water content to up to 23%. This absorbed water acts as a
plasticizer, significantly lowering the polymer’s glass transition temperature to below 100 °C
[222]. Furthermore, Rhodamine 6G tracer experiments reveal that at a low humidity of 30%RH,
the PVP polymer swells slightly. When the humidity increases from 60%RH to 75%RH, the
average microdiffusion coefficient for the tracer molecules increases sixfold [223].

Therefore, under the applied damp heat conditions, an increased diffusivity of Ag in the aqueous
environment and a transition of the PVP capping layer from glassy to rubbery state can be
assumed. As a result, contact between Ag NPs and neck formation initially due to Ostwald
ripening [36] in the aqueous environment can occur. The AFM image of a damp heat sintered
Ag tracks on Melinex substrate further supports this, providing visual evidence of the Ostwald
ripening process (see Figure 4.23).

Figure 4.23: AFM image of printed Ag NPs on a Melinex ST506 substrate. This sample is damp heat sintered in a
climate chamber (85 °C and 85%RH) for 24 hours (published in [68], own publication).

4.3.2 Sintering pressure arising from capillary forces

Substantial capillary forces arise from water menisci between NPs. This phenomenon has been
both observed and theoretically studied in the context of sintering processes in metallurgy by
Heady et al. [224]. For closely packed spheres, they estimate an external pressure Px equivalent
to these capillary forces with the following equation 4.1:

Px = 2
√
2π(γLV /R)cosθ (4.1)

where γLV represents the surface free energy of the liquid-vapor, R is the radius of the spheres,
and θ is the contact angle of the liquid-solid-vapor system (θ is measured "in" the liquid) [224].
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Given that the capping agent PVP has a hydrophilic endgroup [222], complete wetting of the
Ag NPs is assumed by the water film, setting θ= 0°, R = 25 nm. Moreover, the influence of
any residual TGME (a water-soluble ink solvent) on the surface energy of water is neglected.
The temperature-dependent surface energy values of water are taken from the International
Association for the Properties of Water and Steam (IAPWS) online calculator [225].

Under these assumptions, calculating the equivalent external pressure Px with equation 4.1
yields 25.7MPa at 23 °C, 23.8MPa at 55 °C and 21.9MPa at 85 °C. This indicates that capillary
pressure decreases by approximately 15% from 23 °C to 85 °C, due to the temperature-dependent
decline of the surface energy of water. Nevertheless, the lower value still yields a substantial
equivalent external pressure that will significantly contribute to nanoparticle sintering. In principle,
capillary forces could also arise from other fluids such as silicone oil. However, silicone oil has a
substantially lower surface energy than water and also less favorable wetting properties with the
polar endgroups of the capping agent.

4.3.3 Damp heat/water sintering mechanism of PVP-capped Ag NPs

The combination of above discussed two effects explains the low temperature sintering effect
observed in a damp heat environment and upon full immersion in hot water. Figure 4.24 provides
a schematic representation of the damp heat/water sintering mechanism. After drying, the solvent
TGME evaporates, causing the PVP capping layer to collapse. When the dried, PVP-capped
Ag NPs are exposed to a damp heat environment or immersed in hot water, the PVP capping
layer re-expands and turns from a glassy state to a rubbery state. This change facilitates the Ag
diffusion in the Ostwald ripening process. Meanwhile, the capillary pressure generated by water
menisci adds mechanical pressure to the sintering process. As a result, neck formation between
Ag NPs occurs and increases the conductive paths, leading to a substantial decrease in resistance
already at temperatures significantly below the typical thermal sintering range.

Figure 4.24: Schematic explanation of the damp heat/water sintering of Ag NPs. (a) After drying, the solvent
evaporates and the PVP capping layer collapses. (b) Exposing the dried PVP-capped Ag NPs to a damp
heat environment or to hot water, the PVP capping layer expands and turns from a glassy state to a
rubbery state, facilitating the Ag diffusion in the Ostwald ripening process. Meanwhile, the capillary
pressure generated by water menisci yields an additional force contributing to the sintering of Ag NPs.
(c) Neck formation between Ag NPs occurs (published in [68], own publication).
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Compared to thermal sintering, which typically requires temperatures in the range of 120 °C to
150 °C, the damp heat and water sintering processes explored in this chapter can be conducted at
the significantly lower temperature of 85 °C while achieving better conductivity in the printed Ag
tracks.

Chemical sintering in aqueous environments with destabilizing agents, such as Cl– ions, can
weaken the adhesion between the printed structures and the substrate. This issue occurs because
destabilizing agents remove the capping layer, which has been reported as essential for maintaining
adhesion [87]. This adhesion problem is not observed in the damp heat sintering process in this
chapter. Instead of removing the capping layer, damp heat sintering softens it and increases its
diffusivity, thereby to a certain extent preserving its role in maintaining adhesion between the
printed structure and the substrate.

4.4 Conclusion

In this chapter, two novel low temperatures sintering methods, damp heat sintering and water
sintering, for an Ag NP ink (Silverjet DGP 40LT-15C) are introduced. Systematic investigations
are conducted to investigate moisture influence on the sintering of this Ag NP ink .

The findings reveal that both damp heat and immersion in hot water, at temperatures up to
85 °C, induce neck formation between Ag NPs, resulting in sintering effects at relatively low
temperatures. It is assumed that neck formation between Ag NPs arises from two factors: (1) the
humidity-dependent reduction in the glass transition temperature of the PVP capping layer, which
enhances its diffusivity and promotes Ostwald ripening, and (2) the capillary pressure generated
by water menisci between Ag NPs. The capillary pressure is a general influence resulting
from the high surface energy of water and primarily depends on the wetting properties of the
nanoparticles with their capping layer. In contrast, the reduction in glass transition temperature
and the associated increase in diffusivity are specific to the PVP capping layer.

While both methods exhibit effective sintering, they each have distinct advantages and limitations.
Water sintering is a simple process requiring only basic equipment, such as a hotplate and a
thermal sensor to control water temperature. Immersion in hot water achieves low resistances
within minutes, whereas achieving similar resistances in a damp heat atmosphere requires up to
24 hours. The sensitivity of PVP to moisture explains why water sintering is more effective than
damp heat sintering. Full immersion in water further depresses the glass transition temperature
of PVP, increasing the diffusivity of the PVP layer and making it more permeable. This enhances
the effectiveness of capillary pressure.

However, immersion in hot water may cause delamination of the printed Ag NP structure from the
PI substrate, compromising the integrity of the printed structure. This issue has to be addressed,
e.g. by using an additional process step such as UV treatment reported by Olkkonen et al. [87].

72



4.4 Conclusion

The damp heat process does not exhibit delamination issues. After 24 hours of damp heat
sintering, the resistivity of the printed Ag tracks reaches 5.16 µΩ cm, which is only 1.7 times that
of Ag tracks thermally sintered at 250 °C.

Damp heat sintering is an efficient process, particularly suitable for low-temperature substrates
such as PET films. A potential application could involve integrating a damp heat sintering
chamber into a roll-to-roll production line, allowing the substrate to pass through and undergo
sintering during the transfer process. In principle, this approach could also be adapted for the
water sintering process, provided the delamination issue is either avoided or resolved, as outlined
by Olkkonen et al. [87].
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5 Solution processable encapsulation for flexible
printed electronics

While moisture positively influences the sintering of the Ag NPs as outlined in the previous
chapter, it may also have adverse effects on the performance of printed electronic devices
during use. Moisture plays a significant role in the degradation (e.g. corrosion, swelling, and
delamination of layers), making effective encapsulation critical for protecting these devices and
prolonging their operational lifetime.

One promising solution processable encapsulation approach is to develop polymer barrier films
to shield FPE devices from moisture. Moreover, adding fillers into a polymer matrix can create
tortuous diffusion paths and improve the moisture barrier property of the resulting polymer films.
Another approach is to fabricate flexible barrier films using hybrid polymers. In this chapter,
both approaches are applied to develop solution processable encapsulation for the inkjet printed
FPE components 1.

5.1 Solution processable polymer/filler encapsulation

In this section, a suitable polymer matrix is selected, and various inorganic fillers are investigated
to fabricate effective barrier films for the encapsulation of printed test structures. An adapted
WVTR measurement setup based on the ASTM-E96 standard is developed. The moisture barrier
properties of the selected polymer/filler films are validated by measuring their WVTRs and by
encapsulating printed Ag tracks and moisture sensitive capacitors.

1 Parts of this chapter are published in:
[226] Zehua Chen, Ulrich Gengenbach, Shant Gananian, Daniel Moser, Klaus-Martin Reichert, and Liane
Koker. Investigation of solution processable moisture barrier films based on a polymer and filler materials. In
2024 IEEE International Conference on Flexible and Printable Sensors and Systems (FLEPS). IEEE, jun 2024.
doi: 10.1109/fleps61194.2024.10603898.
[227] Zehua Chen, Ulrich Gengenbach, Shant Gananian, Daniel Moser, Klaus-Martin Reichert, Liyu Huang,
and Liane Koker. Solution processable barrier films using a filled polymer to encapsulate flexible printed
electronics. IEEE Journal on Flexible Electronics, December 2024. doi: 10.1109/JFLEX.2024.3512473.
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5.1.1 Materials and methods

This section is divided into five parts: the materials, the fabrication of various polymer/filler
films, the application of selected polymer/filler films to encapsulate the printed test structures,
and the characterization of the polymer/filler films.

5.1.1.1 Materials

Polymer matrix Two commonly used polymer matrices described in the literature are polyvinyl
alcohol (PVA) [181, 185, 228, 201, 229, 189] and polyvinyl butyral (PVB) [147, 114]. Both are
non-toxic and easy to process. Furthermore, PVA itself already yields high barrier properties
against O2. Thus, PVA (molecular weight: 146000 - 186000, Sigma-Aldrich) is appplied as
polymer matrix.

Inorganic fillers Inorganic fillers utilized to fabricate polymer/filler barrier films are:

• Organically modified montmorillonite (MMT) clay (Cloisite 20A, BYK Ltd);

• Glass flakes (GF) (LUXAN F001, Eckart GmbH);

• High purity silica powder (Zandosil G220, Heraeus Quarzglas GmbH & Co);

• Graphene oxide (GO) powder (796034-1G, Sigma Aldrich).

Substrates

• DuPont Tejin Melinex ST506 PET film (175 µm thick);

• Mitsubishi NB-TP-3GU100 PET film (135 µm thick [213]).

Inkjet printable inks

• Silver nanoparticle ink (Silverjet DGP 40LT-15C, Sigma Aldrich);

• Ceramic nanoparticle ink (BST/P(VDF-TrFE) ink, developed at KIT IAM-ESS [47]).

Desiccant Calcium chloride (C1016, Sigma Aldrich) is utilized as desiccant for the WVTR
measurement.
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5.1.1.2 Fabrication of PVA/filler films

The fabrication process of the self-standing barrier films is illustrated in Figure 5.1. In step 1a,
a 5wt% PVA solution, serving as the polymer matrix, is prepared by dissolving 10 g of PVA
powder in 190 g of DIW. The solution is heated on a magnetic stirrer at 80 °C for two hours to
ensure complete dissolution of the PVA. In step 1b, the filler fraction is prepared by adding the
required amount of the selected inorganic filler into the DIW. This mixture is stirred at an elevated
temperature of 40 °C for two hours using a magnetic stirrer. Following this, the mixture undergoes
ultrasonication for 30min to break down any agglomerates. The homogeneous DIW/filler
suspension is then added to the PVA solution, and the resulting PVA/filler suspension is stirred at
60 °C for an additional three hours. After this mixing step, the suspension is ultrasonicated again
for 30min and allowed to cool to room temperature (step 2). In step 3, the PVA/filler suspensions
are applied onto PET carrier substrates via doctor blading using an automatic film applicator
(ZAA 2300, ZUA 2000, Proceq), with the gap between the blade and the substrate set to 500 µm.
After drying at RT, circular samples, with a diameter of 12mm, are punched out using a hole
punch, corresponding to the size of the screw cap utilized for subsequent WVTR measurements.
Finally, the self-standing barrier films are carefully peeled off the PET carrier substrates, yielding
samples ready for characterization.

Figure 5.1: Fabrication of PVA/filler films. Step 1a: preparation of a 5wt% PVA solution applied as polymer matrix;
step 1b: preparation of a homogenized DIW/filler suspension; step 2: preparation of a homogenized
PVA/filler suspension; step 3: fabrication of a PVA/filler film on a PET substrate by doctor blading.
Adapted from [227], own publication.

5.1.1.3 Characterization of PVA/filler films

Development of an adapted WVTR measurement setup

The original desiccant method (see Figure 5.2), outlined in the ASTM-E96 standard [206], serves
as the basis for evaluating the moisture barrier properties of PVA/filler films.
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Figure 5.2: Schematic illustration of the desiccant method for measuring WVTRs of the test films. Published in
[227], own publication.

In this method, metal test dishes (see Figure 5.3 (a)) are filled with a desiccant and sealed with a
lid made from the material to be tested for water vapor permeation. Moisture that permeates
through the lid is absorbed by the desiccant, and the amount of water transmitted is determined by
periodically weighing the test dish. This method offers a straightforward and cost-effective testing
approach, as it requires minimal specialized equipment. However, it provides limited precision,
with coefficients of variation (CV) reaching two digits, as demonstrated by measurement examples
provided in the standard [206].

This desiccant method is selected and adapted to suit the small diameters of the PVA/filler
samples (see Figure 5.3 (b)). Since the standard test dishes are too large, glass vials with a
diameter of 14.7mm and screw caps featuring a central hole of 8.7mm in diameter are utilized.
These vials are partially filled with the desiccant, occupying approximately two-thirds of their
volume. To accommodate the mechanical sensitivity of the thin barrier films, gaskets are chosen
based on the sealing solutions recommended in the standard. The barrier film samples are placed
between two gaskets and clamped onto the glass vials with the screw caps.

To evaluate moisture absorption and permeation through the gaskets and screw caps, three control
vials are prepared. These vials contain 200 µm-thick stainless steel plates clamped between the
gaskets and are subjected to the same test conditions as the PVA/filler samples. This approach
ensures a comprehensive assessment of any potential variables that could influence the results.

Figure 5.3: Development of the adapted desiccant method. (a) The EZ-Cup Vapometer (Thwing-Albert, USA) for
measuring WVTR. (b) The adapted desiccant method using small glass vials. Published in [227], own
publication.
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Weight changes for all vials are measured using a Sartorius ED224s analytical scale with a
resolution of 0.1mg. The weight changes observed in the control vials are subtracted from the
measurements of the film samples.

This adapted desiccant method enables the measurement of WVTR for various barrier films with
small sample diameters under identical test conditions within the same test run. WVTR tests are
conducted for filler selection under the test condition of 23 °C and 50%RH. The PVA/filler film
exhibiting the lowest WVTR value is then selected for further testing. These subsequent tests are
conducted under the following three test conditions to determine the optimal filler ratio in the
suspension:

• 23 °C, 50%RH;

• 38 °C, 50%RH;

• 38 °C, 65%RH.

Preparation of cross-sections of a selected PVA/filler film

To gain further insight into the internal structure of the barrier films, cross-sections are prepared
using ultramicrotome (UM) trimming and inspected under a microscope. The ultramicrotome is a
precision instrument capable of producing thin sections of embedded samples or precisely cutting
block faces using glass or diamond knives (cf. [230]). Initially, the membrane sample is manually
cut into a smaller rectangular section using a razor blade, in preparation for embedding. The
trimmed sample is then placed into a mold and embedded in epoxy resin (Spurr, Sigma-Aldrich,
USA), following an optimized protocol to achieve the desired hardness.

To ensure accurate positioning of the sample within the mold and in the resulting resin block
after polymerization, a custom in-house designed holding structure is employed. This structure is
3D printed from PLA, as described in [231]. The membrane sample is placed into the opening of
this structure, ensuring its stability during the embedding process. Subsequently, the mold is
filled with the embedding epoxy resin and then cured in an oven at 70 °C for approximately 16
hours to complete the polymerization of the epoxy resin (see Figure 5.4 (a)).

After cooling to room temperature, the solidified sample block is clamped into the ultramicrotome
sample holder and manually pre-trimmed with a razor blade to expose the region of the embedded
membrane on the block’s surface. For finer trimming, an ultramicrotome (Leica EM UC7,
Leica Microsystems, Germany) equipped with a diamond trimming knife (Trim 90, Diatome,
Switzerland) is utilized. The sectioning speed is set to 6mm s−1, with a sectioning feed of
500 nm.

The resulting block face, measuring 899.8 µm× 353.4 µm, is precisely trimmed, exposing the
embedded membrane structure at the center of block face (see Figure 5.4 (b)). This prepared
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sample is then imaged using a digital optical microscope (Keyence VHX 7000) to analyze the
internal microstructure of the barrier film.

Figure 5.4: Preparation of cross-sections of a selected PVA/filler film. (a) The embedded membrane sample in a
epoxy resin. (b) Precisely trimmed block face, exposing the cross-section of the embedded membrane
sample at the center of block face [227].

5.1.1.4 PVA/filler encapsulation for inkjet printed silver tracks

Figure 5.5 shows the conductor structure utilized as test structure encapsulated by the PVA/filler
film. This test structure with the same layout as shown in Figure 3.6, is printed using an Ag NP
ink on an Autodrop Gantry inkjet printer (MD-K-140 print head). The printing parameters are set
to a voltage of 170V, a pulse width of 45 µs, a vacuum pressure of 7mbar, and a drop distance
of 50 µm. This test structure is printed in two passes onto NB-TP-3GU100 PET substrates under
ambient conditions and then left to dry at room temperature for seven days.

As discussed in chapter 4, exposing unencapsulated Ag tracks to humid environments leads
to significant sintering effects at low temperatures, resulting in a reduction in resistance [68].
Applying a protective encapsulation layer to the central conductor can mitigate this moisture-
induced sintering effect, thereby preventing the associated decrease in resistance. Consequently,
resistance measurements of test structures with the selected PVA/filler encapsulation can serve as
an effective method for evaluating the encapsulation’s performance.

The selected PVA/filler mixtures are applied to the central conductor region of the test structures
by doctor blading, with a gap of 500 µm between the blade and the substrate. The encapsulated
structures are left to dry at room temperature.

Figure 5.5: Schematic illustration of a test structure (conductor structure - inkjet printed Ag track) coated with a
PVA/filler film by doctor blading. Published in [227], own publication.

Both printed Ag tracks with and without the PVA/filler encapsulation are subjected to a damp heat
test in a climate chamber for four days (40 °C, 85%RH) and then characterized by a four-point
resistance measurements using a B&K Precision LCR-Meter 981, with a Formfactor EPS150
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probestation equipped with 150 µm probe tips. The encapsulated Ag tracks are imaged using
a digital optical microscope (Keyence VHX 7000) equipped with objective VHX-E100 (DIC
OP-88324, polarizer OP-88323 installed). The acquired images of encapsulated Ag tracks are
then processed and analyzed in ImageJ (Version 1.54g).

5.1.1.5 PVA/filler encapsulation for inkjet printed capacitors

Another test structure is the inkjet printed capacitor encapsulated by the selected PVA/filler film.
The layout of this capacitor is the same as depicted in Figure 3.8. The Ag NP ink is utilized for
top and bottom electrodes on a Melinex ST506 PET substrate. The bottom electrodes are printed
on the substrate with the printer hotplate heated to 85 °C. Afterwards, the damp heat sintering
process developed in chapter 4 is applied to sinter the bottom electrodes in a climate chamber at
85 °C and 85%RH for three hours. The dielectric ink, BST/P(VDF-TrFE) ink [47], is printed on
top and dried with the printer hotplate heated to 55 °C. Finally, the top electrode is printed with
the printer hotplate heated to 85 °C. The printed capacitor is placed in a climate chamber under
the condition of 85 °C and 85%RH for three hours to sinter the top electrodes again with the
damp heat sintering process.

These capacitors printed with BST/P(VDF-TrFE) ink as dielectric material are proved to be
moisture-sensitive in chapter 3. The selected PVA/filler mixtures are applied as the encapsulation
material over the dielectric region to evaluate the moisture barrier property of the resulting
PVA/filler films.

Theoretically, the selected PVA/filler mixtures can be applied directly onto the dielectric region
by doctor blading with a mask adapted to the layout. However, this approach fails due to the small
size of the dielectric region to be encapsulated. During the mask separation process, parts of the
dried PVA/filler film adhere to the metal mask, preventing successful encapsulation and damaging
both the film and the printed capacitor. Furthermore, due to the different wetting properties of
the BST/P(VDF-TrFE) dielectric area and the substrate, it is difficult to form a uniform barrier
film directly on the printed capacitors by dispensing the selected PVA/filler suspension.

However, the selected PVA/filler films can be easily peeled off the carrier substrate. The
self-standing PVA/filler film can be attached to the capacitors using an UV curable adhesive
(Photobond AD474, DELO). The encapsulation workflow is shown in Figure 5.6. The UV
curable adhesive is dispensed at the edge of the dielectric area using a dispensing platform
MIMOSE [232] and immediately cured with UV light (wavelength λ: 365 nm, Panasonic UJ35)
to form a dam to prevent uncured adhesive in the next step from flowing into the capacitor area
(step 1). Afterwards, this adhesive is dispensed around the cured adhesive (step 2). The selected
PVA/filler films, with a diameter of 5mm, are punched out and removed from the carrier substrate
using a hole punch and placed on top of the UV curable adhesive. The adhesive is then UV cured
to firmly fix the selected PVA/filler film on the capacitors (step 3).
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Figure 5.6: Schematic illustration of the PVA/filler encapsulation workflow for inkjet printed capacitors.
Step 1: the UV curable adhesive is dispensed around the dielectric area (in the middle) and cured by UV
exposure immediately as dam to prevent the uncured adhesive from flowing into the capacitor area.
Step 2: the UV adhesive is dispensed around the cured adhesive.
Step 3: the self-standing PVA/filler film is placed on top and the adhesive is UV cured to complete the
encapsulation.

The dispensing parameters for the UV curable adhesive are listed in Table 5.1.

Table 5.1: Dispensing parameters for the UV curable adhesive

Needle inner diameter Dispensing time (single point) Dispensing height1Pressure

200 µm 300ms 100 µm 0.4 bar
1 Dispensing height: distance between the dispensing needle tip and the substrate.

Before encapsulation, a cyclic humidity test is conducted in a climate chamber, during which
the capacitance of the printed capacitors is recorded under each humidity condition. To exclude
any potential influence of the adhesive used in the encapsulation process, reference samples are
prepared with cured adhesive dispensed around the dielectric area. Both these reference samples
and the printed capacitors with the selected PVA/filler encapsulation are subjected to the cyclic
humidity test in the climate chamber. The capacitance measurements are recorded to evaluate the
effectiveness of the selected PVA/filler encapsulation. A 90 nm-thick layer of chromium (Cr) is
sputtered onto the cured adhesive dam of a reference sample using a Quorum Q300T ES Plus
sputter coater. The profile of this adhesive dam is scanned using a Sensofar S Neox confocal
microscope.

5.1.2 Results

The WVTRs of the fabricated barrier films are characterized with the adapted cup method both
for selecting the filler material and evaluating the barrier properties of the selected materials. CV
levels of the measurements (up to 40%) are in the same range as the examples provided in the
standard, indicating the validity of the adapted cup method. In the following sections, the results
of the filler comparison and selection, the optical characterization a selected PVA/filler film, and
the encapsulation effectiveness of the selected PVA/filler films are presented.
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5.1.2.1 Filler comparison and selection

Four fillers are added to a 5wt% PVA solution at different ratios to prepare barrier films. The
WVTR of each film is measured using the adapted desiccant method. Kapila et al. report a
significant increase in elongation at break (EAB) of PVA/GO films as the concentration of GO
rises from 0.1% to 0.3%, followed by a notable decrease with further addition of GO from 0.3%
to 0.7% [229]. Based on these findings, PVA/GO films are prepared by adding 0.2wt% and
0.5wt% GO to the PVA solution, respectively.

The PVA/GO films yield lower barrier performance compared to the PVA/GF 5wt% films.
Moreover, the incorporation of GO causes the PVA films to turn black, limiting their applicability
in applications that require light transmission.

Adding 20wt% silica to the PVA solution results in the best moisture barrier property. However,
the PVA/silica films produced with 10wt% and 20wt% silica are relatively brittle compared to
the other three types of films, making them unsuitable for applications on flexible substrates.

PVA/MMT films show improved moisture barrier performance with increasing MMT content.
However, the moisture barrier property of the films prepared with 10wt% MMT are not as
effective as those of the films with 5wt% GF. This is because MMT tends to agglomerate more
than GF during the film fabrication process, due to the hydrophilicity of the MMT type utilized.
As a result, the filler aspect ratio achieved with MMT is less favorable compared to GF [228].
Therefore, GFs are selected as the filler material for further tests.

As shown in Figure 5.7, PVA with 5wt% GF yields better moisture barrier properties compared
to PVA with 20wt% GF.

Figure 5.7: WVTR values of various PVA/filler films in the preliminary test. For each type of PVA/filler film, three
samples are measured. Error bars represent standard deviations. Adapted from [227], own publication.
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5.1.2.2 WVTR test results of PVA/GF films

GFs at concentrations of 3wt%, 5wt%, and 10wt% are added to the PVA solution to fabricate
barrier films via doctor blading. The WVTRs of five films of each concentration are measured
using the adapted desiccant method under three test conditions: 23 °C, 50%RH; 38 °C, 50%RH;
and 38 °C, 65%RH.

Figure 5.8: Recorded mass changes over time for the dry cups covered with PVA/GF films with different GF
concentrations and their calculated WVTRs. (a), (c), (e): the weight change of the dry cup with PVA/GF
films under three test conditions. (b), (d), (f): the calculated WVTRs of PVA/GF films under three
test conditions. For each GF concentration, five samples are measured. Error bars represent standard
deviations. Published in [227], own publication.
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The changes in weight (see Figure 5.8 (a), (c), and (e)) are recorded to calculate the WVTR
values. The calculated WVTRs are shown in Figure 5.8 (b), (d) and (f). The linear increase
in the mass of the test dishes further confirms the validity of the adapted desiccant method.
Adding GFs into PVA solutions significantly reduces the WVTR of the resulting PVA/GF films,
improving the moisture barrier properties by more than an order of magnitude compared to pure
PVA films. Under all test conditions, PVA/GF films with 5wt% GFs yield the lowest WVTR.
Therefore, PVA solutions containing 5wt% GFs are utilized to encapsulate the test structures.

5.1.2.3 Microstructure of a PVA/GF film

To gain insights into the GF arrangement within the film cross-section, a block face is prepared
using UM trimming and imaged. Microscope images of the PVA/GF film block face reveal a
lamellar arrangement of the glass flakes, with only few agglomerations observed (see Figure 5.9).
The measured glass flake thicknesses range from approximately 0.9 µm to 2.3 µm. The observed
longitudinal dimensions match the supplier specifications (180 µm to 200 µm, representing the
D50 percentile of the particle size distribution) [233]. These images confirm the favorable aspect
ratio of the glass flakes and a significantly increased tortuosity of the permeation path.

Figure 5.9: Microscope image of the PVA/GF film block face, exhibiting a lamellar arrangement of the glass flakes
with only few agglomerations and a resulting tortuous path in the PVA matrix. Adapted from [227],
own publication.

5.1.2.4 PVA/GF encapsulation results on inkjet printed silver tracks

Chapter 4 reveals that humid environments have positive impacts on the sintering effect of
unencapsulated Ag tracks [68]. Applying a protective encapsulation layer to them can mitigate
this moisture-induced sintering effect. Consequently, resistance measurements of printed Ag
tracks with the PVA/GF encapsulation can serve as an effective method for evaluating the
encapsulation’s performance.
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Agroup of inkjet printed Ag tracks without PVA/GF encapsulation serves as reference, yielding the
resistance of 66.01 ± 0.26Ω. For another group, PVA solutions containing 5wt%GFs are utilized
to encapsulate the Ag tracks via doctor blading under ambient conditions. Before encapsulation,
the samples yield the resistance of 71.02 ± 0.34 Ω, after encapsulation, the resistance drops to
45.27 ± 1.74 Ω.

The PVA/GF encapsulation results are shown in Figure 5.10. Both the reference and encapsulated
samples are subjected to damp heat conditions (40 °C & 85%RH) for four days. After the damp
heat test, the resistance of reference samples drops sharply by 34.7% to 43.11 ± 0.12 Ω, attributed
to the damp heat sintering effect [105, 68] described in chapter 4. In contrast, the encapsulated
samples yield a more moderate resistance reduction of only 11.5%, showing the moisture barrier
effect of the PVA/GF encapsulation layer. After 27 days of ambient storage, the resistance of the
reference samples increases by 17.2% to 50.54 ± 0.97 Ω, while the encapsulated samples show a
negligible resistance change of just 0.58%. This further indicates the effective moisture barrier
properties of the PVA/GF encapsulation.

Figure 5.10: Resistance of test structures with (w/) and without (w/o) PVA/GF encapsulation. Before and after (a)
encapsulation; (b) four days of damp heat test; and (c) 27 days of room storage. Three Ag tracks each
are measured. Error bars represent standard deviations. Adapted from [227], own publication.

For the optical inspection, nine top view microscope images, each measuring 2mm × 3mm,
are taken from a single Ag track with PVA/GF encapsulation. These images are taken from
three locations along the printed Ag track (left edge, center, and right edge) and three additional
locations above and below this track, respectively (see Figure 5.11 (a)).

Figure 5.11 (b), (d) and (g) presents three representative examples. The microscope images
reveal that the distribution of GFs within the film varies from multiple GFs stacked on top of
each other, to regions with a layer of disconnected GFs or no GFs at all and thus pure PVA only.
To quantify the GF coverage rate, the images are analyzed using the ImageJ software.
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Figure 5.11:Microscope images of printed Ag tracks with PVA/GF encapsulation on a NB-TP-3GU100 PET
substrate. (a) Top-view image showing red-framed areas where the nine microscope images are taken
from. Examples include regions (b) below, (d) in the center, and (g) above the printed Ag track, along
with their respective processed images (c), (e), and (f), analyzed using ImageJ to quantify GF coverage
rates. Adapted from [227], own publication.

The microscope images are imported into ImageJ, and their contrast is enhanced using the
"Enhance Contrast" function with the "histogram equalization" option selected.

The enhanced image is then split into three separate images, one for each color channel, using the
"Color-Split Channels" function. Given that the original image has a greenish hue, the green
channel typically shows the highest contrast, making it ideal for further analysis. The green
image is processed using the "Adjust Threshold" function to isolate the GFs from the background.
In most cases, a threshold value of approximately 70% effectively separates the GFs from the
background.

The thresholded image is used to calculate the surface area covered by GFs through the "Analyze
Particles" function. The particle size parameter is set to "500 µm2 - Infinity" to exclude background
noise and small artifacts, while the "include holes" option ensures that hole artifacts within the
GFs, caused by thresholding, are included in the surface area calculation. A visual comparison
confirms that these parameter settings accurately distinguish GF-covered regions from non-covered
PVA-only background areas.

This analysis yields a coverage rate between 60% (Figure 5.11 (e)) and 80% (Figure 5.11 (f)),
with an average coverage rate of 72% and a variance of 5.9% across all images. Figure 5.11 (c)
illustrates an example with a coverage rate of 73%. Notably, no significant variance is observed
in either the lateral (doctor blade width) or longitudinal directions.

However, it is important to note that some single GFs aligned parallel to the substrate plane may
not be properly detected by the ImageJ image processing due to low contrast. As a result, the
absolute GF coverage rates may be underestimated by a few percent.
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5.1.2.5 PVA/GF encapsulation results on inkjet printed capacitors

The inkjet printed capacitors using BST/P(VDF-TrFE) ink as dielectric material are moisture-
sensitive as descried in chapter 3. PVA solution containing 5wt% GFs is applied as the
encapsulation material over the dielectric region to evaluate its moisture barrier property. This
PVA/GF encapsulation on the printed capacitor is completed using an UV curable adhesive.
Firstly, the adhesive is cured and applied as dam around the dielectric area. The measured height
of an adhesive dam is 133.17 ± 4.72 µm (see Figure 5.12).

Figure 5.12: Profile along length (L) and measured height (z) of a dispensed UV curable adhesive dam.

Figure 5.13:Microscope images of printed capacitors (a) with cured adhesive dam around the dielectric area and
(b) with PVA/GF encapsulation. Air bubbles arising during the dispensing can be observed (c - f) in
the cured dam, which can lead to leakage of the PVA/GF encapsulation. (g) Profile and (h) measured
distance between the top of the PVA/GF encapsulation layer and the printed capacitor.

Figure 5.13 (a) shows a printed capacitor set with cured adhesive dam, serving as a reference
sample to exclude a potential influence of the adhesive on the capacitance of the printed capacitors.
Figure 5.13 (b) is a printed capacitor set with completed PVA/GF encapsulation. Air bubbles
are observed within the cured adhesive dam (see Figure 5.13 (c - f)), which can contribute to
leakage of the encapsulation. However, the presence of air bubbles is challenging to completely
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eliminate during the dispensing process. Additional adhesive is dispensed around the cured
adhesive dam, and the self-standing PVA/GF film is manually placed on top. After curing the
adhesive, the PVA/GF film is securely fixed, completing the encapsulation process. The profile of
the encapsulated capacitor is shown in Figure 5.13 (g), the measured distance between the top of
the encapsulation layer (PVA/GF film) and the printed capacitor is 199.18 µm (see Figure 5.13
(h)).

A potential interaction between printed capacitor and UV curable adhesive is investigated by
measuring the capacitance of samples during a cyclic humidity test, both before dispensing the
adhesive and after curing it. As discussed in chapter 3, variations in the printing quality of
the silver lines and the BST/P(VDF-TrFE) dielectric contribute to differences in the resulting
absolute capacitance. Hence, relative capacitances with the capacitance at 35%RH in the first
measurement cycle are calculated as reference (Crh/C35) for further evaluation.

Two groups of printed capacitors are utilized. Printed capacitors in group A are later with
the adhesive dam, while printed capacitors in group B are further PVA/GF encapsulated. The
measured silver line width of the utilized samples in these two groups are listed in Table 5.2.

Table 5.2:Measured widths of the silver lines, calculated surface areas, and measured capacitance of printed
capacitors in two groups on Melinex ST506 PET substrates (three samples each).

Group A Group B

Substrate Melinex ST506 PET Melinex ST506 PET
Bottom silver line [µm] 128.33 ± 0.58 126.67 ± 11.02
Top silver line [µm] 109.00 ± 18.03 107.33 ± 22.28
Surface area [mm2] 0.014 0.014
Capacitance (23 °C, 35%RH) [pF] 2.34 ± 0.16 2.30 ± 0.12

The relative capacitance over time of the printed capacitors in group A during three measurement
cycles is shown in Figure 5.14, indicating that the interaction between the printed capacitor and the
utilized UV curable adhesive is negligible. Both before dispensing and after curing the adhesive
dam, the dielectric area is fully exposed to the controlled conditions in the climate chamber.
The capacitance increases with the rising humidity, by 35.50 ± 0.71 % before dam application
and 33.40 ± 0.31 % after curing the adhesive dam (35%RH to 85%RH and back to 35%RH,
three cycles at 23 °C). Moreover, the hysteresis between the increase and subsequent decrease
in humidity, owing to the differing rates of moisture absorption and desorption of the polymer
components in the dielectric layer [207], remains basically unchanged (before: 8.45 ± 1.20 % and
after: 8.67 ± 0.41 %, see Table 5.3). This further indicates that the adhesive dam surrounding the
dielectric layer has a negligible influence on the printed capacitors’ sensitivity against moisture.
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Figure 5.14: Relative capacitance of inkjet printed capacitors (group A) before/with cured adhesive around the
dielectric area on Melinex ST506 substrates. (a) Relative capacitance over time at 23 °C for three
measurement cycles. (b) Relative capacitance over relative humidity in the last measurement cycle.
Three samples are measured. Error bars represent standard deviations.

Figure 5.15: Relative capacitance of inkjet printed capacitors (group B) before/with PVA/GF encapsulation on
Melinex ST506 substrates. (a) Relative capacitance over time at 23 °C for three measurement cycles.
(b) Relative capacitance over relative humidity in the last measurement cycle. Three samples are
measured. Error bars represent standard deviations.

The data in Figure 5.15 and Table 5.3 confirm the effectiveness of the PVA/GF encapsulation.
Samples with PVA/GF encapsulation yield a 7.41 ± 0.07 % increase in capacitance, while before
encapsulation, an increase of 36.98 ± 0.05 % is observed. Moreover, with PVA/GF encapsulation,
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no significant hysteresis is observed (0.97 ± 0.16 %). These results verify the effectiveness of
the PVA/GF encapsulation in mitigating moisture-induced capacitance changes. Moreover, the
performance of the PVA/GF encapsulation can be further optimized if the aforementioned issue
of air bubbles is solved.

Table 5.3: Increase in capacitance of the printed capacitors before and with the adhesive dam or the PVA/GF
encapsulation over rising humidity (23 °C, 35%RH to 85%RH) and hysteresis between the increase and
subsequent decrease in humidity (75%RH to 85%RH and then back to 75%RH).

Group A Group B

before adhesive
dam

with adhesive
dam

before PVA/GF
encapsulation

after PVA/GF
encapsulation

increase in capacitance 35.50 ± 0.71 % 33.40 ± 0.31 % 36.98 ± 0.05 % 7.41 ± 0.07 %
hysteresis 8.45 ± 1.20 % 8.67 ± 0.41 % 10.13 ± 0.99 % 0.97 ± 0.16 %

5.1.3 Conclusion

In this section, GF, GO, MMT, and silica are compared as filler materials in a PVA matrix. An
adapted desiccant method for WVTR measurement, based on the ASTM E96/E96M-22 standard,
is developed to assess the WVTR of the fabricated PVA/filler films. Among the four fillers,
GF proves to be the most suitable filler. Furthermore, a microscope image of a block face of a
PVA/GF film confirms a lamellar arrangement of the glass flakes, with only few agglomerations
and a resulting tortuous path in the PVA matrix. PVA/GF films containing 5wt% GFs exhibit the
lowest WVTR and are subsequently applied as encapsulation material.

A PVA/GF suspension is directly deposited on the printed Ag tracks by doctor blading, providing
global encapsulation. Themoisture barrier effectiveness of this PVA/GF encapsulation is validated
by measuring changes in resistance of Ag tracks after damp heat test and room storage conditions.
Optical inspection of one sample of the printed Ag tracks with PVA/GF encapsulation reveals
an average GF coverage rate of 72% with a variance of 5.9%, as quantified from nine top view
microscope images processed by ImageJ.

A local PVA/GF encapsulation for a moisture sensitive capacitor is realized using an UV curable
adhesive. It is confirmed that this adhesive has a negligible influence on the performance of the
printed capacitors. The barrier effectiveness of this local PVA/GF encapsulation is validated by
measuring moisture-induced changes in capacitance during the cyclic humidity test.

91



5 Solution processable encapsulation for flexible printed electronics

5.2 Solution processable hybrid polymer encapsulation

Besides using solution processable PVA/GF films as encapsulation material for the test structures,
this section utilizes a commercially available ORMOCER material as encapsulation material. A
dispensing process for this ORMOCER material is developed, and its moisture barrier property
is validated by encapsulating the printed moisture sensitive capacitors.

5.2.1 Materials and methods

The materials and processes, the test structures and the characterization methods utilized in this
section are described.

5.2.1.1 Materials

Organic/inorganic hybrid polymers ORMOCER, an abbreviation for organically modified
ceramics, refers to a group of hybrid polymer materials. During the sol–gel processing of
ORMOCERs, an inorganic network is formed through the controlled hydrolysis and condensation
of organically modified silicon alkoxides. The final curing step involves organic cross-linking
[162, 164]. After curing, it can form a glass-like film. In this section, the hybrid polymer utilized
is OrmoClear30 purchased from Micro Resist. The viscosity of OrmoClear30 is 30 cp, which is
suitable for a dispensing process.

Substrates

• DuPont Teijin Melinex ST506 PET film (175 µm thick);

• DuPont Kapton HN PI film (75 µm thick).

Inkjet printable inks

• Silver nanoparticle ink (Silverjet DGP 40LT-15C, Sigma Aldrich);

• Ceramic nanoparticle ink (BST/P(VDF-TrFE) ink, developed at KIT IAM-ESS [47]).

5.2.1.2 Development of two dispensing strategies for a hybrid polymer

The recommended standard processing workflow of OrmoClear30 from the manufacturer Micro
Resist is designed for a spin coating process, as shown in theTable 5.4. After substrate preparation,
OrmoClear30 is spin coated onto the substrate, followed by a prebake process on a hotplate at
80 °C for two minutes. Afterwards, OrmoClear30 is cured by UV exposure. A post exposure
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bake and a hardbake process are recommended. The viscosity of OrmoClear30 is 30 cp, which is
also suitable for a dispensing process. Furthermore, in contrast to spin coating, dispensing is a
digital process, which enables a local encapsulation. Therefore, in this section, OrmoClear30 is
intended to be dispensed on substrates using the dispensing platform MIMOSE [232] to enable a
local encapsulation of a moisture sensitive test structure.

Table 5.4: Recommended processing of OrmoClear30 by the supplier Micro resist [234].

The standard processing workflow is adjusted according to the given laboratory conditions and
limitations arising from the materials utilized. Since all the process steps are not conducted
under inert gas, an uncured layer can form on the surface of the material after UV exposing.
Experiments show that a hard bake process in an oven (120 °C, 15 h) helps to remove this layer.

Influence of the prebake step on the final shape of the resulting OrmoClear30 films

The viscosity of uncured OrmoClear30 varies with the processing temperature. This characteristic
can cause the shape of the dispensed material to deform before curing, potentially causing the
intended local encapsulation to fail due to deformation. A prebake process prior to UV exposure
can influence the viscosity of the uncured OrmoClear30 and the final shape of the resulting films.
Therefore, the potential influence of a prebake step is firstly investigated.

Two points and three groups of point matrices (4 × 4) are dispensed on Melinex ST506
PET substrates with identical dispensing parameters (see Table 5.5). One point is UV-cured
(wavelength λ: 365 nm, Panasonic UJ35) without prebaking, while another point undergoes a
30-minute prebake process at 80 °C before UV exposure. The distance between the points in
a matrix ranges from 750 µm to 1250 µm. One group of point matrices is UV-cured without
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prebaking, while another two groups of point matrices undergo a five-minute and a 30-minute
prebake process at 80 °C before UV exposure, respectively.

Table 5.5: Dispensing parameters for OrmoClear30.

Needle inner diameter Dispensing time (per point) Dispensing height1Pressure Vacuum

330 µm 300ms 100 µm 3bar 1.5 kPa
1 Dispensing height: distance between the dispensing needle tip and the substrate.

During and after dispensing, OrmoClear30 remains in a liquid state and spreads slowly. The pre-
bake process accelerates this spreading, which facilitates the formation of a thinner OrmoClear30
layer but makes it more challenging to control the final shape of the resulting film. As shown in
Figure 5.16 (a) and (b). Point (a) is UV-cured without prebaking, while point (b) undergoes a
30-minute prebake process at 80 °C before UV exposure. The diameter of the prebaked point
is nearly twice that of the non-prebaked point. This effect is consistently observed across the
matrices with varying dispensing distances, ranging from 750 µm to 1250 µm (Figure 5.16 (c)).

Figure 5.16: Top view images of dispensed OrmoClear30 after curing. Point (a) is UV cured without a prebake
process. Point (b) undergoes a 30-minute prebake process in the oven at 80 °C before UV curing. (c)
Point matrices with and without prebake, point distance p varies from 750 µm to 1250µm.

In order to measure the thickness of the prebaked and the non-prebaked OrmoClear30 films,
points matrices (6× 4) with point distance of 1000 µm are dispensed on Melinex ST506 PET
substrates. Dispensing parameters are summarized in Table 5.5. The comparison of thickness
measurements between prebaked and non-prebaked OrmoClear30 films is shown in Figure
5.17. With a dispensing distance of 1000 µm, the amount of dispensed material is more than
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sufficient to fill the area. Consequently, during the prebaking step, the viscosity of OrmoClear30
reduces, the OrmoClear30 flows outward, causing the shape to deviate from a rectangle into
an irregular form. This flow reduces the film thickness to a more uniform height of 98.71 µm
compared to a non-uniform thickness varying from 142.71 µm to 194.73 µm in the central region
of a non-prebaked film. Therefore, a prebake is an optional step depending on requirements and
dispensing strategies.

Figure 5.17: Profiles of (a) a non-prebaked and (b) a 80 °C 5min prebaked OrmoClear30 film. Both films are
dispensed using the point dispensing strategy. The point distance is set to 1000 µm.

Before dispensing OrmoClear30 directly on the test structures, two dispensing strategies are
investigated to obtain a homogeneous surface of the resulting films on Melinex ST506 PET
films, namely point dispensing and "dam and fill" dispensing. The PET films are cleaned by a
ten-minute O2 plasma treatment. Dispensing needles (inner diameter of 330 µm) are chosen for
OrmoClear30. Before dispensing, OrmoClear30 is filled into the needle and degassed for 20min
in an in-house built degas-desiccator which is described in [64].

Point dispensing strategy The first strategy is point dispensing, namely the surface is formed
by adjacent, coalescing points. For the comparison of two dispensing strategies, points matrices
(6× 9) with a point distance of 1000 µm are dispensed. The dispensing parameters are shown in
Table 5.5. The modified processing of OrmoClear30 using point dispensing is summarized in
Figure 5.18.
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Figure 5.18: The modified processing workflow of OrmoClear30 (point dispensing).

"Dam and fill" dispensing strategy Another strategy is a "dam and fill" process (see Figure
5.19), which refers to a technique commonly used in microelectronics packaging, particularly
for protecting delicate components such as semiconductors or integrated circuits (ICs) from
environmental influences [235, 236]. Usually, two different materials are applied as "dam" and
"fill" material.

• The "dam" is typically made from a viscous, non-flowing epoxy resin or silicone that is
applied around the area to be encapsulated. The "dam" material is designed to create a
boundary or barrier that prevents the "fill" material from flowing beyond a designated area.

• The "fill" is a lower viscosity material, such as low-viscosity epoxy, silicone gel, or
polyurethane, that is poured or dispensed within the boundaries of the "dam". This material
is designed to flow and fill the space, encapsulating the components inside.

Figure 5.19: Schematic illustration of a "dam and fill" process for encapsulation of a bare semiconductor die.

A novel "dam and fill" process with a single material is developed, benefiting from the fact that
OrmoClear30 can be cured by UV-exposure within seconds and a prebake process can reduce
its viscosity and fill the region within the "dam". Thus, OrmoClear30 is applied both as the
"dam" and the "fill" material in this section. The modified "dam and fill" process involves
first applying OrmoClear30 around the perimeter of an area to create a "dam". The dispensing
parameters for this "dam" are summarized in Table 5.5. This "dam" is then cured immediately
after dispensing. Afterwards, OrmoClear30 is dispensed within this "dam" area. The dispensing
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height and dispensing time for the "fill" are adjustable and depend on the size and the shape of
the "fill" region. Finally, the "fill" OrmoClear30 is subjected to a prebake process in the oven
under 80 °C for 30min. This step reduces its viscosity and thus leads to spreading and to filling
of the "dam" area. Afterwards, the "fill" OrmoClear30 is UV cured. The workflow of this "dam
and fill" dispensing strategy is summarized in Figure 5.20.

For comparison of these two dispensing strategies, a dispensing pattern is designed. The
horizontal side of the "dam" consists of six points, and the vertical side consists of nine points.
The distance between points is set to 750 µm, the dispensing height is set to 100 µm, and the
dispensing time per point is set to 300ms. The "fill" area consists of four points with a dispensing
time of 3500ms per point and the dispensing needle height of 800 µm to accommodate the higher
dispensing volume.

Figure 5.20: The modified processing workflow for the OrmoClear30 "dam and fill" dispensing process. UV
exposure time, dispensing height and dispensing time are adjustable according to the volume of
dispensed OrmoClear30.

5.2.1.3 Investigation of the influence of encapsulation process steps on the capacitance
of inkjet printed capacitors

To evaluate the moisture barrier property of the dispensed OrmoClear30 films, inkjet printed
capacitors are utilized as test structures. These capacitors exhibit moisture sensitivity (see chapter
3). Since OrmoClear30 is finally cured by UV exposure and undergoes a hard bake process in an
oven up to 120 °C, prior to investigating the moisture barrier effectiveness of this OrmoClear30
encapsulation, the adverse influences of these UV and thermal treatments on the capacitance of
these printed capacitors should be excluded. Hence, the thermal treatment in an oven at 120 °C
and the UV treatment for 20 s are applied to those capacitors on Melinex ST506 PET substrates
(group C and D, respectively). Both before and after those treatments, cyclic humidity tests are
conducted. The capacitance is measured using the automated characterization setup described in
chapter 3.
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5.2.1.4 Hybrid polymer encapsulation for inkjet printed capacitors

OrmoClear30 is applied as the encapsulation material over the dielectric region using the two
dispensing strategies outlined above. It is to notice that the O2 plasma treatment is not applied for
the substrate preparation to avoid its potential influence on the printed capacitors.

When the point dispensing method is applied, a point matrix (5× 5) is dispensed, with a point
distance of 1000 µm. When the "dam and fill" dispensing method is applied, the encapsulation
workflow is schematically illustrated in Figure 5.21. Both the horizontal and vertical sides of the
"dam" consists of six points. The distance between points is set to 750 µm, the dispensing height
is set to 100 µm, and the dispensing time per point is set to 300ms.

Figure 5.21: OrmoClear30 encapsulation workflow. Step 1: the OrmoClear30 is dispensed around the dielectric
region and UV cured immediately after dispensing. Step 2: four small points are dispensed at the
corners of the cured "dam" and a big point is dispensed in the center. Step 3: The test structure
with filled "dam" is placed in an oven at 80 °C for 30min. After this prebaking process, the uncured
OrmoClear30 spreads and fills the "dam". Step 4: the "fill" OrmoClear30 is cured by UV and then
placed in an oven at 120 °C for 15 h for final polymerization.

It is observed that the spreading of the uncured OrmoClear30 on the BST/P(VDF-TrFE) layer is
significantly slower compared to on the PET substrate. To address this, a dispensing pattern is
designed, consisting of four small points at the corners of the "dam" (dispensing time: 300ms
per point, dispensing height: 100 µm) and a larger point in the center (dispensing time: 8000ms,
dispensing height: 800 µm). This pattern facilitates the spreading flow of uncured OrmoClear30
to fill the "fill" area more effectively during the prebaking step.

The encapsulation process is completed by curing and hard baking of the OrmoClear30. For
both dispensing strategies, the general dispensing parameters, including dispensing needle type,
pressure, and vacuum, are taken from Table 5.5.
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5.2.1.5 Characterization of hybrid polymer films

To characterize the moisture barrier property of the OrmoClear30 films, capacitance changes
during the cyclic humidity test are calculated both before and after encapsulating the printed
capacitors. Top view images are taken using a Keyence VHX 7000 digital optical microscope.
To improve contrast for optical profile measurements, a 90 nm-thick layer of Cr is sputtered
onto the resulting OrmoClear30 films using a Quorum Q300T ES Plus sputter coater. The
OrmoClear30 films are then scanned with a Sensofar S Neox confocal microscope, and their
profiles are analyzed.

5.2.2 Results

In the following sections, two dispensing strategies for OrmoClear30— applied on PET substrates
and directly on the dielectric region of printed capacitors - are compared. The hybrid polymer
OrmoClear30 is applied as the encapsulation material and dispensed on the printed capacitors
to achieve local encapsulation, where only the dielectric region, sensitive to moisture, requires
protection. The outcomes of OrmoClear30 encapsulation are presented.

5.2.2.1 Comparison of two dispensing strategies for OrmoClear30

A cured OrmoClear30 "dam" on a PET substrate is shown in Figure 5.22. This "dam" consists
of points with a distance of 750 µm. The measured height of the OrmoClear30 "dam" is
267.31 ± 25.99 µm (see Figure 5.23).

Figure 5.22: Top view image of a OrmoClear30 "dam".
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Figure 5.23: Profile of a cured OrmoClear30 dam on a PET carrier substrate manufactured by the point dispensing
method. The dispensing distance is set to 750 µm. Three positions (top, middle and bottom) of the
profile are taken to measure its thickness.

Figure 5.24 (a) illustrates a cured OrmoClear30 film on a PET substrate dispensed using the
"dam and fill" method, while Figure 5.24 (b) depicts a cured OrmoClear30 film using the point
dispensing method, which is cured without undergoing a prebake process. The profiles of the
OrmoClear30 films obtained using these two dispensing methods are shown in Figure 5.25.

Figure 5.24: Top view image of (a) an OrmoClear30 film dispensed using the "dam and fill" method; and (b) an
OrmoClear30 film dispensed using the point dispensing method.

The film produced via the point dispensing method exhibits an uneven surface with a noticeable
curvature (measured thickness: top 92.681 µm, middle 290.53 µm, bottom 97.314 µm). In
contrast, the "dam and fill" method allows the uncured OrmoClear30 to fill the area within the
"dam" during the 30-minute prebake process, resulting in a more even surface with a measured
thickness of 312.02 ± 33.79 µm (measured thickness: top 276.23 µm, middle 315.48 µm, bottom
343.94 µm). Furthermore, with the previously dispensed and cured "dam", the contour of the
final Ormoclear30 films can be precisely controlled.
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Figure 5.25: Profile of (a) a cured OrmoClear30 film using the "dam and fill" dispensing method and (b) a cured
OrmoClear30 film on a PET substrate using the point dispensing method. The point distance is set to
750 µm for the "dam" area (dispensing time per point 300ms). Four points with distances of 2500 µm
and 1500 µm in x and y direction are dispensed within the "dam" (dispensing time per point 3500ms).
Three positions (top, middle and bottom) of the profiles are taken to measure their thickness.

5.2.2.2 Influence of encapsulation process steps on the moisture sensitivity of inkjet
printed capacitors

To exclude the influence of the encapsulation process steps on the moisture sensitivity of printed
capacitors, thermal treatment at 120 °C in an oven and UV treatment for 20 s are applied to
those capacitors on PET Melinex ST506 substrates in two groups respectively. Capacitances are
recorded both before and after these treatments during cyclic humidity tests.
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Table 5.6:Measured widths of the silver lines, calculated surface areas, and measured capacitance of printed
capacitors on Melinex ST506 PET substrates subjected to the thermal and the UV treatment (three
samples each).

Group C
(thermal treatment)

Group D
(UV treatment)

Substrate Melinex ST506 PET Melinex ST506 PET
Bottom silver line [µm] 128.33 ± 8.14 124.33 ± 3.21
Top silver line [µm] 95.00 ± 1.73 103.00 ± 20.66
Surface area [mm2] 0.012 0.013
Capacitance (23 °C, 35%RH) [pF] 2.32 ± 0.06 2.95 ± 0.55

As discussed in chapter 3, variations in the printing quality of the silver lines and the BST/P(VDF-
TrFE) dielectric contribute to differences in absolute capacitance. The measured silver line widths
of the samples are provided in Table 5.6. The observed capacitance variations suggest potential
inhomogeneity in the printed BST/P(VDF-TrFE) dielectric layer. Therefore, the capacitance
relative to a reference capacitance at 35%RH in the first measurement cycle (Crh/C35) is
calculated.

The results, shown in Figure 5.26, indicate that both thermal and UV treatments have a
negligible effect on the performance of the printed capacitors during cyclic humidity tests. The
BST/P(VDF-TrFE) dielectric shows no significant change in moisture sensitivity after these
treatments.
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Figure 5.26: Relative capacitance of inkjet printed capacitors on Melinex ST506 PET substrates at 23 °C for three
measurement cycles. (a - b): before and after the thermal treatment; (c - d): before and after the UV
treatment. Three samples are measured. Error bars represent standard deviations.

5.2.2.3 Dispensing results of OrmoClear30 on inkjet printed capacitors

Two dispensing strategies are utilized to encapsulate the printed capacitors. A point matrix
of OrmoClear30 (5 × 5) is dispensed with a point distance of 1000 µm. Due to the differing
surface wetting properties of the BST/P(VDF-TrFE) dielectric area and the PET substrate, the
OrmoClear30 dispensed on the BST/P(VDF-TrFE) dielectric does not connect to neighboring
points, whereas it connects on the PET substrate (see Figure 5.27). To address this issue, the
point distance needs to be adjusted. By reducing the point distance, the OrmoClear30 could
be connected on the BST/P(VDF-TrFE) dielectric area. However, this adjustment may lead
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to the OrmoClear30 on the PET substrate to spread into the silver pad area, causing the local
encapsulation to fail. Therefore, the point dispensing method is not applied for the encapsulation
of the printed capacitors.

Figure 5.27: Top view images of a point matrix of OrmoClear30 (5× 5) is dispensed on a printed capacitor with a
dispensing distance of 1000 µm. These images are taken using (a) the transmitted illumination and (b)
the epi-illumination.

Applying the "dam and fill" dispensing method, local encapsulation is successfully achieved
both for the capacitors printed on the PET and the PI substrate (see Figure 5.28). The profile of
the OrmoClear30 encapsulation layer for the printed capacitors on a PET substrate is shown in
Figure 5.29. Its mean thickness is 190.80 ± 19.09 µm.

Figure 5.28: Top view images of printed capacitors on (a) a Melinex ST506 PET substrate and (b) a Kapton HN PI
substrate with the OrmoClear30 encapsulation. OrmoClear30 is dispensed using the "dam and fill"
method.

Figure 5.29: Profile and measured thickness of an OrmoClear30 encapsulation layer for the printed capacitors on a
PET substrate.
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5.2.2.4 OrmoClear30 encapsulation results on inkjet printed capacitors

The investigations above validate that the thermal and the UV treatment, which are necessary for
the curing of OrmoClear30, have negligible effects on the moisture sensitivity of the BST/P(VDF-
TrFE). Hence, these moisture-sensitive capacitors are encapsulated to evaluate the moisture
barrier property of the resulting OrmoClear30 films. Due to different wetting of the ink on two
substrate types, variations in the width of the printed silver lines are observed. Moreover, the
variations in the printing quality of the BST/P(VDF-TrFE) dielectric also contribute to differences
in the resulting absolute capacitance (see Table 5.7).

Table 5.7:Measured widths of the silver lines, calculated surface areas, and measured capacitance of printed
capacitors with OrmoClear30 encapsulation (three samples in each group).

Group E Group F

Substrate Melinex ST506 PET Kapton HN PI
Bottom silver line [µm] 119.67 ± 2.89 180.67 ± 0.58
Top silver line [µm] 77.67 ± 2.08 88.67 ± 3.51
Surface area [mm2] 0.009 0.016
Capacitance (23 °C, 35%RH) [pF] 1.59 ± 0.03 2.59 ± 0.02

The capacitance relative to a reference capacitance at 35%RH in the first measurement cycle
(Crh/C35) is recorded during cyclic humidity tests, both before and after encapsulation. Figure
5.30 and Figure 5.31 present the recorded relative capacitance of the printed capacitors with
OrmoClear30 encapsulation on Melinex ST506 PET and Kapton HN PI substrates, respectively.

The diagrams confirm the effectiveness of OrmoClear30 encapsulation in mitigating humidity-
induced capacitance changes on both substrates. Before encapsulation, the BST/P(VDF-TrFE)
dielectric dominates the moisture absorption and desorption process, the capacitance increases
with the rising humidity and decreases as the humidity drops. While after encapsulation, the
OrmoClear30 film effectively prevents moisture from penetrating or escaping as the ambient
humidity increases or drops, thereby mitigating the moisture-induced change in capacitance.
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Figure 5.30: Relative capacitance of inkjet printed capacitors before/with the OrmoClear30 encapsulation on
Melinex ST506 PET substrates. (a) Relative capacitance over time at 23 °C for three measurement
cycles. (b) Relative capacitance over relative humidity in the last measurement cycle. Three samples
are measured. Error bars represent standard deviations.

Figure 5.31: Relative capacitance of inkjet printed capacitors before/with the OrmoClear30 encapsulation on Kapton
HN PI substrates. (a) Relative capacitance over time at 23 °C for three measurement cycles. (b) Relative
capacitance over relative humidity in the last measurement cycle. Three samples are measured. Error
bars represent standard deviations.

As summarized in Table 5.8, for PET substrates, the capacitance increases by 49.32 ± 0.61 %
before encapsulation, whereas the increase is reduced to 17.91 ± 0.27 % with OrmoClear30
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encapsulation. An expected reduced hysteresis due to the presence of the encapsulation layer
is observed as well (after encapsulation 5.59 ± 0.47 % compared to 11.62 ± 1.07 % before
encapsulation).

For PI substrates, a more pronounced barrier effect is observed. The capacitance increases by
54.79 ± 1.27 % before encapsulation, whereas the increase is sharply reduced to 8.31 ± 0.20 %
with OrmoClear30 encapsulation. Moreover, a reduced hysteresis is observed as well (after
encapsulation 3.56 ± 0.22 % compared to 16.88 ± 0.65 % before encapsulation), which is more
significant compared to the encapsulated capacitors on PET substrates.

Table 5.8: Increase in capacitance over rising humidity (23 °C, 35%RH to 85%RH) and hysteresis between the
increase and subsequent decrease in humidity (75%RH to 85%RH and then back to 75%RH).

Group E (substrate: PET) Group F (substrate: PI)

before OrmoClear30
encapsulation

after OrmoClear30
encapsulation

before OrmoClear30
encapsulation

after OrmoClear30
encapsulation

increase in capacitance 49.32 ± 0.61 % 17.91 ± 0.27 % 54.79 ± 1.27 % 8.31 ± 0.20 %
hysteresis 11.62 ± 1.07 % 5.59 ± 0.47 % 16.88 ± 0.65 % 3.56 ± 0.22 %

5.2.3 Conclusion

In this section, a commercially available hybrid polymer, OrmoClear30, is applied as an
encapsulation material to protect printed capacitors from moisture. Its processing workflow is
adapted to the given laboratory conditions and encapsulation requirements. A prebake step,
performed before curing the OrmoClear30, influences the final shape of the resulting films
which is critical for achieving local encapsulation. Furthermore, two dispensing methods, the
point dispensing method and the novel "dam and fill" dispensing method, are investigated. In
comparison to the point dispensing method, by applying the novel "dam and fill" dispensing
method, a more homogeneous OrmoClear30 film and a local encapsulation can be realized for the
printed capacitors on both PET and PI substrates. The barrier effectiveness of this OrmoClear30
encapsulation is validated by measuring moisture-induced changes in capacitance during the
cyclic humidity test.
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5.3 Comparison between PVA/GF and OrmoClear30 encapsulation

The previous sections have described two solution processable encapsulation methods for the
moisture-sensitive capacitors, the PVA/GF encapsulation and the OrmoClear30 encapsulation.
Both encapsulation methods effectively protect the printed capacitors from moisture. In this
section, a comparison of these two encapsulation methods is provided.

As shown in Table 5.9, for the printed capacitors on PET substrates, the moisture-induced
capacitance change reduces from 36.98 ± 0.05 % to 7.41 ± 0.07 % after PVA/GF encapsulation
(group B), and from 49.32 ± 0.61 % to 17.91 ± 0.27 % after OrmoClear30 encapsulation (group
E). For the printed capacitor on PI substrates, after OrmoClear30 encapsulation, the moisture-
induced capacitance change decreases from 54.79 ± 1.27 % to 8.31 ± 0.20 % (group F). In
addition, less hysteresis is observed for the printed capacitors encapsulated with the PVA/GF
films.

Table 5.9: Increase in capacitance over rising humidity (23 °C, 35%RH to 85%RH) and hysteresis between the
increase and subsequent decrease in humidity (75%RH to 85%RH and then back to 75%RH).

PVA/GF encapsulation
(group B, substrate: PET)

OrmoClear30 encapsulation
(group E, substrate: PET)

OrmoClear30 encapsulation
(group F, substrate: PI)

before after before after before after

increase in capacitance 36.98 ± 0.05 % 7.41 ± 0.07 % 49.32 ± 0.61 % 17.91 ± 0.27 % 54.79 ± 1.27 % 8.31 ± 0.20 %
hysteresis 10.13 ± 0.99 % 0.97 ± 0.16 % 11.62 ± 1.07 % 5.59 ± 0.47 % 16.88 ± 0.65 % 3.56 ± 0.22 %

To better express the effectiveness of these encapsulations under these test conditions, a "Barrier
effectiveness" is defined for the encapsulation of the printed moisture-sensitive capacitors utilized
in this dissertation. It is expressed as follows:

Barrier effectiveness(∆RH) = 1−
∣∣∣∣ Capacitance change after encapsulation(∆RH)

Capacitance change before encapsulation(∆RH)

∣∣∣∣ (5.1)

Where RH is the relative humidity in the climate chamber during the cyclic humidity test, and
∆RH = RH − 35%RH, as the cyclic humidity test in this dissertation starts with 35%RH.

With this expression, barrier effectiveness of an encapsulation layer yields a value between
zero and one. Without encapsulation, the barrier effectiveness is defined as zero. For a perfect
encapsulation, it equals one, meaning that after encapsulation, there is no change in capacitance
with varying ambient humidity. Figure 5.32 compares the barrier effectiveness of these two
encapsulation methods for the printed moisture-sensitive capacitors on PET and PI substrates.
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Figure 5.32: Barrier effectiveness of the PVA/GF and the OrmoClear30 encapsulation for the printed capacitors
utilized in this dissertation.

Figure 5.33 schematically illustrates the structure of these two encapsulation methods. There
is a space between the PVA/GF film and the dielectric layer, whereas the OrmoClear30 films
are directly coated onto the dielectric layer. Furthermore, the OrmoClear30 film is larger than
the dielectric region, resulting in an area where the OrmoClear30 film directly attaches to the
substrate.

Figure 5.33: Schematic illustration for a PVA/GF and an OrmoClear30 encapsulation for printed capacitors.

The structure illustration helps to discuss the data presented in Table 5.9 and Figure 5.32. Due
to the existence of the space between the PVA/GF film and the dielectric layer, as humidity
decreases, water molecules encounter less resistance to leave the dielectric layer compared to the
OrmoClear30 encapsulation, resulting in less hysteresis as observed.

According to these data, the PVA/GF encapsulation appears to exhibit a better barrier effectiveness
for these printed capacitors than the OrmoClear30 encapsulation. However, it should be noted
that a direct comparison between the two encapsulation methods is not entirely straightforward,
as the structure of the encapsulation is different and some influence of the substrate type can also
be assumed from the data in Table 5.9 and Figure 5.32.

Both encapsulationmethods provide effective protection against moisture for the printed capacitors
using BST/P(VDF-TrFE) dielectric ink. However, they each have distinct advantages and
limitations.
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• Moisture barrier property: A ca. 11 µm thick PVA/GF film provides better moisture barrier
effectiveness as a ca. 200 µm thick OrmoClear30 layer. Furthermore, it exhibits less
pronounced hysteresis.

• Encapsulation type: The OrmoClear30 material is suitable for dispensing. This enables a
local encapsulation where the components need to be locally protected from moisture. In
contrast, a PVA solution containing 5wt% GFs is not suitable for dispensing. PVA/GF
suspension can be directly coated on the printed components via doctor blading to achieve
a global encapsulation for the printed components. Otherwise, an additional mask needs to
be correspondingly designed to enable a local encapsulation only for the components to be
protected from moisture. Another approach is to utilize adhesive to fix the self-standing
PVA/GF film on the corresponding area. However, in this way, the self-standing PVA/GF
film should be cut into suitable shape, and the film preparation and application process are
more complex.

• Flexibility: The resulting PVA/GF films are thinner as the OrmoClear30 films. As a result,
they provide better flexibility.

• Transparency: TheOrmoClear30 films are transparent thus they are suitable as encapsulation
material for applications which require transparency. In contrast, due to the presence of
GFs, the transparency of PVA/GF films is reduced which limits its application range.
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Flexible printed electronics (FPE) is a rapidly growing technology with promising applications,
including wearables, sensors, and flexible displays. However, moisture-induced degradation
remains one of the key challenges for the longevity and reliability of FPE devices.

In this dissertation, a polyvinyl pyrrolidone (PVP) capped silver nanoparticle (Ag NP) ink
and a ceramic nanoparticle (BST/P(VDF-TrFE)) ink are utilized to print conductive tracks and
capacitors on polymer films. These conductive tracks and capacitors are utilized as test structures.
The moisture influence on their electrical properties is systematically investigated by subjecting
them to environmental tests. Based on the environmental tests results, an identified positive
moisture influence is analyzed and two solution processable encapsulation methods are developed
to minimize negative moisture influences. Firstly, theoretical foundations and related work are
outlined, including:

1. Materials and techniques applied in the fabrication of FPE devices;

2. Reported moisture influences on FPE devices during their fabrication and usage;

3. Fundamental principles of permeation, factors affecting the moisture permeability of
polymers and current methods to improve polymer moisture barrier properties;

4. Materials and methods to develop solution processable moisture barrier films;

5. Water vapor transmission rate (WVTR) measurement methods for the assessment of
moisture barrier effectiveness.

Moisture is found to play both a positive role in improving the conductivity of printed Ag tracks
and a negative role in altering the capacitance of capacitors printed with BST/P(VDF-TrFE)
dielectric ink. Based on these findings, methods to take advantage of the positive effects of
moisture as well as to mitigate its negative effects are developed.

The key results of this dissertation are:

I) Two novel low-temperature sintering methods for a PVP capped Ag NP ink are developed:

damp heat sintering and water sintering.

a) Both sintering methods induce neck formation between Ag NPs at temperatures up to
85 °C, resulting in the sintering of Ag NPs.
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b) The role of moisture in the sintering of a PVP capped Ag NP ink is explained. The moisture
induced neck formation between the Ag NPs is assumed to arise from two factors: (1)
the humidity-dependent reduction of the glass transition temperature of the PVP capping
layer, which enhances its diffusivity and promotes Ostwald ripening, and (2) the capillary
pressure generated by water menisci between the Ag NPs.

II) Solution processable barrier films for printed electronics are developed.

a) A solution processable polymer/filler moisture barrier film is developed. PVA is chosen
as polymer matrix due to its non-toxic and straightforward processing properties. Glass
flakes (GFs) turn out to be the most effective filler material in a PVA matrix among four
investigated filler types. PVA/GF films containing 5wt% GFs exhibit the lowest WVTR.

b) A global (i.e. large surface) PVA/GF encapsulation is realized by directly depositing the
PVA/GF suspension on the printed Ag tracks by doctor blading. The moisture barrier
effectiveness of this PVA/GF encapsulation is validated by measuring changes in resistance
of silver tracks after damp heat test and room storage conditions.

c) A local (i.e. restricted to the individual device) PVA/GF encapsulation for a moisture-
sensitive capacitor based on BST/P(VDF-TrFE) dielectric ink is realized with assistance of
an UV curable adhesive. The barrier effectiveness of this local PVA/GF encapsulation is
validated by the significant reduction of the moisture-induced changes in capacitance.

d) Another solution processable moisture barrier film is fabricated using a commercially avail-
able dispensable hybrid polymer, OrmoClear30. Two dispensing methods for OrmoClear30
are developed, the point dispensing and the "dam and fill" dispensing. In comparison to
the point dispensing method, by applying the "dam and fill" dispensing method, a more
homogeneous OrmoClear30 film is realized.

e) A local OrmoClear30 encapsulation for the moisture-sensitive capacitor is realized. With
this encapsulation layer, the moisture-induced capacitance change is significantly reduced
for the printed capacitors both on PET and PI substrates.

f) A comparison between the PVA/GF encapsulation and the OrmoClear30 encapsulation for
the printed capacitors is provided. Their pros and cons are discussed.

In summary, this dissertation explores the moisture impact on specific printed components.
Solutions to take advantage of positive influences and minimizing the negative ones are provided.
These solutions can improve the functionality and reliability of printed components and can
expand the application of FPE devices.

From the findings of this dissertation, future work can be focused on the following fields:
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1. Further experiments with damp heat and hot water sintering should be conducted with
other metallic NP inks using PVP as the capping agent, to assess whether these sintering
processes are generally applicable to this class of inks. Furthermore, metallic NP inks
with other polymer capping agents (e.g. PVA) should be studied to evaluate whether
similar moisture-induced effects on these capping agents can be observed, leading to neck
formation at low temperatures. If these effects are confirmed across a broad range of
metallic NP inks, damp heat and hot water processing at low temperatures can emerge as
alternative, effective, low-cost, and scalable sintering methods.

2. Other hybrid polymers, such as polysilazanes (PSZ), are promising solution processable
encapsulation materials. The permeability of PSZ coatings against moisture depends on
the curing methods and the curing environment [177]. Optimal curing processes should be
further investigated to accelerate and precisely control the conversion of PSZ into silica.

3. The encapsulation should have minimal impact on the original flexibility of the FPE devices.
A bending test setup to evaluate the flexibility and reliability of encapsulated FPE devices
should be established.
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