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Abstract 

In recent years, with the emergence of Industry 4.0, the Internet of Things (IoT), 

also referred to as the Internet of Everything, is bringing a stream of innovative and 

intelligent next-generation sensors-based electronics into everyday life. This also 

demands the fabrication of a massive number of electronic parts, including sensors, 

actuators, and other components. The available conventional electronics (also 

referred to as CE) manufacturing has become a highly complicated process requiring 

intensive investments. As the number of electronics and the demand for new, more 

advanced electronics increases, there is a greater need to find more efficient ways to 

produce these electronics. The printed electronics industry is a growing market that 

could meet this demand, reshaping the future of electronic device fabrication. It 

allows easy and cost-effective production and enables devices to be fabricated on 

paper or plastic substrates. On the fabrication side, there are a lot of methods 

available, and scanning probe lithography-based techniques have always been part 

of printed electronics and have led to innovations in the field. Although the technology 

is still young, and the current state of printed electronics at an industrial scale, such 

as complete integrated circuit fabrication, is limited, the potential applications are 

still vast.   

A key component of the development of printed electronic circuits is the printing of 

conductive parts and functional materials. Most of the currently available works for 

conductors have focused on the use of nanoparticle-based inks. The fabrication steps 

based on these inks are complicated processes as they include annealing and other 

post-processing steps to make the printed patterns conductive. The use of gallium-

based at/near room-temperature liquid metals and their direct writing for fully printed 

electronics is still uncommon, as the combination of the presence of an oxide layer, 

high surface tensions, and viscosity makes these materials difficult to handle.  

To this end, this thesis aims to develop methods for printing materials, including 

liquid metals that are very hard to be printed with available printing methods, and 

use those methods to fabricate fully printed electronic devices. It also investigates 

solutions for the challenges during the printing process, such as the adhesion of ink 

to the substrate and other deposition-related issues. It also address scientific 

questions regarding the device stabilities of liquid metal-based printed electronic 

devices. 

Within the presented thesis, a glass capillary-based direct-write method for printing 

the liquid metal Galinstan was developed. The method was implemented in two ways, 

first, a high-performance version based on a customized nanolithography setup, but 

also a high-accessibility micromanipulator-based version allowing "on-the-fly" 

capillary printing on a wide range of geometries, as exemplified by the example of 

vertical, recessed surfaces as well as stacked 3D scaffolds as hard-to-access surfaces. 

The thesis explores the potential use of these methods for the fabrication of fully 
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printed liquid metal-enabled devices, including resistors, microheaters, p–n diodes, 

and field effect transistors. All of these electronic devices are extensively 

characterized. The fabricated microheater structures are utilized for a heat-triggered 

microvalve to control the liquid flow in a microchannel. This demonstration and the 

ease of fabrication show that the concept can also be extended to other applications, 

e.g., on-demand microheater fabrication for in-situ scanning electron microscopy 

experiments. 

Additionally, this work shows how PMMA encapsulation can act as an effective barrier 

against oxygen and moisture and is feasible mechanical protection of these liquid 

metal-based printed electronic devices. Overall, the single integrated fabrication flow 

and device functionality demonstrate that the potential of liquid metal printing in 

printed electronics is much greater than just the use as a connector between 

conventional electronic devices. 

Aside from the development of printing methods and fabrication of electronic devices, 

the thesis also discusses corrosion and additional alloying of conventional metal 

electrodes in contact with liquid metal that could compromise device stability. For 

this, a correlated material interaction study of printed Galinstan and gold electrodes 

was implemented. In-depth characterization of the spreading process of liquid metal 

lines on gold films has been achieved through the combined application of optical 

microscopy, vertical scanning interferometry, scanning electron microscopy, x-ray 

photon spectroscopy, and atomic force microscopy. This study reveals a differential 

spread of the different components of the liquid metal and the formation of  

intermetallic nanostructures on the surrounding gold film surface. Based on the 

obtained time-dependent correlated characterization results, a model for the spread 

process based on liquid metal penetration is proposed. In addition, to provide a 

complementary perspective on the internal nanostructure, X-ray nanotomography is 

employed to examine the distribution of gold, Galinstan, and intermetallic phases in 

a gold wire dipped into the liquid metal. Finally, measurements of resistance on liquid 

metal lines connecting gold electrodes over time are conducted, which help assess 

the impact of material interactions on electronic applications.



 

vii 
 

Zusammenfassung der Arbeit 

In den letzten Jahren hat das „Internet der Dinge“ (Englisch Internet of Things, 

abgekürzt IoT), das auch als Internet of Everything (Deutsch frei „Internet von 

Allem“) bezeichnet wird, mit dem Aufkommen der „Industrie 4.0“ einen Strom 

innovativer und intelligenter sensorgestützter Elektronik der neuen Generation in den 

Alltag gebracht. Dies erfordert auch die Herstellung einer riesigen Anzahl von 

elektronischen Bauteilen, einschließlich Sensoren, Aktoren und anderen 

Komponenten. Gleichzeitig ist die herkömmliche Elektronikfertigung zu einem hoch-

komplexen und investitionsintensiven Prozess geworden. In dem Maße, wie die Zahl 

der elektronischen Bauteile und die Nachfrage nach neuen, fortschrittlicheren 

elektronischen Bauteilen zunimmt, steigt auch die Notwendigkeit, effizientere und 

nachhaltigere Wege zur Herstellung dieser Bauteile zu finden. Die gedruckte 

Elektronik ist ein wachsender Markt, der diese Nachfrage befriedigen und die Zukunft 

der Herstellung von elektronischen Geräten neu gestalten könnte. Sie erlaubt eine 

einfache und kostengünstige Produktion und ermöglicht die Herstellung von Geräten 

auf Papier- oder Kunststoffsubstraten. Für die Herstellung gibt es dabei eine Vielzahl 

von Methoden. Techniken auf der Grundlage der Rastersondenlithografie waren dabei 

schon immer Teil der gedruckten Elektronik und haben zu Innovationen in diesem 

Bereich geführt. Obwohl die Technologie noch jung ist und der derzeitige Stand der 

gedruckten Elektronik im industriellen Maßstab, wie z. B. die Herstellung kompletter 

integrierter Schaltkreise, stark limitiert ist, sind die potenziellen Anwendungen 

enorm. 

Im Mittelpunkt der Entwicklung gedruckter elektronischer Schaltungen steht der 

Druck leitfähiger und anderer funktionaler Materialien. Die meisten der derzeit 

verfügbaren Arbeiten haben sich dabei auf die Verwendung von Tinten auf 

Nanopartikelbasis konzentriert. Die Herstellungsschritte auf der Grundlage von Tinten 

auf Nanopartikelbasis sind komplizierte Prozesse, da sie das Ausglühen (Englisch 

Annealing) und weitere Nachbearbeitungsschritte umfassen, um die gedruckten 

Muster leitfähig zu machen. Die Verwendung von Gallium-basierten, bei/nahe 

Raumtemperatur flüssigen Metallen und deren direktes Schreiben für vollständig 

gedruckte Elektronik ist immer noch ungewöhnlich, da die Kombination aus dem 

Vorhandensein einer Oxidschicht, hohen Oberflächenspannungen und Viskosität ihre 

Handhabung erschwert. 

Zu diesem Zweck zielt diese Arbeit darauf ab, Methoden zum Drucken von 

Materialien, einschließlich Flüssigmetallen, zu entwickeln, die mit den verfügbaren 

Druckmethoden nicht oder nur schwer gedruckt werden können und diese Methoden 

zur Herstellung vollständig gedruckter elektronischer Bauteile zu verwenden. Weiter 

werden Lösungen für Probleme während des Druckprozesses untersucht, wie z. B. 

die Haftung der Tinte auf dem Substrat und andere abscheidungsrelevante Aspekte. 

Es wird auch versucht, wissenschaftliche Fragen zur Stabilität von gedruckten 

elektronischen Bauelementen auf Flüssigmetallbasis zu beantworten. 
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Im Rahmen der vorliegenden Arbeit wurde eine auf Glaskapillaren basierenden 

Direktschreibmethode für das Drucken von Flüssigmetallen, hier Galinstan, 

entwickelt. Die Methode wurde auf zwei unterschiedlichen Wegen implementiert: 

Einmal in einer „Hochleistungsversion“, basierend auf einem angepassten 

Nanolithographiegerät, aber ebenfalls in einer hochflexiblen, auf Mikromanipulatoren 

basierenden Version. Dieser Aufbau erlaubt einen on-the-fly („im Fluge“) 

kapillarbasierten Druck auf einer breiten Palette von Geometrien, wie am Beispiel von 

vertikalen, vertieften Oberflächen sowie gestapelten 3D-Gerüsten als schwer 

zugängliche Oberflächen gezeigt wird. Die Arbeit erkundet den potenziellen Einsatz 

dieser Methode für die Herstellung von vollständig gedruckten durch Flüssigmetall 

ermöglichten Bauteilen, einschließlich Widerständen, Mikroheizer, p-n-Dioden und 

Feldeffekttransistoren. Alle diese elektronischen Bauelemente werden ausführlich 

charakterisiert. Die hergestellten Mikroheizerstrukturen werden für temperatur-

geschaltete Mikroventile eingesetzt, um den Flüssigkeitsstrom in einem Mikrokanal 

zu kontrollieren. Diese Demonstration und die einfache Herstellung zeigt, dass das 

Konzept auch auf andere Anwendungen, wie z.B. die bedarfsgerechte Herstellung 

von Mikroheizern für in-situ Rasterelektronenmikroskop-Experimente, ausgeweitet 

werden kann. 

Darüber hinaus zeigt diese Arbeit, wie PMMA-Verkapselung als effektive Barriere 

gegen Sauerstoff und Feuchtigkeit fungiert und zusätzlich als brauchbarer 

mechanischer Schutz der auf Flüssigmetall basierenden gedruckten elektronischen 

Bauteile wirken kann. Insgesamt zeigen der alleinstehende, integrierte 

Herstellungsablauf und die Funktionalität der Geräte, dass das Potenzial des 

Flüssigmetall-Drucks in der gedruckten Elektronik viel größer ist als einzig die 

Verwendung zur Verbindung konventioneller elektronischer Bauteile. 

Neben der Entwicklung von Druckverfahren und der Herstellung elektronischer 

Bauteile befasst sich die Arbeit auch mit der Korrosion und der zusätzlichen Legierung 

von konventionellen Metallelektroden in Kontakt mit Flüssigmetallen, welche die 

Stabilität der Bauteil beinträchtigen könnten. Zu diesem Zweck wurde eine korrelierte 

Materialinteraktionsstudie von gedruckten Galinstan- und Goldelektroden 

durchgeführt. Durch die kombinierte Anwendung von optischer Mikroskopie, 

vertikaler Rasterinterferometrie, Rasterelektronenmikroskopie, 

Röntgenphotonenspektroskopie und Rasterkraftmikroskopie konnte der Aus-

breitungsprozess von Flüssigmetalllinien auf Goldfilmen eingehend charakterisiert 

werden. Diese Studie zeigt eine unterschiedliche Ausbreitung der verschiedenen 

Komponenten des Flüssigmetalls sowie die Bildung von intermetallischen 

Nanostrukturen auf der umgebenden Goldfilmoberfläche. Auf der Grundlage der 

erhaltenen zeitabhängigen, korrelierten Charakterisierungsergebnisse wird ein 

Modell für den Ausbreitungsprozess vorgeschlagen, das auf dem Eindringen des 

Flüssigmetalls in den Goldfilm basiert. Um eine ergänzende Perspektive auf die 

interne Nanostruktur zu erhalten, wurde die Röntgen-Nanotomographie eingesetzt, 

um die Verteilung von Gold, Galinstan und intermetallischen Phasen in einem in das 

Flüssigmetall getauchten Golddraht zu untersuchen. Schlussendlich werden 
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Langzeitmessungen des Widerstands an Flüssigmetallleitungen, die Goldelektroden 

verbinden, durchgeführt, was dazu beiträgt, die Auswirkungen von 

Materialwechselwirkungen auf elektronische Anwendungen zu bewerten. 
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1. Introduction to printed electronics  

1.1 Overview and history of printed electronics 

Four industrial revolutions have already taken place in the history of humanity [1], 

the first encouraging mechanization and the second founding mass production 

facilities. We are highly reliant on solid-state microelectronics as a result of the 

widespread digitalization by the third revolution. The fourth revolution (4IR or 

Industry 4.0) brings the internet of things (IoT), which involves various smart objects 

(sensors and actuators) communicating with one another and one machine to another 

machine without the intervention of humans. These intelligent systems can transfer 

data through wired or wireless communication networks. There is a growing 

popularity of the IoT worldwide, driving the fate of many businesses. A typical 

example is smart home electronic gadgetry that communicates and controls lighting 

and energy and also remotely accesses wearable health monitors and smartwatches. 

The internet, computers, and integrated circuits are the leading driving technologies. 

A fundamental component of microelectronic circuits is the field-effect transistor 

(FET), which forms the basis for integrated circuits. Miniaturization of transistor 

devices is also driving rapid growth in the semiconductor industry. [2] 

 

Figure 1. 1: A semi-log plot showing the evolution of transistor counts on 

integrated chips from 1971 to 2020 with respect to Moore's 

Law, which states the number of transistors on an IC chip 

doubles approximately every two years. Reproduced [2] under 

license CC-BY-4.0. 
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As early as 1965, Gordon E. Moore predicted that the number of components in an 

integrated circuit chip would double roughly every two years[3], [4]. As shown in 

Figure 1. 1, Transistor density continues to increase primarily due to a reduction in 

the feature size of transistors. The Intel 4004 was the world's first commercial 

microprocessor in 1971, containing 2300 transistors based on 10 µm technology[5], 

whereas, in 2022, Apple's ARM-based dual-die M1 Ultra system on a chip contains 

114 billion transistors derived from TSMC's 5 nm FinFET N5 semiconductor 

manufacturing process[6]. Microelectronic devices are more energy efficient and 

perform better if the transistor size is reduced. It results in an increase in component 

density on a chip, as well as a reduction in power consumption. However, when the 

transistors undergo excessive scaling, their internal components begin to hinder 

other components' functions, leading to increased leakage currents and power 

consumption[7]. These miniaturizations and transformations of circuits to make 

intelligent systems also shorten their lifetime which in the end become significant 

contributors to massive e-waste produced worldwide [8], [9]. In addition to 

generating enormous e-waste, conventional microelectronics device manufacturing 

methods also suffer from industrial factors such as a reduction in material supply and 

rising prices. These available methods are also dependent on costly elaborative 

techniques that require clean rooms, which further increases the cost of the final 

product. In summary, these are not sustainable for fabrication in the future; 

therefore, new device architectures, materials, and fabrication methods must be 

updated for electronic device fabrication in order to satisfy the increasing demand. 

With Industry 4.0 (I4.0), the fourth industrial revolution transforms traditional 

manufacturing into intelligent manufacturing systems, thus demanding the 

ubiquitous use of electronic components [10]. As a result of smart manufacturing, 

printed electronics (PE) have emerged; as the name suggests, it uses a set of printing 

methods, such as additive printing technology, to create electrical devices on various 

substrates on demand and at low fabrication costs. It helps CE by simplifying the 

manufacturing process. 

Table 1.1: Difference between conventional fabrication in electronics and      

printed electronics. 

Factor 
Conventional fabrication in 

electronics 
Printed electronics 

Process 

Several complex subtractive 

steps are involved, including 

photolithography, etching, and 

cleaning 

Very simple to use 

additive printing 

technology, such as direct 

writing of circuits 

Substrate 

compatibility  
Usually rigid 

Rigid as well as 

flexible/plastic substrates 

are feasible 

Throughput Comparably low High 

Fabrication time 
Slow as it includes mask 

designing or prototyping 
Comparatively faster 
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Table 1.1 shows the benefits of printed electronics over conventional fabrication 

in electronics. The main advantages of PE are low fabrication costs and less 

wastage of expensive metals, as functional materials are deposited using 

inexpensive additive process methods, also requiring fewer processing steps.  

Furthermore, Researchers and industry are always attracted to PE because of its 

more favourable properties, such as on-demand fabrication, which is complex 

with CE.   

 

Figure 1. 2: Comparison of conventional electronic device manufacturing vs. 

printed electronics. Conventional electronics manufacturing 

involves a lot of complex steps, and it is based on subtractive 

methods; on the other hand, printed electronics is based on direct 
writing, thus can be (in comparison) simple and fast 
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The history of printing began with Johannes Gutenberg in the 1400s [11], who 

introduced the mechanical movable type printing press, the first printing revolution 

in Europe, and it was the origins of the printing process. A century ago, printing 

consisted primarily of text and graphics. Today, high-quality electronic devices are 

manufactured using printing technology. The history of printed electronics begins 

with organic electronics in 1977 when Alan Heeger, together with Alan G. MacDiarmid 

and Hideki Shirakawa (who were awarded the Nobel Prize in chemistry in 2000), 

discovered conductive polymers [12], then organic semiconductor materials were 

developed in 1983 [13], and organic field‐effect transistors (OFETs) were first made 

in 1986 [14]. 

However, over the years, after the advances in PE with new materials and inorganic 

materials-based devices, especially semiconductors in transistors, it has been 

observed that organic materials suffer from low charge mobility, which is essential 

for a transistors' speed and driving ability [15]. Higher mobility offered by inorganic 

oxide semiconductors is preferred to increase the switching speed of FETs. Other than 

those, processing temperatures of functional inks are also an issue in PE. For 

conductors, the current significant challenges in directly writing metallic inks for PE 

can be summarized into three problems: electrical conductivity, processing 

temperatures, and cost of inks. The electrical conductivity of printed and annealed 

patterns using metal-based functional inks is typically around 10 times less than for 

the bulk form of the metal used in the respective ink [16]. In addition, metal-based 

inks require post-processing after printing through techniques such as drying and 

sintering to achieve electrical conductivity for the printed features. These post-

processing steps are usually high-temperature steps and can limit the choice of 

substrates or other more sensitive components of a printed device. Furthermore, the 

NP metal inks often cost more than the same metal in bulk form, as it includes many 

complex steps and instrumental facilities to produce. This thesis address these issues 

in the upcoming chapters. 

For printing microelectronic circuits, different printing technologies are available 

(discussed in detail in chapter 2), such as stencil lithography [17], [18], molding, 

embossing, screen printing, shadow mask printing [19]–[21], roll-to-roll printing, 

direct writing, or additive manufacturing, such as inkjet printing[18], [22]–[26], 

aerosol printing [27], laser printing (ablation, selective sintering, or reactive chemical 

processes) [28]–[30], electron beam and focused ion beam (FIB )based printing[31], 

microcontact printing and polymer pen lithography[32], [33], nano transfer printing, 

electrospray deposition [34], electrochemical printing [35], and scanning probe 

lithography techniques (with various different probe–surface interaction mechanisms 

such as mechanical, thermal, chemical, material transfer, oxidation, voltage and 

magnetic) [36]–[42].  

PE is already being used for many different applications today such as RFID tag and 

antenna [43]–[50], temperature sensors [48], [51]–[54], humidity sensors [52], 

[54]–[57], strain sensors [54], [58]–[61], motion and tracking sensors [62]–[64], 
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pressure and capacitive sensors[27], [65]–[70], nanogenerator and energy 

harvesting [64], [65], [71], [72], solar cells [73]–[75], display [76], [77], electronic 

circuits and systems [78], transistors [79]–[81], shift registers [82],  pulsed voltage 

multiplier [83], logic gates [84], flexible PMOS inverters and NOR gates [85], and  

amplifiers [86], [87]. On the bioelectronics side, PE is also an essential part of 

implantable, biodegradable, and flexible electronics-based applications [88]–[91]. 

IDTechEx, a market research firm reports that the market for printed, flexible, and 

organic electronics will grow to $41.2 billion in 2020 and $74 billion by 2030. [92]. 

1.2 Motivation and objectives of this thesis 

1.2.1 Direct writing of liquid metals 

As discussed in the previous section, the current metallic inks suffer from 

problems such as poor electrical conductivity, high processing temperatures, 

and high cost. As an alternative, low melting point metal alloys, also called 

liquid metals (further referred as LMs), have become a focus of attraction 

because they exhibit as high electrical and thermal conductivity as many 

conventional metals or alloys. Simultaneously LMs are ductile and fluid at or 

near room temperature (RT), rendering them processable by printing. Also, 

LMs do not require additional processing steps, such as chemical reduction or 

sintering, compared to metal precursors, metal powders, or metal 

nanoparticle-based approaches. These processes usually involve post-

processing steps such as high temperatures, intense light, or vacuums and 

can be detrimental to many of the substrates used in PE. With this 

comprehensive and diverse range of applications, the issues of direct writing, 

patterning, and processing of LMs have received considerable attention and 

are an area of highly active research.  

Despite its flexible and fluidic nature, favoring printability, LMs also suffer 

from a significant drawback: the combination of viscosity, surface tension, 

and density makes them hard to print with inkjet printing or any other 

standard direct writing methods resolving the low-micrometer range. While a 

diverse set of alternative lithography approaches can be employed and reach 

even sub-micron resolution, these approaches are usually based on stencils, 

masks, or templates and require sophisticated photolithography, electron 

beam lithography, or hybrid processes [93]–[95]. As these complicate 

fabrication and design changes and require much more complex and 

expensive infrastructure, the direct write additive methods still raise broad 

interest in the patterning of LM. Recently, some progress was achieved toward 

this challenge: Tabatabai et al. demonstrated microcontact printing of eutectic 

gallium-indium (EGaIn) and Galinstan (brand name for eutectic gallium-

indium-tin) and successfully patterned dot arrays, lines, and pads and also 

presented a functioning elastic soft capacitor [96]. Similarly, Boley et al. 
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reported a direct writing method for gallium-indium-based inks in which the 

LM ink is printed on a substrate using a syringe pump and a computer-

controlled stage, providing patterns with micron scales [97]. Nozzle-based LM 

deposition can even result in 3D structures: the oxide layer building up on Ga-

In-Sn-based alloys under ambient conditions, though being only 1–3 nm thick 

[80], [98], provides sufficient stability to structures that would ordinarily be 

untenable due to the extremely high surface tension (>500 mN.m−1) [99]. 

Free-standing mm-scale 3D structures were demonstrated by Ladd et al. at 

RT by pushing Ga–In alloy through a capillary and stacking droplets of LMs on 

top of each other forming filaments and other arbitrary 3D structures [100]. 

Recently, Park et al. demonstrated LM printing for microscale 3D interconnects 

for stretchable integration of electronics. Here, instead of depositing single 

droplets, low motion rates while printing allows printed features to be lifted 

off from the surface and remain stable while being placed at a different 

location to form 3D interconnects [101]. 

Here the research objective is also to develop the LM direct write method, 

which has the advantage of depositing material only where it is needed, thus 

using less material and generating less waste, as compared to subtractive 

methods, which must start with complete surface coverage and remove 

material to form the desired patterns.  

1.2.2 Developing flexible and highly accessible on-demand 

printer  

The techniques described in the last section can be divided into contact and 

non-contact printing methods or conventional and non-conventional printing 

systems based on the printing method. Other than that, printing systems can 

also be roughly divided into two groups according to technology: high-end 

technology and accessible technology. High-end technology and complex 

instrumentation-based printing setups, such as commercially available inkjet 

printing systems are expensive; these printing systems cost a hundred 

thousand euros for a printer and are afflicted by high maintenance. The center 

of attention to printing techniques has been mostly restricted to these 

commercially available high-technology inkjet printing systems. Recently, 

multiple partially accessible technology-based laboratory printing setups have 

been reported [97], [102]–[105]. As a complementary option, we need a low-

cost, reliable, easy-to-use, tabletop-accessible technology that can be 

assembled and operated without additional training. Besides these features, 

accessible technology printing should also serve more reliability and excellent 

resolution competitive to high-end technology at best. 
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1.2.3 LM-based fully printed electronic devices 

LM direct printing was never examined for its potential application in fully 

functional PE devices that utilize the inherent desirable attributes of LMs. The 

thesis aims to use the direct-write method for printing LMs and explore this 

potential for fully printed LM-enabled devices, such as resistors, p–n diodes, 

and field effect transistors (FETs). 

1.2.4 LM-based microheater structures 

It is possible to make microheaters out of LMs because they can be fabricated 

into the desired shape to generate Joule heat. Recently some LM-based 

microheaters have been reported [106], [107]. Unfortunately, these 

microheater structures were fabricated with microchannel-based systems, 

which might be complex in design and include multiple steps. Moreover, these 

microheaters based on liquid metal are susceptible to breakage caused by 

voids forming in the liquid metal as temperatures rise beyond 50 °C. Applying 

direct writing of LM microheaters can simplify the microheater fabrication, 

remove the multiple steps involved, and avoid the breakage of the LM 

microheater. 

1.2.5 Interfaces studies between solid metal components and 

LMs 

Most of the reported LM-based electronic devices also include interfaces 

between solid metal components and LMs, which might critically impact the 

device's overall functioning. Gallium and gallium alloys are very tainting with 

metals such as Al, Au, and Ag, even at room temperature, and they can diffuse 

into the grain boundaries of these solid metals. It is possible that this 

penetration can lead to a significant change in the mechanical or electrical 

properties, and current knowledge is limited here. In their study on capillary-

printed eutectic gallium-indium (EGaIn), Park et al. found ohmic behavior for 

EGaIn forming electrical connections between pads of three metals Au, Cu, 

and Ag. They used two different modes of generating the LM lines: (I) direct-

write, where the lines are written directly from one pad to the other, thus, the 

LM interfaces directly to the metal pads. And (II) reconfiguration, where a line 

is written on glass first and then lifted and laid over the metal pads, which 

leads to a formation of a thin oxide layer in between the LM and the metal 

pads. While the oxide layer is thin enough to cause a negligible rise in 

resistance, it changes the interaction between LM and solid metal pads. 

Resistance increased three times after 7 hours for the direct-write lines, while 

for the reconfigured, oxide-interfacing lines, no significant change was 

observed even after seven days [101]. Sato et al. also studied the contact 

resistance between Galinstan and a Cu film. A vacuum-induced reduction in 
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the oxide layer's effect has been demonstrated to reduce contact resistance 

up to 90% compared to the case where the Cu film was placed on a Galinstan 

surface with an interfacial oxide layer. Here, the formation of CuGa2 alloy at 

the interface to the Cu film was monitored via energy-dispersive X-ray 

spectroscopy (EDS) and X-ray diffraction (XRD) over time [108].  

Arguably gold is the most important industrial metal in the manufacture of 

electronics commonly used as electrodes and connectors, which is a highly 

efficient conductor and usually remains corrosion-free and stable (other than 

with LMs). Unfortunately, no comprehensive chemical study of the interaction 

of LMs with gold has been reported yet. The penetration of GaIn alloys into 

gold electrodes might affect the performance of electronic devices after a 

specific time. Thus, quantifying these processes is crucial for managing their 

impact on a device and a critical step in bringing devices from the lab to 

commercial and daily life.  

1.3 Thesis outline 

This dissertation work addresses the discussed challenges in PE and accomplishes 

the research objectives listed in the last section. Here the development of different 

printing methods to assist LM printing and low-cost, on-demand printing methods are 

reported. This dissertation work also discusses the fabrication of fully-printed 

electronic devices such as fully-printed resistors, microheaters, p-n diodes, and 

transistors. It also discusses the interaction of LM with metals, particularly with gold. 

The whole dissertation can be divided into several parts. The first part (the current 

chapter) provides an overall introduction to PE and the thesis outline. The second 

part discusses comprehensive printable materials, printing techniques in PE, and the 

basic understanding and functioning of p-n diodes, transistors, and microheaters. The 

second part also discusses the state-of-the-art for LM-based fully printed electronic 

devices. The third part describes the different experimental results obtained with the 

LM printing method, beginning with chapter 4. 

The dissertation chapters are organized as listed below: 

 Chapter 1 offers a brief introduction to PE and the main objectives of the 

thesis. 

 Chapter 2 provides a general background of printable materials and basic 

printing methods available for PE. It also discusses some specific common 

printable materials and functional inks (insulator, semiconductor, conductor 

inks) used in PE, along with a brief introduction to LMs and the problem 

associated with writing these. 

 Chapter 3 offers an insight into device design, functioning, and typical 

characteristics of p-n diodes, FETs, and microheaters. It also discusses printed 

EGFET's (electrolyte-gated FETs) basic structure and functionality. Moreover, 
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it presents an introduction to state-of-the-art LM-based fully printed 

microelectronic devices. 

 Chapter 4 presents a high-resolution glass capillary‐based direct‐write 

method for printing LMs such as eutectic gallium alloys that overcomes the 

discussed challenges and describes the factors affecting printing. 

 Chapter 5 presents an affordable tabletop technique, which can deposit 

materials in substrate areas that are non-accessible with conventional 

printers. This setup can deposit materials in a controlled manner with 

microscale resolution, micrometer precision, and the highest flexibility in the 

pattern.  

 Chapter 6 shows the application of LM printing for the fabrication of LM 

interconnects and resistors, fully printed diodes, and fully printed transistor 

structures. It also probes the stability of printed LM structures and resistors 

for future uses with the help of encapsulation of LM lines in poly(methyl 

methacrylate) (PMMA). 

 Chapter 7 use direct writing of the LM technique described in Chapter 4 to 

fabricate LM-based microheaters on glass substrates. It also discusses the 

effects of power and voltage on the microstructural properties of Galinstan 

and different printed microheater designs. Additionally, the thermal 

characteristics of the microheater are evaluated. 

 Chapter 8 examines the interaction of Galinstan with solid gold surfaces by 

utilizing vertical scanning interferometry (VSI), EDX/EDS, X-ray photoelectron 

spectroscopy (XPS), XRD, atomic force microscopy (AFM), and X-ray nano 

computed tomography (nanoCT). Additionally, it explores the electrical 

properties of Galinstan resistors directly printed between gold pads. It also 

explores the oxide layer on Galinstan using time-of-flight secondary ion mass 

spectrometry (TOF-SIMS and thickness measurement using XPS. 

 Chapter 9 summarizes the whole thesis. 

 Chapter 10 gives an outlook for future works. 
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Part II. Theory and background 
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2. Printable materials and printing 

techniques 

The main focus of this chapter is to discuss available printable materials and the 

printing technologies used in the fabrication of electronic devices. This present 

chapter briefly discusses different inks' formulation and their respective properties. 

Here we also try to understand the working principle of different techniques and 

their benefits, potential problems during the printing, and possible solutions 

available. 

2.1 Printable materials 

Functional inks are an important part of printed electronics, as ink is deposited on 

the substrate in different thin layers to fabricate printed electronics devices. Material 

selection, printing, and post-printing treatment are three complementary phases of 

this manufacturing process [109], [110].  

Inks can be classified according to material and the property they carry, and the 

first classification of materials in electronics – conductor/semiconductor/insulator - 

can be easily understood by the resistance of material as described by Ohm's law. 

Which states that if a voltage (V) is applied to both ends of the sample and a current 

(I) is flowing through it, the resistance (R) is proportional to the voltage applied, 

the resistance (R) is R=
V

I
 (in Ohm). The reciprocal of resistance is conductance, 

denoted as G=
I

V
 (in Siemens).  

 

 

 

 

The resistance of a material proportional to the length and is inversely proportional 

to the cross‐sectional area: R=ρ
L

A
. 

Where:  

ρ: resistivity (Ω·cm) 

σ: conductivity (Ω−1·cm−1 or S·cm−1) 

L: length of sample 

A: cross-sectional area of the sample 
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Figure 2. 1: Classification of materials based on the band gap.  

Resistivity and conductivity are independent of actual sample geometry. These 

intrinsic properties are therefore convenient for characterizing conductive materials. 

The same classification can also be explained with the band gap, as shown in Figure 

2. 1. The term insulator refers to a material that conducts electricity poorly; the 

reason is the wide band gap between VB (valence band) and CB (conduction band). 

A large amount of energy will be required to push electrons from VB to CB. 

Insulators include glass, wood, mica, and diamond. Semiconductors are materials 

that show the conductivity between a conductor and an insulator. Semiconductors 

have a narrow band gap. Common semiconductors include, e.g. silicon and 

germanium [111]. The conductors are usually metals (Au, Ag, Al, Cu, etc.) which 

allow the free flow of electrons. 

When these conductive materials are applied to an actual device (e.g., a wire), the 

conductance and resistance are influenced by three main factors.   

 Material's cross-sectional area: It determines how much current can pass 

through it. A bigger cross-section allows more current to flow through it; in 

the same way, current flow is restricted by thin cross-sections.  

 Conductor length: As length will increase the conductance will decrease.  

 Temperature: Increasing temperature increases particle vibration or 

movement, and when the molecules move more rapidly (increases in 

temperature), conductivity decreases since they get in the way of the current 

flow. Some materials can exhibit superconductivity at extremely low 

temperatures. 

Also, when these materials are used to develop operational electronic devices, other 

important parameters also come along, such as the charge carrier's mobility. This 
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mobility can be defined as the drift velocity (vd) of the charge carrier per unit electric 

field (E): 

µ =  
vd

E
 

The carrier mobility can be either electron and hole mobility. µ unit is 

cm2·V-1·s-1 or m2·V-1·s-1 as SI unit. 

A second important classification is to categorize these materials (conductor, 

semiconductor, and insulator) into organic and inorganic printable materials. A 

comparison of organic and inorganic materials is presented in Table 2.1 [112], 

[113].  

Table 2.1: Comparison of general trends for different properties of organic and 

inorganic materials. 

 

Properties Inorganic Materials Organic Materials 

Charge Mobility High Charge Mobility Low charge mobility 

Printability 

Difficulty in ink formation, 

also surfactant affects 

other properties of ink 

Easy for ink formulations, 

polymer material also 

supplements printability. 

Post Processing 

Steps 

steps such as high-

temperature annealing and 

sintering are needed 

With low annealing 

temperatures, also some inks 

do not require the annealing 

Environmental 

Stability 

Relatively stable with the 

environment 
Poor environmental stability 

Several electronic materials, including dielectrics (polarizable insulators), 

conductors, and semiconductors, are briefly described in this present chapter in 

terms of their properties, the preparation of inks, and the formation of films by 

solution or printing [114], [115]. 

2.1.1 Insulators - dielectrics/electrolytes 

The purpose of dielectric inks in printed electronics is to act as an insulation and 

capacitance layer at the same time. Printed field effect transistors or thin film 

transistors (TFT) require a thin dielectric layer for proper insulation to avoid current 

leakage and to operate at low voltages [116]. In addition to high capacitance, 

dielectric materials for printed electronics should be low-temperature processable 

and printable. Materials and inks used in insulator/dielectrics can be separated into 

polymers, organic materials, inorganic oxides, composites, and electrolytes. The 

most common traditional insulator and gate dielectric used in both academia and 

(2.1) 
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the semiconductor industry are Si substrates with SiO2 layers. The thickness of SiO2 

is typically 100−400 nm thick. Inorganic materials such as aluminum oxide (Al2O3) 

[117], tantalum oxide (Ta2O5)/SiO2 [118], hafnium oxide (HfO2) [119], yttrium 

oxide (Y2O3) [120], titanium oxide (TiO2), etc. are also used as gate dielectric, and 

these can be usually deposited with a process such as evaporation, sputtering, 

plasma deposition and low vapor chemical vapor deposition (CVD) [121] and these 

are usually not printable [122]. 

On the other hand, organic materials have been developed in a number of solvent-

processable dielectric materials inks, including polymers, inorganic oxides, ion gels, 

and solid-state electrolytes [123], [124]. Several popular organic dielectric 

materials are commonly used in printed electronics, such as poly(4-vinyl phenol) 

(PVP), poly(methyl methacrylate) (PMMA), polyethylene terephthalate (PET), 

polyimide (PI), polyvinyl alcohol, (PVAL) polystyrene (PS) and polydimethylsiloxane 

(PDMS). Compared to inorganic equivalents, these low-cost organic dielectric 

materials are widely available in large quantities, can be dissolved in various 

solvents, and can be printed easily. More details about high-k gate dielectrics can 

be found in this interesting review [124], [125].  

Table 2. 2: Properties of various organic and inorganic gate dielectrics used in 

printed electronics. 

Materials Method 
T  

(°C) 
k 

d 

(nm) 

C 

(nF·cm-2) 
Source 

PEO/LiClO4 Spin Coating RT - 400 5x103 [126] 

PVA Spin-coating + UV 60 6.2 250 22 [127] 

P(VDF-TrFE-

CTFE) 

Spin-coating + 

Annealing 
60 52 110 330 [128] 

GO/PVDF 
Dip-coating + 

Annealing 
150 15.6 450 32 [129] 

ZrO2 Inkjet Printing 500 22 60 325 [130] 

HfO2 Spray-pyrolysis 450 18.8 104 151 [131] 

Al2O3 
Spin-coating + 

Annealing 
350 9.7 115 75 [117] 

Here T, is the deposition/annealing temperature, and k is the dielectric constant. 

As the previous reports suggest, high permittivity and high-frequency stability can 

be achieved with solution-processable inorganic materials, but it is challenging to 

avoid pinholes and cracks in printed films, which can result in short circuits. 

Therefore, developing a new class of dielectric materials and composites is advised. 

High k inorganic nanoparticles (NPs) can be combined with a printable polymer to 
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achieve the best dielectric constant, high-frequency stability, and printability [132], 

[133].   

Table 2. 2 summarizes the properties of various inorganic gate dielectrics inks 

fabricated by various processing methods. Figure 2. 2 also shows commonly used 

materials for gate dielectrics inks. 

 

Figure 2. 2: Classification of some insulators/dielectrics materials. 

Inorganic nanomaterial loading generally increases the dielectric constant of a 

composite dielectric material based on nanomaterials [134]–[136]. However, 

nanoparticle loading also increases leakage currents due to a lack of polymer filling 

between nanoparticles and metallic atoms electromigrating through gaps from 

electrode materials. Also, as nanoparticle concentrations increase, leakage current 

can also increase, which might be because of the agglomeration of nanoparticles 

[137]. It is possible to improve the solubility and dispensability of inorganic 

nanoparticles in both polymers and solutions by surface modification [138]. Many 

composites have been developed recently [135], [139].  

Besides ink formulation, a number of parameters (such as thickness and 

homogeneity/roughness of printed pattern) must be studied to achieve high 

reliability and performance of printed electronic devices. For example, a very 

rough/thin printed/sintered insulating gate layer may increase current tunneling or 

leakage, which may result in higher power consumption [109], [140]. As a possible 

solution, printing a thick dielectric layer (usually a few micrometers or hundreds of 

nanometres) might help in order to prevent electrical leakage[114]. In order for 

carrier transport to be stable in printed electronic devices, the interface properties 

of the insulating layer and other layers must also be considered so that a possible 

solution can be designed. 
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2.1.2 Electrolyte dielectrics 

Electrolytes at electrode/electrolyte interfaces in TFTs have opposite charges 

(anions and cations) that shift in response to electric fields. And at the interface, 

there is formation of two thin ion layers called as electric double layers (also referred 

to as EDLs). EDL is around 1 nm thick.   

Based on the Helmholtz model, an equation can be used to estimate the specific 

capacitance of each double layer: 

Csp =
kε0

λ
 

Where:  

λ: Debye screening length (usually around 1 nm), 

ε0: permittivity of free space, 

k ≈ 10,  

Typically, a  C𝑠𝑝 between 1 and 10 μF·cm-2 is attainable with electrolytes. E.g., 

PEO/LiClO4: 5 μF·cm-2 with a layer thickness of 400 nm [126], ionic gel: ≈ 10 μF·cm-

2 for a thickness of around 1 μm[141] has been reported 

Thus, electrolyte gates can create exceptionally large charge carrier densities at 

semiconductor–dielectric interfaces, which is one of the primary advantages of TFTs 

made with electrolyte gates. Among electrolytes, ionic liquids, ion gels, 

polyelectrolytes, and polymer electrolytes are the most common. Table 2. 3 

represents some of the common electrolytes. 

A difference between polymer and inorganic dielectrics is that a electrolyte's 

capacitance is determined by the presence of the electric double layer (EDL) rather 

than by its physical thickness [142]. Still, in order to prevent unacceptable large 

leakage currents, thick electrolyte films (≈ 1-10 μm) are necessary [143].  

When an electric field is applied to PEO/LiClO4, lone oxygen pairs on the PEO chains 

coordinate the Li+ cation, resulting in coupled ionic motion and polymer backbone 

reorganization. PEO chains are flexible, and their flexibility depends on the operating 

temperature as well as the glass transition temperature (Tg) of the polymer. Hence, 

ions can move in solids [142]. 

In ion gels other copolymers are also used such as poly-(styrene-b-methyl 

methacrylateb-styrene) (PS-PMMA-PS), poly(vinylidene-co-hexafuoropropylene) 

(P(VDFHFP)), and photoinitiated cross-linkable such as:  poly(ethylene glycol) 

diacrylate (PEG-DA), poly[(styrene-r-vinylbenzylazide)-b-ethylene oxideb-(styrene-

r vinylbenzylazide)] (SOS-N3) [144].  

(2.2) 
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Table 2. 3:Common electrolytes used in printed electronics. 

 

Class Description Examples Reference 

Polymer 

Electrolytes 

Composites 

They consist of mobile 

ions and ion-coordinating 

polymers 

PEO + LiClO4, PEO + 

CsClO4, PVA + H2O + 

KF 

[145] 

Polyelectroly

tes 

Only small ions are mobile 

in these compounds with 

charged or ionizable 

groups 

Poly(acrylic acid) 

(PAA) , 

poly(styrenesulfonic 

acid) (PSS), 

poly(ionic liquid)s 

(PILs) 

[146], [147] 

Ionic Liquids 

In most cases, these are 

binary salts composed of 

organic cations and 

inorganic anions. 

EMIM-TFSI, Anion 

(TCB, FAP) 

Cation (DEME) 

Most used DEME-TFSI 

(up to 120 µF·cm-2) 

[148] 

Ion Gels 

Typically, they are 

prepared by chemical 

crosslinking of monomers 

in an ionic liquid or by 

physical crosslinking of 

block copolymers 

PS-PEO-PS (as 

copolymer) + BMIM-

PF6 or EMIM-TFSI or 

EMIM-OctOSO3 

 

[123] 

Where: 

PEO: poly(ethylene oxide) 

EMIM: 1-ethyl-3-methylimidazolium  

TFSI: trifuoromethylsulfonylimide 

TCB: tetracyanoborate  

FAP: trifluorotris(pentafluoroethyl)phosphate 

DEME: diethyl-N-methyl-N-(2-methoxyethyl)ammonium 

PS-PEO-PS: poly(styrene-block-ethylene oxide-block-styrene) 

2.1.3 Semiconductors - n-type/p-type 

In order to develop active printed electronics and transistors, semiconductor 

materials are critical to the process. Generally speaking, semiconductors can be 

divided into two categories based on their doping arrangements: n-type 

semiconductors (in which an intrinsic semiconductor is doped with an electron 

donor) and p-type semiconductors (in which an intrinsic semiconductor is doped 

with an electron acceptor). As shown in Figure 2. 3a, Ec represents the lowest energy 

state for a free electron [electrons in the conduction band (CB) means current can 

flow], Ev represents the highest energy state for filled outer shells in the valence 
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band (VB), Ef represents the fermi level, which represents the likely distribution of 

electrons. For an n-type material, as shown in Figure 2. 3b, there is a high 

probability of free electrons in CB and which moves Ef closer to Ec and increases the 

number of majority carriers (electrons). For a p-type material, as shown in Figure 

2. 3c, there is a low probability of free electrons in CB and a high probability of holes 

in VB, which moves Ef closer to Ev, and VB has the number of majority carriers 

(holes)  [149]. It is also possible to divide semiconductor materials and inks into 

three types: organic, inorganic, and hybrid composites.  

As far as performance and stability are concerned, inorganic materials such as 

silicon, oxides of transition metals, and chalcogenides are superior to organic 

materials. Due to their high mobility, carbon nanotubes, graphene, and 

semiconductor quantum dots are also being studied due to their exceptional 

properties. On the other hand, processability, environmental stability, printability, 

and flexibility are some of the characteristics that make solution-processable organic 

semiconductors attractive. 

 

Figure 2. 3: Semiconductor energy band diagrams for (a) intrinsic, (b) n-type, 

and (c) p-type semiconductors. 

Silicon (Si) and germanium (Ge) have dominated the history of microelectronics for 

over a half-century. In most cases, Si films are deposited through CVD [150]. Si 

films can also be solution-processed using precursors or nanoparticles, although it 

is usually necessary to anneal them at high temperatures (usually > 500 °C) in an 

inert atmosphere in order to achieve high-quality surfaces [151], [152]. "Silicon 

ink" also exists, which is made by polymerizing cyclopentasilane (CPS) under UV 

light, completing a pattern by spin-coating and inkjet printing  [153], [154]. 

Another class of inorganic semiconductors is metal oxide semiconductors (MOS) 

[155], [156]. Compared to conventional covalent semiconductors such as silicon 



2.1 Printable materials 

_________________________________________________________________ 

23 
 

(Si), metal oxide semiconductors offer unique electronic charge transport 

properties. It is the metal ions that are responsible for the excellent properties of 

transparent oxide semiconductors (TOS). Additionally, to these metal cations, 

oxygen also plays an important role in the electronic properties of oxide films since 

oxygen vacancies are one of the most important sources of free electrons [156]. 

There is a predominance of n-type conductivity for metal oxide semiconductors, 

such as In2O3, ZnO, and SnO2, and their solid solutions [109].  

There are several families of metal oxides that have been discovered as promising 

candidates for p-type semiconductors, such as Nickel oxide (NiO) and Cu(I)-based 

oxides (such as Cu2O and CuMO2 (M = Al, Ga, or In), attracting a lot of attention 

[157], [158]. In these metal oxides, the Cu 3d state is close to the VBM and helps 

to reduce the effective hole mass. Over the past few years, SnO has also been 

extensively studied for its p-type semiconductor properties [159]. 

Although all of these materials are capable of being made printable, they do have 

some challenges associated with their properties. There are two main challenges 

associated with printable TOS, which are the high annealing temperature and low 

charge mobility. In order to achieve optimum mobility after the printing of these 

inks (such as metal nitrate aqueous solutions), a sintering temperature of 300–500 

°C is needed. There are also other methods available in metal-oxide and 

semiconductor ink systems other than high-temperature annealings, such as deep 

ultraviolet (DUV) and photo-annealings, that are used to achieve higher 

condensation rates and film densifications [160]–[162]. 

A recent progress report on solution-processed inorganic field-effect transistors can 

be found here [15], [163], [164]. Table 2. 4 compares the intrinsic motilities of 

some inorganic semiconductors. 

Table 2. 4: The intrinsic mobility of commonly inorganic semiconductors in 

printed electronics. 

Material Method Type 

Field-Effect 

Mobility (μ) 

(cm2·V−1·s−1) 

Reference 

In2O3 Inkjet Printing n 120 [165] 

Indium Gallium Zinc 

Oxide (IGZO) 
Inkjet Printing n 10.2 [166] 

Zn2GeO4 and 

In2Ge2O7 Nanowires 
Transfer Printing n 

25.01 and 

11.67 
[167] 

Zn3As2 

Nanowires 
Transfer Printing p 305 [168] 

CuxO Spin Coating p 0.29 [169] 

Cu5%NiO Spin Coating p 1.5 [170] 

NiOx Spin Coating p 1.5 [171] 
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Other than metal oxides, metal chalcogenides (sulphides, selenides, and tellurides) 

semiconductors combine direct bandgap with very high mobility and other 

characteristics. It is possible to print and then anneal metal chalcogenide 

semiconductors such as binary M-X (M = Cd, Zn, Pb, Sn, and X = S, Se, or Te) or 

ternary or quaternary compounds, such as CdZnTe, HgCdTe, HgZnSe, Cu(In, Ga)Se2 

[15], [172]–[174] It is also interesting to note that this annealing/vacuum 

treatment of printed/evaporated metal chalcogenides also contributes to the 

switching of the films. When hydrazine-activated PbSe films are heated (up to 100 

°C), their conductivity changes from n-type to ambipolar to p-type [175].  

Semiconductor quantum dots such as CdX, PbX, and ZnX (X = S, Se, Te) have also 

been successful [176]. Due to their monodispersity, low cost, and small size, they 

are also suitable for printed electronics. As QD films are annealed and sintered, the 

distance between the particles is reduced, which improves their performance and is 

used for FET applications [177].  

Carbon nanotube (CNT) and graphene are the two most studied carbon 

nanomaterials so far [178], [179]. Depending on their properties, they can be used 

as semiconductors or conductors. CNTs can either be metallic or semiconducting, 

depending on their diameter and twist. CNTs are semiconducting when the energy 

level of the conduction band exceeds the energy level of the valance band, thereby 

creating a gap between them [180]. When graphene is used as a semiconductor, its 

zero bandgap restricts its use in graphene-based electronics. The graphene bandgap 

has been opened by the use of several methods, including nanoribbon patterning, 

deposition on special substrates, use of graphene bilayers under dual gates, and 

chemical modification [181].  

There are many advantages to using inorganic semiconductors, together which 

provide high field-effect mobilities and long-term stability under mechanical, 

electrical, and environmental conditions. Still, high temperatures processing steps 

continue to be the main challenge when it comes to using inorganic semiconductors 

and associated printing methods [15].  

Organic semiconductors (OSC) are receiving more and more attention these days. 

In printed electronics, as opposed to their inorganic counterparts, these organic 

semiconductors possess many characteristics that make them more appealing for 

some applications. OSCs are lightweight, low-cost, low-temperature processed, 

mechanically flexible, and readily available. It is possible to process them using 

existing semiconductor and printed electronics techniques [182].  

There are two categories of organic semiconductor materials according to their 

molecular weights: small organic molecules and polymers. Both of these can also 

be divided into p‐type materials, mainly with hole carriers, and n‐type materials, 

mainly with electron carriers.  
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In the case of p-OFETs, the energy level structures of p-type organic semiconductors 

have HOMOs (Highest Occupied Molecular Orbitals) closer to the work function of 

the source and drain electrode contacts, and it allows holes to move from the source 

Fermi level to move into the organic HOMO level. On the other hand, in the case of 

n-OFETs, the n-type organic semiconductors have LUMO (Lowest Unoccupied 

Molecular Orbital) closer to the work function of the source and drain electrodes 

which facilitates electron injection from the source Fermi level into the organic LUMO 

level [109], [183]. Among organic semiconductor conductors, tunneling, hopping 

between localized states, mobility gaps, and phonon-assisted hopping are the most 

commonly observed ways of conductivity [184], [185]. The LUMO energy can also 

be approximated to an electron affinity (EA) [the energy released by adding an 

electron from infinite (vacuum energy) to the innermost unfilled electron shell], and 

HOMO energy can be approximated to ionization potential (IP) [the energy required 

to remove an electron from an atom to infinity] [186]. 

Molecular band structures, molecule energy levels, and stacking order influence the 

charge transport mobility of organic semiconductor materials. There are also 

composite semiconductors in which polymers are blended with small molecules. E.g. 

there are several types of p-type semiconductors that are widely investigated for 

organic field effect transistors (OFET)s and other organic devices, including aromatic 

hydrocarbons (primarily oligoacene/arene derivatives), chalcogen-containing 

heterocyclic derivatives, and nitrogen-containing heterocyclic materials [187], 

[188]. 

Organic semiconductors with n-type properties are difficult to develop due to their 

poor endurance in ambient conditions. It is common for n-type semiconductors to 

have high LUMO energies (> -4 eV  [189]), which makes them highly susceptible to 

oxygen and compromises stability [190]. As a solution, a conjugated structure 

containing electron-withdrawing groups such as halogen, cyano, and carbonyl can 

improve an n-type semiconductor's air stability  [187]. 

Charge carrier mobility in organic semiconductors are usually lower than in inorganic 

semiconductors [185]. Because of this limitation, organic semiconductors are not 

suitable for electronics requiring extremely high switching speeds. Nevertheless, 

with the view of printed electronic devices, organic semiconductors can compete in 

electronic applications that do not require fast switching speeds due to their 

performance and ease of processing.  

Recent progress in printable organic field-effect transistors can be read here [182], 

[187], [191]. Although it shows reports with printable organic field-effect 

transistors, field-effect mobilities in most printed FET are less than 1 cm2·V−1·s−1. 

The following Table 2. 5 compares intrinsic mobilities larger than 10 cm2·V−1·s−1 

offered by some organic semiconductors. 
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Table 2. 5: The intrinsic motilities of commonly organic semiconductors in 

printed electronics. 

Material Method Type 

Field-Effect 

Mobility (μ) 

(cm2·V−1·s−1) 

Reference 

Hydrocarbons with 

thiophene groups  

C8-BTBT 

Inkjet Printing p Max: 31.3 [192] 

DPP-DTT-based 

polymer 

Spin coating, 

blade coating, 

and inkjet 

printing 

p 3.5-10.5 [193] 

PCDTPT 

based polymer 
Drop Casting p Max: 23.7 [194] 

Halogenated 

tetraazapentacenes  

4Cl-TAP 

Drop Casting n 

Max: 27.8 

Average: 14.9 

± 4.9 

 

[195] 

Halogenated  

F4-BDOPV 
Spin-coating n 

Max: 12.6 

Average: 7.58 
[196] 

Where 

μ: Field Effect Mobility 

DPP: N-alkyl diketopyrrolo-pyrrole 

DTT: dithienylthieno[3,2-b]thiophene 

PCDTPT: poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophen-2-yl)-alt 

[1,2,5]thiadiazolo[3,4-c]pyridine] 

BTBT: 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene 

BDOPV: benzodifurandione-based oligo(p-phenylenevinylene) 

2.1.4 Conductors 

There are two types of conductive materials inks: Organic (organic molecules and 

polymers) and Inorganic (inorganic materials, primarily metals). Additionally, 

polymer composites can be prepared using carbon black or metal powder as filler 

materials [197], [198].  

On the inorganic side, metals are the main part of ink formulation (as can be seen 

in Table 2. 6) because of their high conductivity. In addition to conductivity, the 

selection of a particular metal for printing conductors depends on its cost, processing 

temperature, volume production, and its long-term reliability. In terms of resistivity, 

silver (Ag), copper (Cu), gold (Au), and aluminium (Al) rank the top four with 1.59, 

1.72, 2.44, and 2.65 μΩ·cm, respectively. The differences in conductivity are so 
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small, that other factors, such as chemical inertness and cost, become more 

important [181]. Among printable metals, silver is the most successful and popular 

due to its relatively low price, high conductivity, and chemical inertness. When it 

comes to thermal stability and conductivity, Ag and Au inks are similar, but in terms 

of cost, silver is clearly superior to Au [199]. Conductive materials such as copper 

are also promising. Compared to Ag, it is 100 times cheaper. It is, however, difficult 

to prepare copper ink due to its high tendency to oxidize. Additionally, Cu particles 

require high temperatures for sintering and are easily oxidized in the atmosphere 

[200], [201]. Aluminum has the same problem; it is more chemically active than 

copper.  

Table 2. 6: Common conductive inks used in printed electronics with their 

respective reported conductivity. 

Material Method 
T 

(in °C) 

Conductivity 

(S.m-1) 

Max reported in 

report 

Reference 

Copper aqueous 

ink 

Desktop 

printing 
60 1.8 × 106 

[202] 

Nickel aqueous ink 
Desktop 

printing 
- 2.2 × 104 

Copper MOD Ink 
Inkjet 

printing 
300 8.1 x 106 [203] 

Au NP ink in PVP 
Desktop 

printing 
500 8.0 × 104 [204] 

Ag Nanoflakes Ink 
Screen 

printing 
RT 6.02 × 106 [205] 

Graphene Ink in 

Cyrene 

Screen 

printing 
100 7.13 × 104 [206] 

CNT in Gellan gum 
Extrusion 

printing 
21 5.03 × 103 [207] 

PEDOT/PSS in 

ethylene glycol 
Drop casting 160 1.75 × 104 [208] 

PEDOT:PSS Spin cast 120* 4.38 × 105 [209] 

Where: 

MOD: Metal-Organic Decomposition 

PVP: poly(N-vinylpyrrolidone) 

*: additional treatment with H2SO4. 

The commonly used aqueous and organic solvents cannot dissolve solid metals. So 

to fabricate metallic inks traditionally, either metal particles are mixed with polymer 

solutions to make them printable, or meal salts are used to make ink. In addition, 
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the recent development in nanomaterials and surface modification techniques allows 

metallic micro/nanoparticles and nanowires to be blended in organic solvents or 

water with little need for surfactants or lubricants [197], [210], [211].  

Another important type of conductive ink is carbon-based material which offers 

excellent conductive properties. So to make conductive inks, carbon-based 

materials such as carbon black, graphene, graphene oxide, carbon nanotubes, and 

carbon nanofibers have been added to polymeric materials to form conductive inks 

[212]–[216]. However, graphene oxide is more commonly used as a precursor for 

conductive ink formulations than pristine graphene because it offers dispersibility in 

water along with high electrical conductivity even after it has been reduced by 

chemical or thermal treatment after printing.  

Ink formulations based on carbon materials (graphene and CNT) are challenging 

because it is difficult to disperse non-aggregated materials in a proper vehicle at 

low viscosities [217]. A variety of stabilizing agents is used to obtain stable 

dispersions, including polycyclic aromatic hydrocarbons, sodium dodecyl sulfate 

(SDS), sodium dodecyl benzene sulfonate (NaDDBS), sodium deoxycholate, sodium 

cholate, and polymers such as poly(N-vinylpyrrolidone) (PVP), polyvinyl alcohol 

(PVA), and ethyl cellulose. Despite all this, low graphene loading remains one of the 

significant disadvantages of such dispersions for graphene ink [214].  

Other than those, transparent conducting oxides (TCOs) are another class, TCOs 

exhibit conductivity as well as transparency. A number of different binary-doped 

TCOs can be produced, of which ITO (indium tin oxide) is the most preferred [213], 

[218].  

Detailed reports about metal nanoparticles and carbon materials-based inks can be 

studied here [115], [181], [213], [219], [220]. Among the conductive organic 

molecule and polymers studied, such as polyacetylene, polyaniline, polypyrrole, and 

polythiophene, doped polyacetylene [115], [221]. There are two forms of 

conduction mechanisms: electronic conduction and ionic conduction [222]. Chemical 

structure and doping state determine the conductivity of these polymers [223], 

[224]. 

The most widely used conductive polymer is poly(3,4-ethylenedioxythiophene) or 

commonly referred to as PEDOT [225]. It is composed of the monomer 3,4-

ethylenedioxythiophene. Other than being a conducting polymer, this material is 

optically transparent, highly stable, has a moderate bandgap, and has a low redox 

potential. Its main disadvantage is its poor solubility, which can partly be overcome 

by doping it with PSS (poly(styrene sulfonic acid), here the PSS serve as the dopand 

which stabilizes the charge balance and referred as PEDOT:PSS composite 

(polyethylenedioxythiophene:polystyrene sulfonate), it consists of two ionomers, 

Figure 2. 4 shows its structure. One of its components is sodium polystyrene 

sulfonate. There is a negative charge associated with sulfonyl groups that have been 
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deprotonated. The other component is PEDOT, a conjugated polymer carrying a 

positive charge. This conductive polymer has a high degree of ductility and 

transparency [222], [226]. 

Several other conductive polymers have also been used in inkjet and aerosol jet 

printing, such as polypyrrole, and polyaniline. Typically, these polymers are less 

conductive than metallic inks and usually require an inert atmosphere due to their 

high sensitivity to ambient humidity and their reactivity with oxygen [222].  

It is possible to considerably increase the conductivity of PEDOT:PSS by adding 

organic compounds, including solvents such as dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), ethylene glycol (EG), sorbitol, N-methyl-2-pyrrolidone (NMP), 

ionic liquids, and surfactants [227], [228]. Moreover, stabilizers for PEDOT, such as 

PSS, can also help overcome problems such as conductivity issues, degradation 

from ultraviolet light, high temperatures, and humidity [229].  

A recent study found that PEDOT:PSS treated with sulfuric acid exhibited a 

conductivity of more than 3000 S, which is as good as that of ITO [228].  

Printing usually involves spin coating or direct writing to obtain a conductive layer. 

Different PEDOT:PSS inks and formulations have also been developed for printing 

processes. Additionally, there are several commercially available aqueous 

PEDOT:PSS inks  [Sigma Aldrich 655201-25G (used in experiments in this thesis, 

see Annex A.1)].  

The conductivity of conductive polymers can degrade over time if they are exposed 

to air. Other than stability, costs, toxicity, poor solubility/inhomogeneity in solvents, 

and problems during ink formulations also exist. Nevertheless, standard structural 

conductive polymers have made substantial progress in recent years, offering better 

properties and lower costs. 

 

Figure 2. 4: Structure of PEDOT:PSS. 
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Composite conductive inks are another important type of ink. A composite 

conductive polymer is one in which the polymer product itself serves as an adhesive, 

regardless of whether it is conducive or not [198], [214], [230]. Typically, virtually 

all polymer materials can be used as a matrix for composite conductive polymers. 

Among the most commonly used polymers are polypropylene (PP), polyvinyl 

chloride (PVC), polyethene (PE), polystyrene (PS), acrylonitrile butadiene styrene 

(ABS), polyurethane, polyimide (PI), epoxy resin, acrylic resin, phenolic resin, and 

unsaturated polyester. Moreover, matrices of conductive rubbers are also made 

using styrene-butadiene rubber, butyl rubber, and acrylonitrile-butadiene rubber. 

For the inorganic part of composites, the most common conductive fillers include 

gold, silver, copper, nickel, aluminium, cobalt, carbon black, graphite, tungsten 

carbide, etc., in powder, micro/nanoparticles, or other forms [115], [181], [198], 

[230]–[232]. 

During the current section of this chapter, we examined some common formulations 

of ink for use in the fabrication of printed electronic devices, but before printing 

these inks, it is important to pay attention to the rheological properties and 

wettability of ink, surface tension, and viscosity, which are also very important to 

get good quality and repeatable pattern. These ink properties and substrate 

wettability parameters may determine the need to take certain steps to prepare the 

substrate according to the ink demand. This process is referred to as the pre-printing 

process, and it is done in order to make the substrates ready for printing. 

2.2 Pre‐printing processes 

The usual pre-process procedure includes surface treatment to increase substrate 

surface energy, making the surface (more) hydrophilic [115]. This can be a critical 

step while printing aqueous ink (such as metal nitrate dissolved in water) because 

the substrate's surface energy directly affects the uniformity and adhesion of printed 

patterns to the substrate, which in the end, affects the print size and resolution 

[115]. The most common methods for creating hydrophilic surfaces are oxygen 

plasma and ultraviolet irradiation. As an alternative, hydrophilic treatment can also 

be achieved with stronger oxidizing solutions, such as potassium dichromate 

solution and peroxymonosulfuric acid (Piranha Solution). The use of these methods 

poses a high risk of corrosiveness and also meets problems with waste disposal and 

safety, so they should be used with caution. The surface energy of a substrate can 

also be modified using molecular self-assembly. The Self-assembled Monolayers 

(SAMs) of silanes (such as octadecyl trichlorosilane) on a silicon surface, and thiol 

SAMs on metal surfaces, are typical examples [115], [233].  

Surface modification can also be achieved by coating. The term coating refers to the 

process of depositing materials on a substrate without any pattern. The spin coating 

method, widely used in laboratories, is a simple and probably most important 

general applicable coating technique [234]. There are also other types of coatings 
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methods that are less used but crucial in specific applications such as doctor blading, 

sprays, plating, and slot dies. Even some printing technologies can also be used for 

plain coatings, such as gravure, screen printing, inkjet printing, or flexography 

[109], [114], [235].  

Similarly, it is critically important to ensure that pattern and mask fabrication is 

carefully designed so that ink does not leak or spread on the patterned surface, 

resulting in disfigurement. 

2.3 Post-printing processes 

Regardless of the type of ink used (composite or nanoparticle type), it is crucial that 

the printed ink pattern is converted into a fully functional pattern. Often, this 

requires an additional process, usually heat treatment for drying and sintering the 

ink. In the case of conductors, the conductivity is improved through improving 

interparticle connectivity. Usually, two kinds of post-processing steps exist, which 

can be referred to as curing and sintering [109], [236].  

Ink curing is the process of crosslinking polymer chains to become harder and more 

durable by applying heat, radiation (such as an electron beam or UV), plasma, or 

chemical modifications. Also, when the crosslinking /additives are activated by 

ultraviolet radiation, the process is called UV curing [181], [205], [237]. An organic 

layer covering the conductive part or the solvent in inks may prevent electrons from 

moving between them. During the drying process, first, the solvent dries, which 

forces the metal particles to move closer together; after that, in higher 

temperatures, sintering occurs when organic materials are burned off, which 

reduces the distance between particles even further. An additional increase in 

temperature results in a further decrease in the inter-particle distance, and finally, 

a metallic crystal structure is formed with a low number of grain boundaries. In the 

case of NP-based inks, by increasing the temperature, metal nanoparticles melt 

easily as they have a low melting temperature; after melting, they merge, which 

makes the printed film denser and solid [161], [181]. 

Ostwald ripening is one of the modes of particle growth in which larger particles 

take over smaller ones [115]. Surface energy reduction drives Ostwald ripening 

because smaller particles have a higher chemical potential than larger particles. 

Ostwald ripening occurs at the surface (interface) of NPs and at grain boundary 

rather than in bulk (fully merged large structures of NPs), causing neck growth (the 

interface of two merging NPs) and increasing neck radius, but still resulting in lower 

conductivity than the bulk [161], [238]. In traditional thermal annealing, conductive 

films are annealed in ovens, hot air flow, or hotplates. It is also crucial to consider 

the thermal stability of printed metal tracks during high-temperature sintering, 

which might be burnt off due to very high temperatures, or the interface between 

the metal part and another functional part can be compromised.  
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To process substrates or functional ink layers that cannot tolerate high 

temperatures, selective heating methods such as scanned laser irradiation (shown 

in Figure 2. 5) can be used. The downside of this approach is that it is relatively 

slow, and removing any unsintered materials requires subsequent steps such as 

washing. Other techniques, such as plasma sintering with low pressure, UV 

radiation, and electrical current sintering, are also used for selective sintering [161], 

[181], [215], [239], [240]. 

In addition to the general considerations discussed in the last sections, many 

additional problems, such as device swelling, thermal hardening, or large thermal 

expansion, continue to exist, which may lead to poor performance of printed, 

electronic devices. It is necessary to address these problems and issues in order to 

print multiple layers and fabricate fully printed electronic devices [109]. 

2.4 3D printing of conductors 

3D printing or additive manufacturing is the fabrication of three-dimensional parts 

using layer-by-layer material deposition on a surface. In this case, the terms can be 

used interchangeably. Also, in additive manufacturing or additive processes, the 

material is placed only where it is needed, resulting in less waste. Although 3D 

printing processes can be accomplished with inkjet and aerosol jets, the main 

challenge for these is getting the printed pattern to adhere quickly to the substrate 

despite using low-viscosity inks. Usually, conductive inks for printing 3D structures 

are produced by dispersing/blending metal nanoparticles in solvents or UV-curable 

liquids. Two approaches are most generally used: In the first approach, the process 

starts with printing dispersions of nanoparticles on heated substrates; as the solvent 

evaporates upon contact with the substrate, the metal load and viscosity increase 

considerably, and each drop is fixed simultaneously with obvious shrinkage of the 

droplets [198], [211], [219]. 

 

Figure 2. 5: Laser-based selective sintering technologies. 
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The second approach also allows actual layer-by-layer printing in the exact location; 

UV-curable inks contain monomers or oligomers (such as acrylate derivatives) and 

photoinitiators which are capable of rapid polymerization when exposed to UV light. 

The fabrication of conductive 3D patterns can be achieved using UV-curable 

compositions combined with conductive NPS [241]. In addition to these, a modified 

electrode plating process has been found to be effective for 2D and 3D printing with 

electrochemical deposition using reactive silver, copper, and nickel inks [242]. 

Electroless copper plating baths usually contain copper salts, complexing agents, 

reducing agents, and pH adjusters. During plating, metal nanoparticles on the 

substrate catalyze copper ion reduction to metal when they are in contact with the 

plating solution [243], [244].  

Recent advances in multi-material 3D and 4D printing (stimuli-influenced shape-

morphing systems) are summarized in [198], [245]–[250].  

2.5 Liquid Metals (LMs)  

New conductive ink classes, such as liquid metals (LMs), exhibit characteristics that 

are similar to traditional rigid metals and alloys, including high electrical and thermal 

conductivity (as shown in Table 2.7). LMs, however, are inherently soft and can be 

dispensed and stretched more easily than solid metals. In general, "liquid metal" is 

used to refer to metals or metal alloys with melting points close to room 

temperature. LMs are generally liquid Ga and Ga alloys [251].  

Mercury – though being probably the first LM known to humans - is excluded from 

widespread use in printed electronics due to its toxicity and is only used for very 

specialized applications, usually in lab settings [252]. 

The melting temperature of gallium-based liquid metal is around <20 °C or RT, and 

it also exhibits low toxicity and negligible vapor pressure [253]. The low melting 

temperatures and excellent conductivity of LMs ensure they are an ideal material 

for a variety of applications, such as stretchable circuits, flexible/wearable 

electronics, and soft robotics, where they need to withstand varying degrees of 

stress [254], [255]. Thus, LMs are being investigated for additive manufacturing of 

microscales, and patterning and processing of LMs are highly active research areas. 

In a liquid metal, patterns and processing can be achieved in a way impossible in 

solid metals. The technique of additive manufacturing, commonly known as "3D 

printing," is also among the most effective ways of patterning liquid metals.   
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Table 2. 7: Physical properties of common liquid metals. Reproduced from 

[99], [253] with permission from © 2012 IEEE and the Royal 

Society of Chemistry. 

Property Mercury Gallium EGaIn Galinstan 
DI water 

@ 25 °C 

Density 

(kg·m−3) 
13533 6093 6280 6440 998 

Viscosity 

(Pa·s) 
1.526 × 10−3 1.37 × 10−3 

1.99 × 

10−3 
2.4 × 10−3 1 × 10−3 

Surface tension 

(N·m−1) 
487 × 10−3 707 × 10−3 

624 × 

10−3 

534 × 10−3 

[256] 
72 × 10−3 

Specific heat  

(J kg−1·K−1) 
140 410 404 295 4183 

Thermal 

conductivity 

(W·m−1·K−1) 

8.5 29.3 26.6 16.5 0.6 

Electrical 

conductivity 

(S·m−1) 

1.04 × 106 6.73 × 106 3.4 × 106 3.46 × 106 <5 × 10−4 

Melting point 

(°C) 
−38.8 29.8 15.5 −19 0 

Boiling point (°C) 356 2205 2000 >1300 100 

Vapour pressure 

(Pa) 
1 @ 42 °C 

≈10−35 @ 

29.9 °C 
N/A 

<1.33 × 10−6 @ 

500 °C 

3169 @ 25 

°C 

 

Figure 2. 6: Conductivity comparison of different liquid metal composites. 

A:[99], [253], B:[253], C:[257], D:[258], E:[259], F:[260], 

G:[261], H:[262], I:[263], J:[264], and K:[265]. 
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Direct writing and inkjet printing are used to pattern LM instead of subtractive 

methods, later work by covering a surface and then removing material, which in the 

end results in material waste if the surface coverage of the desired material pattern 

is low. 

There are three groups of LM inks based on their forms. (1) Bulk LM ink, (2) LM 

particle-based inks, (3) Composite inks. As the name suggests, bulk LM ink consists 

of a single, continuous stream of ink containing only the LM itself. Another way is to 

use inks containing LM particles; LM particles are low in viscosity and are easily 

broken up into colloidal droplets. As long as the native oxide reforms on the 

particles, particles will not readily merge back together once they have formed. 

There is a great deal of interest in particles that can be used to catalyze or initiate 

reactions because they provide a high surface area and, at very small length scales, 

have plasmonic optical properties. Additionally, these LM nanoparticle-based inks 

maintain soft mechanical properties while replacing conventional nanoparticle-based 

polymeric or oxide inks. Particles of liquid metal can be produced by probe 

sonication, shearing, or nebulization with piezoelectric transducers. Depending on 

the different operating parameters, such as power and duration of the energy input, 

these methods yield micro/nano LM particles with different diameters and 

morphology. As a result of the stochastic breakup of the metal, the particles are 

typically polydisperse in size [266], [267]. Figure 2. 7 

Composite materials can also improve LM's printability. Figure 2. 6 shows a 

comparison of liquid metal composites based on conductivity. It is possible for LMs 

to be ideal fillers for conductive polymer composites for at least two reasons. First, 

the LMs may change a number of properties of elastomers, including dielectric 

constants, electrical conductivities, and thermal conductivities, while maintaining 

the soft, stretchable, and self-healing mechanical properties of elastomers [254], 

[268], [269]. Second, because of their shape-changing properties, LM fillers also 

show unique strain-dependent properties when the composite is deformed. Further, 

LM composites can be separated into three categories: LM composites (I) with a 

core-shell structure, (II) polymer composites, and (III) micro/nanoparticles 

composites. Printed conductors can be created with all of these materials [270]. 

2.6 Challenges printing liquid metal 

The rheological properties of liquid metals make the direct writing of LMs more 

complex than the usual extruding of viscoelastic inks. Inherently, Ga is a reactive 

material since it readily gives up electrons quickly and oxidizes to produce Ga3+, 

which is the most stable state of oxidation for Ga. Therefore, LMs are capable of 

forming a self-passivating oxide layer on top of it and covering itself [271]. As shown 

in Figure 2. 8, at the interface of this process, a native oxide is formed nearly 

instantly, typically as an amorphous or poorly crystallized film ranging from 1 to 5 

nm in thickness [80], [98]. While bulk Gallium-based LM is a water-like low, 
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viscosity Newtonian fluid, it obtains non-Newtonian rheology because of this native 

oxide layer on its surface.   

Additional to the rheology, the oxide layer also affects the LM's high surface tension. 

As a result of the surface oxide layer, LM has surface tension >500 mN·m-1 at room 

temperature [99], [272]. However, the oxide shell helps to maintain the shape of 

printed structures, even allowing for 3D freestanding arcs (discussed in Chapter 4). 

As a result of the oxide, LM also has different rheology. When there is sufficiently 

high pressure at the back to rupture the oxide layer, the metal will flow easily due 

to its low viscosity. The pressure necessary to break native oxide in ambient 

conditions is 0.2–0.6 N·m-1 multiplied by the interfacial curvature; water has an 

interfacial tension of 0.072 N·m-1. As a result, oxide-coated LMs exhibit yield stress 

behavior, the stress that must be applied to the sample before it starts to flow. A 

pressure greater than this permits injecting, spraying, smearing, and extruding of 

the metal [271], [273], [274]. 

The oxide layer can also efficiently separate LM droplets from each other, enabling 

even stacks of droplets. Without an oxide layer, these droplets quickly combine into 

larger spheres. However, when the oxide is exposed only below the critical stress, 

the LM can maintain shape, thus enabling complex printed structures. 

As shown in Figure 2. 9, as a result of the oxide layer, wetting is also more complex. 

Surfaces are not wetted by bare LMs (since they have large contact angles) except 

when interacting with metals, in which case the wetting is reactive [275]. On the 

other hand, oxide-coated LMs adhere to nearly any flat surface [272], [276]. The 

oxide layer can react and be removed by bringing acid or base vapor around, as it 

is amphoteric (a compound, molecule, or ion that can react both as an acid and as 

a base) [274], [277] While comparing HCl and NaOH, with NaOH, the etching of the 

oxide layer seems to be faster [277]. Aside from the oxide layer as the main 

influence, other factors such as interfacial behavior, segregation of LM components, 

 

Figure 2. 8: Scheme outlining the oxide layer surrounding the LM core. 
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and temperature gradients can complicate the printing of LM and fabrication of 

electronic devices [80], [278].  

2.7 Printing techniques 

To achieve specific electronic properties, not only the inks and their composition but 

also the printing processes are crucial. Printing can be divided into different 

categories based on contact or non-contact printing methods, conventional or non-

conventional techniques, and template-based or non-template-based printing 

methods [109], [114], [279]. 

There are different ink properties required for different printing methods. Therefore, 

a particular ink must be matched to a suitable printing method according to ink 

properties. Some laboratory-made inks, for instance, have a viscosity of less than 

5 cP (centipoises), and increasing the viscosity leads to a loss of the desired 

electrical properties. Inkjet printers and gravure printers can easily print this type 

of ink, but screen printers have difficulty printing it. 

On the other hand, there are some inorganic materials that can only be made into 

inks using microparticles or nanoparticles. It is common for these types of inks to 

have a high viscosity, like dielectric and conductive pastes, which are suitable only 

for screen-printing mask-based techniques to obtain thick and uniform patterns. 

These ink pastes might not be ideal for other printing methods. Other key 

parameters to consider when choosing a printing method are resolution and speed. 

Different printing methods exist and are commonly used in printed electronics, 

including screen printing, gravure printing, letterpress printing, offset printing, 

flexography printing, and inkjet printing [109], [114], [279]. In addition, techniques 

less commonly used in printed electronics, like microcontact printing or scanning 

probe lithography techniques such as dip-pen nanolithography (DPN) and fluidic 

force microscopy (FluidFM), gain rising interest as of their capabilities to deal with 

certain inks not processable by standard methods and offering higher resolution. 

 

Figure 2. 9: Effect of oxide layer on wetting and contact angle. 
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The purpose of this section is to briefly discuss some commonly used printing 

techniques. 

2.7.1 Inkjet printing 

The most widely used printing technique is inkjet printing (IJ), which is a non-

contact technique. The IJ printing process involves a computer controlling a nozzle 

to spray ink droplets, creating a digital pattern by combining them. A typical inkjet 

printer produces droplets of ink with diameters ranging from 10 to 150 μm, which 

roughly correspond to a nozzle's diameter.  

 

 

 

 

Figure 2. 10: Schematic diagram of inkjet printing. (a) Continuous mode; 

(b) DOD mode (c) Dimatix Materials Printer DMP-2850 at INT 

(d) components of cartridge. 
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IJ printing serves the following advantages over other techniques: 

 In terms of volume, the droplets are picoliters in size. In accordance with its 

non-contact nature, it enables a wide range of materials to be selectively 

deposited on a variety of substrates in a drop-by-drop manner without being 

limited by substrate properties such as roughness, brittleness, and flexibility, 

thus minimizing damage and contamination.  

 It is also suitable for prototyping for large-scale industrial production because 

it does not require a master plate.  

 Most importantly, since inkjet printing deposits ink only where it is necessary, 

it consumes little ink and wastes little material. 

There are two modes of operation for inkjet printing in principle, continuous inkjet 

(CIJ) and drop-on-demand (DOD)  [280]. The types of DOD printing include thermal 

inkjet, piezo inkjet, and electrostatic inkjet. A CIJ printer continuously produces and 

ejects charged ink droplets. During printing, an electrostatic field controls the ink 

droplets. Due to the electrostatic field, only in desired position droplets are 

deposited on the substrate, while in other places, the droplets are deflected into an 

ink catcher. In contrast, the DOD printer ejects ink droplets by a voltage pulse only 

when at desired positions, without the need for charging and deflecting droplets 

[115]. Thus, DOD printers have more straightforward inkjet heads, but CIJ printers 

have higher jetting frequencies. The working principles of these devices are depicted 

schematically in Figure 2. 10.  

The most common inkjet printer heads propel ink drops using one of two primary 

mechanisms: piezoelectric and thermal bubble propelling. Piezo inkjet systems work 

by actuating piezoelectric transducers (PZT) via voltage pulses. A phenomenon that 

is known as inverse piezoelectricity. A piezoelectric pressure transducer bends or 

changes shape when a voltage is applied; this piezo actuation generates acoustic 

waves, which propagate through the ink channel, producing droplets and forcing 

these ink droplets out of the nozzle. Commercial printing systems usually operate 

at a voltage pulse frequency of 1 to 20 kHz. On the other hand, in thermal bubble 

propelling, heat is applied by a heating element in the thermal bubble inkjet head, 

causing the ink to vaporize rapidly. As a result, a bubble forms in the chamber, 

causing pressure to increase, which propels an ink droplet out of the nozzle. In 

printed electronics, piezoelectric DOD inkjet heads are the most popular inkjet 

heads, as, during thermal inkjet printing, cyclic thermal loading can damage 

functional materials present in the ink. In contrast, piezo inkjet is an isothermal 

process. Compared to thermal inkjet, piezo inkjet uses a much more comprehensive 

range of ink solvents.  

Alternatively, but much less used, there are some other types of jet printing, such 

as electrohydrodynamic jet printing and aerosol jet printing. The aerosol jet printing 
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process involves spraying an aerosol stream onto a substrate at high velocity. 

Electrohydrodynamic Jet Printing creates a flow of ink through a fine nozzle onto a 

surface using an electric field.  

Printing with inkjet is digital printing, as it is not necessary to use a mask, master, 

or template plate. An image for printing is stored digitally on a computer. A digital 

image can be created and edited using software provided by manufacturers of inkjet 

equipment. Inkjet printers commonly use monochrome bitmap images. Bitmap files 

consist of black pixels corresponding to the print matrix and white pixels 

corresponding to non-printed areas. The software provided with an inkjet printer 

can convert any pattern file into a monochrome bitmap digital file and further 

monochrome bitmap image into electrical pulses that propel drops of ink. It is also 

possible to manually create a pattern by setting parameters directly in the 

manufacturer's software, such as dot spacing, number of dots, line spacing, arrays, 

matrix, and layers, which may be convenient for printing simple patterns. 

It is important to take into account a number of factors when manufacturing ink for 

inkjet printing, including dynamic viscosity, surface tension, stability of the ink, and 

particle size of the components of the ink, which should be well below the nozzle 

orifice. Different printing systems and cartridges may require different parameters. 

Similarly, particle loading plays an important role in determining printing process 

stability. The following articles provide further detailed information on inkjet printing 

[280]–[287].  

It has been mentioned in the previous section that liquid metals with IJ printing 

suffer from one considerable drawback: their viscosity, surface tension, and density 

make them difficult to print using inkjet printing or any other standard direct writing 

method reaching resolutions below 10 micrometers. Hydrochloric acid (HCl)-

impregnated paper was used as orifice plate material in some attempts to print LM 

with inkjet printing [288]. In another effort, a polydimethylsiloxane (PDMS) based 

microfluidic channel filled with HCl was used as a printing head, where HCl removes 

the oxide layer of Galinstan, and continuous Galinstan droplets are ejected from the 

nozzle [289]. 

2.7.2 Stencil and contact printing 

There are several types of contact printing systems, including screen printing, offset 

printing, gravure printing, flexographic printing, micro-contact printing, 

nanoimprinting, and dry transfer printing, where the patterns originate from master 

plates.  

In particular, stencil-based printing is one of the most commonly used, low-cost, 

high-resolution printing techniques available [290], [291]. It contains a master plate 

that consists of patterned and unpatterned areas on a mesh. Usually, the screen-

printing ink is a paste; this allows for the produce thick film patterns. During 
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printing, the screen is prepared by covering it with paste, and a substrate is placed 

underneath it. The blade applies pressure to the paste-covered screen, forcing the 

paste to pass through and deposit on the substrate. Due to its viscous nature, the 

paste does not leak onto the substrate. Traditionally, screen printers use a flat 

screen and flat substrate holder. 

Stencil lithography, as shown in Figure 2. 11, uses stencils (shadow masks) with 

nanometer-sized apertures and also fabricates nanometer-scale patterns. Unlike 

conventional lithography techniques, which use resists, stencils in lithography are 

mechanically stable and self-supporting, enabling them to be moved during 

processing and reused multiple times. It involves no heat or chemical treatment of 

the substrates. For micropatterning and nanopatterning, stencils/masks are usually 

made from Si, Al, or SiN membranes, but polymer stencils/masks are also being 

developed [292], [293]. For material deposition, stencils are placed between 

substrates and sources to mask the deposition. It reproduces the aperture patterns 

on the substrate in the same manner as they appear on the stencil. Stencil 

membranes generally do not have intimate contact with substrates due to stress, 

curvature, or topography. This may be advantageous to preserving fragile 

substrates in some cases. 

 

Figure 2. 11: Resistless lithography, such as screen printing and stencil 

(shadow mask) lithography workflow. 

Another printing technique is gravure printing, which replicates patterns by 

engraving patterns onto a gravure plate. Typical gravure printer components include 

a gravure plate or roller, a doctor blading system, an ink supply unit, and an 

impression roller. First, the gravure plate is immersed in ink before printing; then, 

any excess ink is removed with the help of a doctor blading. Further printing can be 

finished by applying pressure to the gravure and ink at the same time; the ink in 

the engraving area is deposited on the substrate. A detailed description of stencil 

printing can be found here [294], [295]. 

2.7.3 Microcontact printing & Polymer Pen Lithography 

Microcontact printing is an advanced version of stamping; it involves replicating a 

microlithographic master through replica molding to make the stamp [296]. As 
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shown in Figure 2. 12a, the microcontact printing (µCP) process involves ink, a 

substrate, and a stamp, just like conventional contact printing. After the stamp has 

been soaked with ink, it comes into contact with the substrate. Ideally, the transfer 

of ink from stamp to substrate would take place only in the area of contact, which 

helps to create high-resolution patterns and structures with specified characteristics. 

However, this needs careful tuning of the aspect ratio of the patterned stamp and 

ink load, as shown in Figure 2. 12b; it can be subject to stamp collapse (large 

"empty" areas of the stamp getting in touch with the surface) or trenches in the 

stamp being completely filled with ink (thus also transferring some amount of ink 

to the substrate). The most widely used stamp material is poly(dimethylsiloxane) 

(PDMS) because it is flexible enough to make contact even on inhomogeneous or 

 

Figure 2. 12: (a) Microcontact printing process and (b) problems during 

printing such as stamp collapse and ink filling up the trenches. 
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rough surfaces and is still stiff enough to achieve patterns down to micrometers 

[297]–[299]. Sylgard 184 is a widely used commercially available PDMS that is 

cheap and easy to obtain. Also, PDMS is transparent, making it suitable for optical 

applications and for controlling processes through the eye or microscope. It is 

possible to produce PDMS stamps with pattern features with a sub-micrometer 

length.  

There are also many improvements in microcontact printing, such as Magnetic field-

assisted microcontact printing, in which the iron powder is injected into PDMS, and 

a magnetic field is applied so that homogeneous pressure is applied during the 

printing [300]. Multiplexing is another development; it is used to print different inks 

in one step, where the stamp is composed of dots or lines. This led, in particular, to 

the development of polymer pen lithography (PPL) [297], [301], which combines 

aspects of µCP and scanning probe lithography techniques. Here, a PDMS stamp 

carrying tens of thousands of individual pyramidal features is used in a µCP-like 

stamping process, but by virtue of high precision control over the stamp via the 

scanning probe lithography (SPL) printing setup, multiple controlled substrate 

contacts are enabled, allowing for a digital pattern generation and multiplexing 

[302], [303]. 

To overcome some drawbacks of PDMS for µCP – in particular low mechanical 

stability, stamps are being prepared from other polymers such as thermoplastic 

polymer blends (poly(ether-block-ester) (PEE)) [304], poly(styrene-block-

butadiene-block-styrene) (commercially available as Kraton D1102 [305]) and 

poly(styrene-block-ethylene-co-butylene-block styrene) (commercially available as 

Kraton G1652 [306]) and Polyolefin elastomers (POP). Some photocurable polymers 

are also used for the stamp by mixing poly(ethylene glycol) (PEG), poly(ethylene 

glycol) diacrylate (PEGDA), hydrogels, and agarose gel, with respective 

photoinitiators [307]. 

Detailed descriptions of microcontact printing or soft lithography can be studied here 

[307]–[310]. µCP has also been used to print LMs [311].  

2.7.4 Scanning probe lithography 

A scanning probe lithography (SPL) method uses scanning probes to pattern 

materials on the nanoscale. Several SPL methods (as shown in Figure 2. 13) have 

been developed to modify a material at the probe/surface interface. It is possible to 

categorize SPL methods by the chemical nature of the process versus the physical 

nature, such as thermal, electrical, mechanical, and diffusion-based processes, or 

by considering if SPL involves removing or adding material [41].  

A mechanical scanning probe lithography (m-SPL) is a top-down approach to nano 

machining or nano scratching. However, thermo-mechanical SPL (tm-SPL) works by 

combining heat and mechanical force. In comparison, in thermal scanning probe 



2. Printable materials and printing techniques 

_________________________________________________________________  

44 
 

lithography (t-SPL), the material is efficiently removed from the surface without 

requiring significant mechanical force. High-resolution 3D structures can also be 

created by controlling patterning depth in these techniques. With thermochemical 

scanning probe lithography (tc-SPL)] or thermochemical nanolithography (TCNL) 

[312], thermally activated chemical reactions are used on the scanning probe tips 

to alter the chemistry and phase of materials on the surface. The most common 

method of heating is using lasers that emit pulses every microsecond or silicon 

cantilevers that have integrated heaters.  

Dip-pen nanolithography (DPN) is based on diffusion, in which ink is first deposited 

on a pyramidal tip of an AFM (Atomic Force Microscopy) to further form patterns on 

a number of substrates [40], [313], [314]. When the tip comes into contact with 

the substrate, a water meniscus between the tip apex and the surface allows the 

molecules and nano-objects to diffuse from the tip to the surface. By using unique 

AFM probes with built-in heaters, thermal dip-pen lithography (t-DPN) can easily 

deposit melted solid inks into the liquid form, extending the useable range of inks 

to solids [39], [315], [316]. 

 

Figure 2. 13: Classification of SPL methods. Adapted from [41] with permission 

from Springer Nature, copyright 2014. 

In oxidation-based SPL (o-SPL), the oxidation reaction is spatially contained, and 

the scanning probe is used as the source of oxidation [317], [318]. Other names for 

o-SPL include local oxidation nanolithography, nano-oxidation, and AFM oxidation 

lithography. By applying voltages between the tip and sample apex, bias-induced 

scanning probe lithography (b-SPL) is able to confine and facilitate chemical 

reactions to deposit and grow materials on surfaces locally. In current-induced 

scanning probe lithography (c-SPL) and the high electrical fields of b-SPL, a focused 

electron current that emanates from the SPM tip is also used to create nanopatterns 
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[41], [319]. Another technique is nano-xerography process, which involves 

generating charge patterns on substrates with conductive AFMs and then immersing 

the substrates in a suspension of nanoparticles that bind to the patterns [320].  

Most of these SPL techniques are capable of patterning lines with a line width of 15 

nm and a spatial resolution of 5 nm with a high level of accuracy. One of the most 

significant advantages of SPL over other techniques, such as electron-beam 

lithography [321], is that it is a single-step process with a resolution reaching below 

10nm in particular cases [316], [319]. Other than that, SPL writing processes 

operate on 'direct write' principles, creating structures without subsequent 

development steps. It is possible to pattern a variety of materials with SPL 

techniques, including biomaterials and polymers. Detailed descriptions of scanning 

probe lithography can be studied here [39], [41], [297]. 

2.7.5 Microchannel cantilever spotting (µCS) 

Another commonly used technique for printing electronic materials is 

microcantilevers-based microchannel cantilever spotting (µCS), also referred to as 

surface patterning tool (SPT) techniques.  A device named the surface patterning 

tool (SPT) was initially developed by Eric Henderson et al. and used to deposit 

biological inks such as Cy3–streptavidin [322]. A standard SPT printing setup 

available now is the NanoeNabler system (BioForce Nanosciences, Ames, IA, USA, 

founded by Eric Henderson) [323]. As shown in Figure 2. 14, an SPT tip is composed 

of a cantilever (ink cartridge) with a split gap at the end, a reservoir on the handling 

chip, and a 1 μm deep open transportation microchannel. A sample is loaded into 

the reservoir by pouring sample solutions and dipping the cantilever end into the 

sample fluid. SPT cantilevers range 200/300 μm in length, from 10/30/60 μm in 

width, and height is 2 μm [324]. The cantilevers are also available according to the 

spot size required starting as low as 1 μm. A rectangular reservoir is located at the 

fixed end of the cantilever, which is usually 10 μm deep. A microchannel measure 

1 μm in depth and 1-15 μm in width. SPT cantilevers are mounted inclined so that 

an angle (around 12⁰) is formed between the SPT cantilevers and the substrates, 

so only the tip end is in contact with them. Once the cantilever touches the 

substrate, the ink is transferred onto the substrate. The cantilever/stage is moved 

according to the desired pattern in a controlled manner. Once the pattern is finished, 

the tip can be retracted easily.  

SPT cantilevers have also been demonstrated multiplexing; Belaubre et al. 

fabricated arrays (4 cantilevers) of 2-mm-long, 210-μm-wide, and 5-μm-thick 

cantilevers, spaced 450 μm apart for micro-spotting arrays of cyanine3-labeled 

oligonucleotides and Anti-goat IgG (rabbit) [325].  
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Figure 2. 14: Schematics of microchannel cantilever spotting (µCS) technique. 

Microchannel cantilever spotting (µCS) can be used to pattern lines and dots and 

has been used to pattern a lot of biological inks such as fluorescent/nonfluorescent 

labeled amino acid, protein, and antigen/antibody inks [326]–[332].  

The µCS (SPT-based) printing has also been used to deposit electronic materials 

such as ZnO SNW-based Schottky diodes [333], gas sensors [334], microresistors 

of AgNP ink [335], [336], and polyaniline emeraldine salt (PANI-ES) semiconductor 

ink arrays [336]. 

2.7.6 Fluidic force microscopy lithography 

The fluid force microscopy (FluidFM) lithography method is also a form of scanning 

probe lithography combining it with aspects of liquid spotting techniques [337].  

The base setup comprises an inverted light microscope equipped with hollow AFM 

cantilevers having nanofluidic channels with apertures of less than 300 nm to some 

micrometers, which allow direct printing of liquids with submicrometer sizes [338]–

[340]. As part of a FluidFM system, microchannel AFM probes are directly coupled 

with a closed fluid circuit, acting as an "infinite reservoir." It is possible to use the 

system in liquid, and soluble molecules can be ejected from the internal solution 

through the pyramid aperture by applying pressure; meanwhile, the force feedback 

regulates the contact with the substrate. When a tip approaches a substrate, it can 

be controlled to a very localized modification of surfaces with the sensitive force 

feedback of AFM. In experiments measuring single-cell adhesion (where the cell is 

fixed to the cantilever by applying negative pressure), a larger diameter is helpful, 

while a smaller diameter offers better opportunities for nanolithography and 

handling sub-micron objects. With pN and nm precision, the tip is able to approach 

the substrate more precisely and handle volumes more consistently [337].  

Applications of FluidFM include injecting liquids into or sampling them from cells, 

dispensing proteins on a surface in a liquid environment, manipulating mammalian 
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cells [341] or single-cell manipulations [342], nanolithography, and spotting [339], 

[343]. 

Relevant to my thesis, FluidFM has been used to enable localized electroplating in 

3D printing using nanochannel cantilevers. Figure 2. 14 illustrates the 

electrochemical deposition setup, consisting of an electrochemical cell containing a 

silver quasi-reference electrode and a platinum counter electrode, as well as a 

FluidFM cantilever (inset). FluidFM probes are filled with a metal salt solution and 

the flow of this solution is controlled by a pressure controller from the reservoir in 

the probe to the aperture of the cantilever. The FluidFM probe tip works as a local 

source of metal ions. A potentiostat polarizes the substrate, reducing the metal ions 

locally under the probe. The metal ions exiting the aperture of the FluidFM tip are 

reduced by a sufficient cathodic potential, resulting in localized electroplating, and 

 

Figure 2. 15: FluidFM-based additive manufacturing (3D metal printing) that 

does not need post-processing steps. FluidFM cantilever 

(inset). Here CE: Counter Electrode, RE: Reference 

Electrode, and WE: Working Electrode. 



2. Printable materials and printing techniques 

_________________________________________________________________  

48 
 

metal ion diffusion defines the deposit size. All of these components are automated 

and synchronized with each other and offer 3D metal printing on the nanoscale  

[244]. Detailed descriptions and applications of fluidic force microscopy-based 

lithography can be studied here [244], [338]. 

2.7.7 Summary and comparison of printing methods 

Table 2. 8 and Figure 2. 16 represent key properties and parameters of different 

printing methods. In general, compared to other printing techniques, inkjet or direct 

writing methods have good resolution and offer less material wastage. However, the 

printing setup can be used according to the demand of structure and feature sizes 

required. 

Table 2. 8: Comparison of different printing methods [114], [233], [344]. 

  

Printing 

technique 
Inkjet Screen Gravure Offset 

Flexograp

hy 

Image Carrier Digital Stencil 
Engraved 

Cylinder 
Flat 

Polymer 

Plates 

Printing Speed 

(in m·min-1) 
15-500 10-15 100-1000 100-900 100-700 

Resolution 

(lines per cm) 
60-250 50 20-400 100-200 60 

Layer Thickness 

(in µm) 
0.05-20 0.015-100 0.1-8 0.5-2 0.04-2.5 

Feature Size 

(in µm) 
20-50 20-100 70-80 10-50 80 

Maximum 

particle size 

 

up to 1/100th 

of the nozzle 

diameter 

up to 1/10th of 

the mesh 

opening  

<15 μm,   <10 μm,  
<15 μm, 

preferably   

Preferable 

Particle Size 

 

<50 nm <100 nm <3 μm <1 μm <3 μm 

Solids loading 

(wt%) 

 

<20  <90  <30   <90   <40   

Surface tension 

(mN·m−1) 
25–50  30–50  41–44  30–37  28–38  

Ink viscosity 

(Pa·s) 
0.001–0.05 0.1-1000 0.01–2 20–100 0.01–2 
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Figure 2. 16: Comparison of different printing methods. 

Other direct-write methods of printing liquid metals can be studied here [345]. 
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3. Printed devices  
Various inorganic and organic structures of various dimensions and materials have 

been printed with the different printing techniques described in the previous chapter 

to create fully functional electronic devices. Due to their potential for high throughput 

and cost-effective production, fully printed devices have received increasing attention 

in recent years. This chapter discusses device structure, working, and characteristics 

of p-n diodes, transistors, and microheaters. 

3.1 p-n diode 

For understanding other semiconductor devices and designing modern electronic 

applications, study of p-n diodes are of great significance. A p-n junction diode is a 

two-terminal semiconductor device that allows the electric current in only one 

direction while blocking the electric current in the opposite or reverse direction. These 

p–n junctions are essential for semiconductor electronic devices and building blocks 

of diodes, transistors, and integrated circuits. Figure 3. 1 represents the circuit 

symbol of the p-n junction diode. 

 

Figure 3. 1: (a) The circuit symbol, where the triangle corresponds to the p 

side. (b) Physical diode orientation indicating the cathode. 

3.1.1 Device structure of p-n diodes 

A diode with a p-n junction is an interface between p-type and n-type semiconductor 

materials (also shown in Figure 3. 2). It depends on the relative voltages of the two 

semiconductor regions whether a junction between two semiconductors (p-doped and 

n-doped) is relatively conductive or depleted of charge carriers, resulting in a non-

conductive channel. 

 

Figure 3. 2: A p–n junction. 
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These non-conductive layers can be manipulated to form diodes, allowing current to 

flow in one direction but not the opposite. 

3.1.2 Working of p-n junction diode 

A diode with its p- and n-terminals connected would exhibit zero voltage across the 

diode, and there would be no current flowing. This state with no external voltage 

applied is called a zero-bias state. However, adding an external potential to the p-n 

 

Figure 3. 3: (a) A p-n junction at zero bias and formation of the depletion 

region. (b) Energy band diagram of a p-n junction in zero bias 

state under thermal equilibrium. 

 

(a)

(b)

Ec
Ef

EV

Energy

p-type n-type

Holes

Electrons
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junction terminals will alter the potential between the p- and n-regions. If an external 

voltage is applied to a p-n junction semiconductor diode, it is called biasing. A p-n 

junction can use this potential difference as an opportunity for electrons and holes to 

diffuse, resulting in a one-directional current flow, which is the defining characteristic 

of a diode. A p-n junction diode can be biased with an external voltage in one of two 

ways: forward biasing or reverse biasing.  

Zero bias 

It is called a zero (unbiased) bias p-n junction when no external voltage is applied.  

Depletion region 

Overall, there are three layers in the p-n junction: a neutral n-layer, a neutral p-

layer, and a depletion layer in the middle. On the n-side, which is rich in free 

electrons, electrons constitute the majority carriers, and holes are the minority 

carriers. On the p-side, holes constitute the dominant and are the majority carriers. 

Nevertheless, it also has a few electrons generated by thermal processes, which are 

referred to as minority carriers. While approaching the junction, a region without free 

charge carriers exists, this region is known as the depletion layer, and it acts as an 

insulator. As shown in Figure 3. 3, the energy band diagram, in the depletion layer, 

EF is neither close to EV nor EC. Any material interface containing two dissimilar 

materials (in our case, p-n junction) has a built-in potential; this voltage differential 

is referred to as the built-in potential, which is difficult to detect directly. Under zero 

bias conditions, there is no change in the depletion layer. 

Forward bias 

Forward-biased p-n junction diodes allow electric current when voltage is applied to 

them. As shown in Figure 3. 4, in a forward-biased p-n junction diode, the positive 

terminal of the battery (or voltage/current source) is connected to the p-type 

semiconductor material, while its negative terminal is connected to the n-type 

semiconductor material.  

P-n junctions contain anodes (positive terminal), positively charged electrodes, or 

conductors that supply holes to the p-n junction. These positive charge carriers 

(holes) are generated at the anode terminal and travel to the cathode terminal via 

the diode. At the other end, the cathode is the negatively charged electrode or 

conductor that supplies the junction with free electrons. Alternatively, the cathode or 

negative terminal is the source of free electrons; they start at the cathode and travel 

through the diode to the anode terminal. The anode or positive terminals attract free 

electrons, whereas the cathode or negative terminals attract holes.  By applying an 

external forward voltage to a p-n junction diode or gradually increasing its voltage 

(e.g., from zero to 0.1 volts), the depletion region is reduced slightly. This allows for 

a minimal (usually regarded as negligible) current without practical use. Further 

increasing the voltage applied to the p-n junction diode generates more electrons 
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and holes for the diode to function. Consequently, the depletion region (positive and 

negative ions) is further reduced by a large number of free electrons and holes. Now, 

the p-n junction diode thus produces a higher electric current. In other words, the 

depletion region of a p-n junction diode shrinks as voltage increases. Therefore, as 

voltage increases, the p-n junction diode generates more current. This current is 

primarily because of recombination, a mechanism of bringing together oppositely 

charged carriers (electrons and holes) and annihilation. 

 

Figure 3. 4: A p-n junction at zero bias, forward bias, and reverse bias. W0, 

Wf, and Wr represent the width of the depletion region, 

respectively. I is current. V, V f, and Vr represent the applied 

voltage, respectively. 
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Reverse Bias 

As shown in Figure 3. 4, during reverse-biased p-n junction diodes, the electric 

current is blocked when a voltage is applied. Here, the battery (or voltage/current 

source) positive terminals are connected to the semiconductor n-type materials side, 

while battery negative terminals are connected to the semiconductor p-type materials 

side. In this case, when an external voltage is applied, holes from the p-side are 

attracted towards the negative terminal, whereas free electrons from the n-side are 

attracted toward the positive terminal.  

When a reverse-biased voltage is applied to the p-n junction diode, it further pulls 

away more electrons and holes from the diode. As a result, the width of the depletion 

region increases with an increase in voltage. These reverse-biased p-n junction 

diodes have a broad depletion region that completely blocks most charge carriers, 

thus, electric current. Despite this, the p-n junction diode allows minority charge 

carriers to flow. Positive terminals of batteries push holes toward p-type 

semiconductors, and negative terminals push electrons toward n-type 

semiconductors. In this situation, both holes and electrons are minority carriers. 

As positive charge carriers (holes) cross the p-n junction, they are attracted to the 

battery's negative terminal. Conversely, negatively charged carriers (free electrons) 

are attracted to the battery's positive terminal. So reverse-biased p-n junction diodes 

can still carry a minimal (usually considered negligible) electric current through these 

minority charge carriers. Table 3. 1 shows the differences between forward and 

reverse biased p-n diode.  

 

 

 

Table 3. 1: Comparison of forward and reverse biased p-n diode. 

 

Parameter Forward bias Reverse bias 

Connection 

Positive terminal of battery 

is connected to p-type and 

negative terminal to n-type 

semiconductor 

Positive terminal of battery is 

connected to n-type and 

negative terminal to p-type 

semiconductor 

Symbol 
  

Barrier Potential  Reduces Strengthen 

Resistance Low High 

The ideal diode 

behaves as a 

device with   

Zero resistance Infinite resistance 

Depletion layer Narrows Widen 
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3.1.3 V-I characteristics of p-n junction diode 

Sah, Noyce, Shockley, and Moll extended Shockley's basic theory of the current-

voltage characteristics of p-n junctions [346]. In the forward direction, p-n junctions 

can conduct considerable current because of their reduced resistance, but almost no 

current in reverse. 

The current through the p-n junction is expressed as: 

I = Is (e
qV

NkT − 1) 

Where:  

I: total current flows through the p-n junction,  

Is: reverse saturation current (typically around 10-12 A), 

q: charge of an electron,  

V: voltage applied across the p-n junction,  

N: Nonideality or emission coefficient, 

k: Boltzmann constant, and  

T: temperature (in Kelvin). 

The value 
kT

q
 is usually also noted as VT, which is thermal voltage (within the p-n 

diode junction) usually generated by the action of temperature. Reverse saturation 

current (Is) is generated due to the diffusive flow of minority electrons from the p-

side to the n-side and the minority holes from the n-side to the p-side). In the case 

of positive V, the junction is forward-biased, while in the case of negative V, the 

junction is reverse-biased. There is minimal current when V is negative and V < Vth. 

When V exceeds Vth, the current becomes extremely high; this voltage Vth is called 

cut-in voltage, threshold voltage, or knee voltage. Vth for silicon diodes is 0.6 V. Also, 

a sudden increase in reverse current occurs in the reverse voltage region; this area 

is called the breakdown region. Figure 3. 5a and b show the I-V characteristics of an 

ideal and real p-n diode, respectively. 

The characteristic I-V curve consists of three distinct regions: 

1. Forward-bias region (V > 0), 

2. Reverse-bias region (V < 0), 

3. Breakdown region (V < −Vb). 

The following sections describe each of these regions. 

Forward I-V characteristics of the p-n diode 

To overcome the depletion region, a minimum voltage threshold is needed; this 

voltage is known as the forward voltage. During the operation of a p-n diode, only a 

small electric current can pass through with a small external voltage, which is 

considered negligible. Whenever a p-n junction diode reaches a certain voltage, a 

large electric current can flow through it. Upon reaching this point, the electrical 

(3.1) 
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current increases rapidly with a small increase in voltage. This is called cut-in voltage, 

which indicates a point where a diode begins to allow large currents. 

Reverse I-V characteristics of the p-n diode 

An increase in reverse voltage applied to the p-n junction diode will result in electrons 

leaving the n-type semiconductor and holes leaving the p-type semiconductor far 

from the p-n junction. As a result, the depletion region becomes wider. Due to the 

wide depletion region, the majority of charge carrier current cannot flow through the 

reverse-biased p-n junction diode. Minority carriers, however, can pass through it. A 

current is carried by electrons (minority carriers) in p-type semiconductor and holes 

(also minority carriers) in n-type semiconductors. This current generated from these 

minority carriers is called reverse current.  

A very small number of minority charge carriers exist in n-type and p-type 

semiconductors. Therefore, a small voltage applied to the diode will induce all the 

minority carriers to approach the junction. As a result, the electric current does not 

increase with an increase in external voltage. It is known as reverse saturation 

current. The reverse saturation current is produced when the electric current reaches 

its maximum level at a voltage, and further increases in voltage do not increase the 

current. Temperature affects the reverse saturation current. Increasing temperatures 

result in more minority charge carriers being generated; as a result, the reverse 

current also increases with temperature. 

In contrast, reverse saturation currents are independent of reverse voltages. With an 

increase in voltage, the reverse saturation current remains constant. However, a 

continuous increase in voltage (even after saturation) will result in a breakdown of 

the junction and lead to a rapid increase in reverse current, as shown in Figure 3. 5b. 

 

Figure 3. 5: I–V characteristic of the p-n diode. (a) Shows the ideal I–V 

characteristics. (b) I-V characteristics of the real p-n junction 
diode. 

I

V

(a) (b) I

V
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3.1.4 Depletion region breakdown 

Depletion region breakdown occurs when a depletion region at the p-n junction is 

destroyed, and a large reverse current starts flowing. The breakdown voltage is 

defined as the voltage or point at which a junction breaks down, which depends on 

the width of the depletion region. In other words, p-n junction diodes with wide 

depletion regions have high breakdown voltages, and p-n junction diodes with narrow 

depletion regions have low breakdown voltages. Depletion regions or junctions can 

break down in two different ways: Avalanche breakdown (because of the collision of 

free electrons with atoms) and Zener breakdown (because of the high electric field 

generated) [347]. 

For device architecture, working, and I-V characteristics of p-n diodes, the following 

books can be referred to [348], [349]. The next section describes the classification 

of transistors, in particular, the design, working, and characteristics of field-effect 

transistors (FETs). 

3.2 Field-Effect Transistors 

A transistor is an electronic device that controls electrons' movement (or, more 

generally, controls charge carriers) and amplifies or switches the flow of current or 

electrical signals and power. John Bardeen, William Shockley, and Walter Brattain 

are credited with the invention of the transistor, which was first successfully 

demonstrated at Bell Laboratories in New Jersey on December 23, 1947 [350], [351]. 

Compared with vacuum tubes, which were used to amplify electronic signals before, 

transistors consume less power, are less expensive, smaller, lighter, more efficient, 

require less voltage to operate, produce less heat and have a higher physical 

resilience than vacuum tubes. 

3.2.1 Classification of transistors 

According to the type of charge transport carrier, transistors can be classified as 

unipolar, bipolar, or ambipolar. FETs, or unipolar transistors, use either electrons (in 

an n-channel FET) or holes (in a p-channel FET) to conduct electric current, whereas 

bipolar junction transistors (BJTs) use both electrons and holes. Compared to BJTs, 

FETs have much higher current gains. FETs are voltage-controlled devices, while BJTs 

are current-controlled devices. In general, FETs are divided into two categories: (I) 

Junction-gate devices and (II) insulated-gate devices (IGFETs), in which metal oxide 

semiconductor FETs (MOSFETs) are the most commonly used for logic circuits. 
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Figure 3. 6: Classification of transistors. 

Devices with insulated gates or MOSFETs can be further subdivided based on their 

channel configuration: n-type or p-type channel. Whether the transistor is ON or OFF 

state at zero gate voltage depends on the channel type, with n-channel and p-channel 

MOSFETs operating in enhancement and depletion modes, respectively. Depletion-

mode MOSFETs (discussed intensively in the next section) are in OFF-state with zero 

gate voltage, while enhancement-mode MOSFETs are in ON-state with zero gate 

voltage. Figure 3. 6 summarizes all types and working modes of transistors. A 

representative transfer characteristic curve for p-type, n-type, and ambipolar 

transistors is shown in Figure 3. 7. 

 

Figure 3. 7: Typical transfer characteristics of (a) n-type, (b) p-type, and (c) 

ambipolar transistor. 
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3.2.2 Device structure of printed FETs 

Printed FETs are similar to conventional transistors, which consist of a source 

electrode, a drain electrode, a gate electrode, as well as an active semiconductor 

channel layer, and a dielectric layer. There are three types of terminals in the 

channel: source (S), drain (D), and gate (G).  

Carriers enter through the source and exit at the drain; the gate is where conductivity 

in the channel is modulated. Gate electrodes can be either metal or a conducting 

polymer, whereas source/drain electrodes are mostly metal contacts. The 

semiconductor channel is connected to the source and drain terminals through ohmic 

contacts. 

The name of each terminal corresponds to its function. In this context, the gate 

terminal is similar to a physical gate that opens and controls some flow, allowing 

electrons to pass through or blocking them out by creating or eliminating a conductive 

channel between the source and drain. As an important part of FET, the active 

channel semiconductor transports charge carriers (electrons or holes) from the 

source to the drain, and this process can be controlled by applying a voltage to the 

 

Figure 3. 8: Basic layer structures of printed FET: (a) bottom‐gate; (b) top‐
gate; (c) side‐gate; (d) liquid‐gate. 
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gate. As shown in Figure 3. 8, four different types of transistor structures can be 

distinguished based on the location of the gate electrode. 

It is also possible to divide FETs into organic and inorganic types or p-channel and n-

channel types, depending on the semiconductor materials used. As discussed in 

chapter 2, the advantages of inorganic FETs compared to OFETs are high field-effect 

mobilities of more than 100 cm2·V·s−1 [117], and high environmental stability such 

as thermal and long-term stability in air. 

It is possible to deposit the layers of printed FETs with solution processes (spin 

coatings, drop castings, etc.) or with vacuum processes (thermal evaporation). 

Source/drain electrodes must be in contact with the semiconductor layer, and the 

dielectric layer (also called gate dielectric) must be in contact with the gate electrode. 

3.2.3 Electrolyte-gated FETs 

One of the major challenges with printed FETs is lowering their operating voltage. 

When efforts to decrease the voltage by printing traditional insulating materials inks 

such as silicon dioxide, polymeric insulators, and even high-κ dielectrics yielded 

limited success, electrolytic gating emerged as a useful alternative. An electrolyte-

gated FET operates in a capacitive mode, taking advantage of the high capacitance 

of the electrical double layer at the electrolyte–semiconductor interface. The 

electrolyte layer (a solid or liquid layer) is situated between the semiconductor and 

the gate, which modulates the conductivity in the semiconducting channel. 

 

Figure 3. 9: An electrolyte-gated organic field-effect transistor. 
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There is a principal reason for using electrolyte gating in printed FETs since they have 

a large capacitance (C) in comparison to dielectrics with high-k values, and it 

improves the field-effect mobility and the drain current (IDS∝Ci, explained in the next 

section) due to the improved surface interface between the gate-dielectric material 

and the semiconductor, which offers high transconductance; as a result, same 

amplification can be achieved at comparatively smaller voltage, and also offers better 

switching. Besides offering low source and drain contact resistances, electrolyte 

gating also offers the high potential to enable new device architectures because 

electrolytes are easily solution processable and printable. Besides that, a 

disadvantage of electrolyte-gated FETs (EGFETs, sometimes also referred to as EGTs) 

is that they can also have high parasitic capacitances (also called overlap 

capacitances) as well as high leak currents between the gate and source, which 

reduces the switching speeds and increases power consumption [142], [352]. 

As shown in Figure 3. 9, in the EGFET, the gate dielectric is an electrolyte material 

(materials are further discussed in chapter 2), either liquid, solid, or semi-solid, e.g., 

a salt suspended in a polymeric matrix, an ionic liquid, or ionic gel [353]. The gate 

electrode is immersed in this electrolytic solution, the source and drain electrodes 

are in contact with the semiconductor, and the channel in the semiconductor forms 

between the two contacts [142]. 

As shown in Figure 3. 10, electrolyte-gated FETs (EGFETs) can be printed with top-

gate geometry or in-plane (displaced-gate) geometry. In-plane gate architecture 

refers to a gate that is printed in the same plane as the channel, and the channel is 

modulated by an electric field laterally. Only electrolyte gating allows such displaced-

gate geometry since the gate does not need not be vertically aligned with the 

channel. However, in-plane geometry also has a significant disadvantage during 

 

Figure 3. 10: Schematics of EGFETs (a) in-plane gate (also called displaced-

gate) and (b) top gate configuration. 
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operation, as it will require long migration distances for ions to accumulate at the 

electrolyte–channel interface upon application of a gate voltage [142]. 

On the other hand, in top gate geometry, the gate is directly printed on top of the 

dielectric layer, which can be an electrolyte. Here, the top-gate structure eliminates 

the need for ions to migrate. EGFETs may also be faster and more efficient with this 

geometry because it improves the electrostatic coupling between the gate electrode 

and the channel. 

3.2.4 Transistor operation and characteristics 

A standard MOSFET model can describe the operation mode of both normal printed 

FETs and EGFETs. A schematic illustration of an enhancement-mode FET with an n-

type channel can be seen in Figure 3. 11, where S, D, and G again represent the 

source, drain, and gate electrodes, respectively. Source and drain regions are formed 

with n‐doping (N+). In order to isolate the doping channel from the gate electrode, 

a thin layer of silicon dioxide is deposited on top of the channel.  

During the operation of a FET, two potentials are applied at the gate electrode and 

the drain electrode, while the source electrode is grounded.  

 

Figure 3. 11: Schematic diagram of the working principle of an n-type MOSFET 

in different bias conditions. (a) Cross-section view (without 

gate voltage). MOSFET is driven by gate voltage: (b) Triode 
region, (c) Channel pinch-off region, and (d) Saturation region. 
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When no voltage is applied to the gate of an n-channel enhancement mode transistor, 

no conductive channel exists, and a positive gate-to-source voltage bias will be 

needed to create a conductive channel. So, when a positive gate‐source voltage (VGS) 

is applied, an electron inversion layer is formed at the insulating oxide-semiconductor 

interface. At this point, it can be explained as two capacitors working in series: the 

gate oxide capacitor and the depletion-region capacitor. As the gate voltage 

increases, electrons are attracted by the positive voltage and accumulate near the 

gate to counteract the doping ions. A depletion region is formed when the gate 

voltage reaches a certain value; this voltage is known as the threshold voltage.  

The greater the gate-source voltage, the more electrons are attracted to the gate, 

establishing a conductive channel between the source and the drain; this 

phenomenon is known as inversion. A threshold voltage (Vth) is required to form an 

inversion layer at the interface. At a lower gate-source voltage, even though the 

source and drain electrodes are connected by a voltage, no current flows from the 

source to the drain. Only upon exceeding the threshold voltage the gate voltage will 

cause an inversion layer to form beneath the dielectric layer, thus creating a 

conduction channel for electrons. In this case, electrons will flow from the source 

electrode to the drain electrode due to the voltage applied to the source/drain 

electrode. The gate voltage affects the channel thickness, which in turn determines 

the source/drain current. When the gate voltage is increased, the current increases. 

This phenomenon (source/drain current is amplified from the signal voltage input to 

the gate electrode) is called amplification, where even relatively small gate voltage 

changes can control comparably large currents between source/drain. 

In some applications, such as FET amplifiers, an external resistor RL (load) is 

connected, which causes voltage amplification, and transistors are often used as 

amplifiers. When the external load is a small resistor, transistor circuits can be used 

as current amplifiers, whereas when the external load is a large resistor, voltage 

amplification can be achieved. 

Parameters 

Charge carrier mobility  

There are two charge carriers in a semiconductor: negatively charged electrons and 

positively charged holes, these are the majority carriers in n‐type and p‐type 

semiconductors, respectively, and their opposites are called minority carriers.  

These carriers move as a result of two factors: the electric field and the concentration 

gradient. Electric-field-induced carrier movements are called drift, while 

concentration gradient-induced movements are called diffusion. Applied electric fields 

cause carriers to drift in semiconductor materials. The charge carrier mobility is 

usually represented as μp (hole mobility) and μn (electron mobility), and the unit is 

cm2·V·s-1 (SI unit: m2·V·s-1). It is crucial to consider these parameters when selecting 
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semiconductor materials for printed FETs. As mobility defines the ability of the carrier 

(electron or hole) to move into the channel, higher mobilities also provide high speed 

of carriers with minimal scattering (reducing the heat dissipation), and more currents 

flow if we have higher mobility, in the end, it provides high operating speeds. 

Output characteristics 

Primarily, MOSFET I-V characteristics are described by (I) output characteristics and 

(II) transfer characteristics. Each curve in Figure 3. 12a shows the drain-source 

current IDS with respect to the drain-source voltage VDS (each curve is measured at 

a fixed gate-source voltage VGS); this type of measurement is known as an output 

curve. In a transfer curve (Figure 3. 12b), the drain-source current IDS is plotted with 

respect to gate-source voltage VGS for a fixed VDS. Like standard FETs, the printed 

FETs also are described according to their operation in the cut-off, the linear or the 

saturation regions of their output curve.  

When VDS <|VGS - Vth|, as shown in Figure 3. 12c, it is in the linear regime; here, the 

drain current increases linearly with the drain-source voltage. Under this regime, the 

device acts as a voltage-controlled variable resistor. When VGS approaches VDS, the 

shape of the conduction channel changes because of the two interacting potentials, 

and this transition depends on threshold voltage magnitude.  This critical point is 

shown in Figure 3. 12d, where VDS =|VGS - Vth|, resulting in a depletion of free carriers 

near the drain electrode, resulting in a pinch-off of the channel. As VDS increases, 

competing effects force charges from source to drain, and a growing depletion zone 

near the drain leads to ID saturation, as shown in Figure 3. 12e. Reaching this 

saturation, the current cannot grow any further. 

Drain current (IDS) 

 The drain-source current IDS can be gives as [354]: 

IDS = μFETCOX

W

L
[(VGS − Vth)VDS −

1

2
VDS

2 ] 

This equation, 3.2, holds true for a small VDS ≤ VGS − Vth (also called triode region). 

If in equation 3.2, VDS << (VGS − Vth), mathematically, it can be seen that 
1

2
VDS

2  is 

negligible, so we have IDS for the linear region as: 

IDS = μFETCOX

W

L
(VGS − Vth)VDS 

So for small VDS, the drain current is a linear function of VDS.  

 

And the peak current can be given by: 

IDS =
1

2
μFETCOX

W

L
(VGS − VTH)2 

(3.2) 

(3.3) 

(3.4) 
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The length of the channel gradually decreases as the potential difference between 

the gate and the drain decreases. In other words, in (3.2), L is, in fact, a function of 

VDS. This effect is called "channel-length modulation" [354]. 

ΔL = L −  L′ 

assuming a first-order relationship as 
ΔL

L
 =  λ · VDS (from [354]), the current IDS in 

equations 3.2 and 3.4 can be represented as: 

 

Figure 3. 12: Typical I-V characteristics of the n-type MOSFET. (a) Output 

curve. (b) Transfer curve. (c) triode, (d) pinch-off, (e) 

saturation regions of output characteristics curve. 
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IDS = μFETCOX

W

L
[(VGS − Vth)VDS −

1

2
VDS

2 ] · (1 + λVDS) 

And  

IDS =
1

2
μFETCOX

W

L
(VGS − VTH)2 · (1 + λVDS) 

In a p‐channel MOSFET, applied voltage polarities and current directions will be 

reversed. For PMOS devices, equations 3.2 and 3.4 can be written with a negative 

sign. 

If one knows the drain current, gate voltage, threshold voltage, channel width, 

channel length, and device capacitance of printed FETs, one can calculate the 

effective mobility from equations 3.2 and 3.4.  

When a printed FET is operating in the saturation region, parasitic capacitance may 

appear, overestimating mobility. There is a difference in the mobility of a printed FET 

in a linear and saturation region, and effective mobility in saturation region is 

generally higher [109]. For this reason, in printed FETs, equation (3.3) is usually 

used in order to avoid overestimating mobility.  

And field-effect mobility for the linear region is: 

μFET = (
dIDS

dVGS
)

L

WCOXVDS
 

Which gives effective mobility according to the slope of the transfer curve (
dIDS

dVGS
). 

When the semiconductor layer is printed with solution-processed inks, the transfer 

curve may not reflect the true characteristics of the semiconductor layer inside the 

channel because the semiconductor layer is not confined inside the channel. In 

addition to movement inside the channel, carriers can move outside of it as well. To 

avoid these overestimations, the semiconductor material must be printed so that it 

is confined in the channel. 

Threshold voltage (Vth)  

Vth stands for threshold voltage, or the voltage at which the conducting channel of 

the FET just begins to connect the transistor's source and drain. In other words, it is 

a voltage required to switch the device ON and function in linear and saturation 

regimes. Vth can be derived from the linear region of the IDS vs. VGS curve at small 

drain voltages (VDS<<VGS−Vth), which is the voltage when extrapolating the curve to 

IDS =0. Alternatively, as shown in Figure 3. 13, the threshold voltage can be extracted 

from the graph √IDS vs. VGS. 

In semiconductor physics, the Vth of an NFET is usually defined as:  

Vth =
√4qϵSiNSubΦF

COX
 + VFB + 2ΦF 

(3.7) 

(3.8) 

(3.5) 

(3.6) 
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Here ΦF =
kT

q
ln (

NSub

Ni
) 

where  

q: is the electron charge, 

ϵSi: the dielectric constant of silicon, 

k: Boltzmann's constant, 

T: operating temperature (in K), 

NSub: doping density of the substrate, 

Ni: density of electrons in undoped silicon, 

COX: gate-oxide capacitance per unit area, and  

VFB: Flat band voltage, which equals to the difference between the work functions of 

metal and semiconductor. (VFB = ΦMS = ΦM − ΦS). 

Also √4qϵsiNsubΦF is the charge in the depletion region, sometimes also represented 

as Qdep. We can also observe that the work function difference at every interface 

(ΦMS) plays a crucial role in increasing the threshold voltage. 

 

Figure 3. 13: The √IDS vs. VGS curve for threshold voltage (Vth) value extraction. 

It is also possible to reduce the Vth by using a high capacitance gate dielectric (see 

equation 3.8). In addition, electron or hole doping can be used to tune Vth, as well as 

alter the ratio between channel width and channel length. Because of the trapped 

charge in the thin semiconducting film, the threshold voltage of solution-processed 

printed FET is normally high. Adsorption or immobilization of chemicals or biological 

molecules on semiconducting materials will also change the threshold voltage of 

FETs, enabling printed FETs to be used as sensors [355]–[358]. 

 

 

(3.9) 
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Leakage current  

The current flowing through the insulated path or the dielectric layer (the gate 

current) is the leakage current, usually a very small current. In other words, "leaks" 

between the drain and source (D/S) of a FET when the device is OFF (at VGS = 0).  

Subthreshold swing (SS) 

Increasing the gate voltage increases the drain current exponentially in the 

subthreshold region; also, the logarithmic drain current (IDS) and gate voltage exhibit 

a linear relation. The slope of this curve (as shown in Figure 3. 14) is known as the 

subthreshold slope. The OFF-to-ON inversion in FET is faster when the subthreshold 

slope is steeper. Generally, subthreshold swing (SS) represents the maximum 

subthreshold slope.  

 

Figure 3. 14: Log IDS vs. VGS curve to estimate the SS, ION, and IOFF. 

ON/OFF current ratio (ION/IOFF) 

This is defined as the ratio between drain currents in a saturation region (ION) and 

drain currents at zero gate voltages (IOFF) with fixed source-drain voltages. At 

constant VDS, ION is IDS at the highest VGS, and IOFF is ID at the lowest VGS. In other 

words, the cut-off region can be considered as OFF (without any channel formation), 

and when a channel is formed between the source and drain (in the other two regions, 

liner and saturation), it can be called ON. Also, to understand with threshold voltage 

and gate voltage: IOFF is when VGS<Vth and ION at VGS>Vth. 

As shown in Figure 3. 14, the graph IDS (log scale) vs VGS at the maximum VDS gives 

the subthreshold slope, ON-current (ION) and OFF-current (IOFF). The IOFF is the 

minimum, and the ION is the maximum current value. In order to operate efficiently, 

transistors must have a high ON/OFF ratio and a low operating voltage. 

Hysteresis  

A typical hysteresis can be seen in transfer curves (also shown in Figure 3. 15) that 

do not exhibit the same characteristics as forward and backward switching of bias 
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voltage. Hysteresis behaviour increases with lower sweeping gate frequencies, 

indicating that slow-moving charge species cause hysteresis [109]. 

In printed transistors, hysteresis is mainly caused by absorbents like oxygen, water, 

and other impurities. Hence, impurities in the active layer and dielectric layer can be 

removed to eliminate or decrease hysteresis. Dielectric materials with high 

capacitance, such as ion gel and hybrid nanomaterials, can effectively eliminate or 

reduce hysteresis.  

 

Figure 3. 15: Schematic transfer characteristics (log IDS vs. VGS) show hysteresis 

for n-type FET. 

Transconductance (gm) 

For a MOSFET, transconductance gm is defined as the ratio of change in drain current 

caused by a small gate voltage change with keeping the source-drain voltage (VDS) 

constant; gm is defined as: 

gm =
ΔIOutput

ΔVInput
 =

ΔIDS

ΔVGS
 

Operating voltage 

An operating voltage is a voltage necessary to make a printed FET switch ON from 

an OFF state. The operating voltage should be low to reduce power consumption. The 

operating voltage can be significantly reduced by using a gate dielectric with high 

capacitance.  

Device capacitance  

The following equation can calculate gate dielectric capacitance: 

CG =
ε0εr

d
 

Dielectric materials with high-k values, such as aluminum oxide or hafnium oxide 

(also their composite materials) or thinner dielectric layers, can be used to increase 

the capacitance. It is also possible to achieve high capacitance with thick ion gel 

(3.10) 

(3.11) 
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dielectric layers (the high polarization is obtained due to the transference of ions in 

the dielectric layer as the voltage is applied). It also reduces the operating voltage 

significantly.  

Stability 

It represents FET sensitivity to oxygen, water, light, or other environmental and 

operational factors. Printed FETs with organic materials are not stable in their 

ambient state, whereas inorganic printed FETs based on metal oxides or all other 

components are more stable.  

3.2.5 Effect of printed layers and their interface in FET 

Other than the charge carrier mobility of the materials some other factors such as 

the interface between different layers play an important role in FET performance. It 

is necessary to consider/improve the following factors [359], [360]: 

1. Thin dielectric layer: It provides high capacitance, which helps to achieve low 

power consumption. 

2. Less defective sites: Defects such as dangling bonds and 

interstitial/substitutional defects must be avoided in films. These can impede 

effective polarization. 

3. High film density: Its offers reduced/minimum leakage current.  

4. Surface roughness at interfaces: Overall, surface roughness at the interface 

should be low (smooth layers). A roughness greater than the critical 

roughness threshold can result in a rapid drop in mobility. 

5. Surface energy matching: It is also evident from equation 3.8 that work 

function differences at the metal and semiconductor interface play a crucial 

role in increasing threshold voltages. A good match between the surface 

energy of the semiconducting layer and the dielectric layer might encourage 

charge accumulation at the interface and minimizes charge trapping [361]. 

It is possible to achieve excellent printed FET performance as a result of these factors, 

which also are associated with charge carrier mobility. For device architecture, 

working, I-V characteristics field effect transistors following books can be referred to 

[348], [349], [354]. 

The next section describes the design, working, and characteristics of microheater 

structures. 

3.3 Microheater 

A microheater is a small, high-power heater with precision control that can generate 

heat by Joule heating, ultrasonic heating, or radiative heating.  
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3.3.1 Microheater structure and working 

Joule heating is commonly used to generate heat in micro heaters, referred to as 

resistive micro heaters. Microheaters made from resistive filaments have a thickness 

from 100 nanometers up to more than 100 micrometers, which generate heat by 

joule heating. They generate heat by conducting electric current through these 

resistive filaments. 

According to Joule's first law (also called just Joule's law), at voltage (V) applied, the 

power (P) of heating is equal to the product of resistance (R) and current (I) squared: 

P = IV = I2R =
V2

R
 

There are a variety of devices and industrial processes that use joule 

heating or resistive heating. Electricity is converted into heat by a heating element.  

When microheaters are used in high-temperature applications, they must be 

supported or surrounded by materials that are highly thermally resistant, e.g., 

ceramics. Several applications of microheaters in microdevices exist, such as micro 

hotplates, gas sensors, biomedical testing devices, electron microscopes, anvil cells, 

and fiber heater enhancements. A microheater can also be used in micro propulsion 

systems for micro ignition, as well as explosion sensors for micro explosions. A wide 

range of 2D and 3D printing systems are also being used for the fabrication of 

microheater structures [362]. 

In order to integrate with ultrasensitive temperature-dependent devices and 

measurements, the heating area must have a uniform distribution of temperature 

and a short response time. Microheaters are ideal for applications where thermal 

response, heat confinement, power consumption, mechanical stability, and 

fabrication yield are also important considerations, and they will be discussed in later 

sections. 

3.3.2 Material for microheater 

As shown in Figure 3. 16, during the material selection process, it is necessary to 

take into account the operating temperature range for a specific application and 

select a heating element with good homogeneity on its active surface. Among the 

most common materials used for microheaters are Pt, Au, Ag, Ti, W, NiC, polysilicon, 

carbon nanotubes (CNT), Al, Cu, ITO, and Aluminum-doped Zinc Oxide (AZO). 

Additionally, liquid metal microheaters based on a eutectic alloy of gallium and indium 

(EGaIn) are available. In order to reduce the amount of undesirable heat in the 

contact pads, the heater resistor's electrical resistance should be higher than the 

contact pad's electrical resistance.  

(3.12) 
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Figure 3. 16: A resistive microheater structure and material properties. 

Substrate: The substrate is also selected according to the desired application and 

the analysis. The appropriate substrate material can be rigid, flexible, transparent, 

or non-transparent. These can be classified as flexible and rigid substrates. 

 Rigid substrates such as borosilicate glass, soda lime glass, silicon wafers, 

sapphire, and quartz. 

 Flexible substrates such as polymers: Kapton film, pyralux, Polyimide Film, 

PMMA, polydimethylsiloxane, polyethylene naphtalate, and polyethylene 

terephthalate. 

3.3.3 Geometry of microheaters 

The design/geometry, size (width, height, and length of heating elements), and their 

distribution is also very important to achieve the ideal characteristics of a 

microheater. As shown in Figure 3. 17, different designs and geometries of 

microheaters are available, ranging from simple line patterns to complex box, 

circular, and spherical patterns to provide uniform thermal distribution. The 

resistance of the heating elements is highly affected by the physical dimensions as 

the thinner heating elements offer high resistances, which as a result, can offer joule 

heating to achieve higher temperatures with less power consumption. The different 

design also helps to achieve uniform thermal distribution with the help of altering 

physical dimensions or changing the resistance of heating elements in the central 

region and outer region or vice versa. The resistance of the heating elements can 

also be varied; it also includes using a different material for designing the central 

part and outer edges. The design should also be simple to fabricate, and the pattern 

should have sufficient width and thickness to handle the heat generated. 

The uniformity of temperature distribution in microheaters is also important while 

considering a design, as an example a study conducted by Joy et al. using simulations 

of five different patterns: single meander, double meander, fan shape, rectangle 

shape, and porous structure shows that, with a meander structure, the temperature 
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distribution is highly uniform at the same time, consuming a low amount of power 

[363]. 

 

Figure 3. 17: Different microheater designs. 

In addition to material properties and geometries, multiple physical principles 

influence the temperature of the microheater. 

3.3.4 Characteristics of a microheater 

In order to be an ideal microheater, it should have low power consumption, a quick 

thermal response, good heat confinement, good mechanical stability, and high 

fabrication yield. The physical, mechanical, and thermal characteristics of 

microheater can also be classified as following [362]: 

 Response time: Structures should be characterized for response time, 

microheaters should have a short response time. 

 Mechanical stability: The heating element, as well as the substrate, 

should be examined for thermal expansion and possible deformation with 

respect to temperature. The materials must withstand high temperatures 

according to the demand of the application. 

 Power consumption: Overall, the power consumption of the microheater 

structures should be as low as possible. There are several factors that affect 

power consumption, such as the optimal design, thickness, substrate, and 

thermally conductive layer. Additionally, creating a cavity within an insulating 

substrate can be an effective method to reduce power consumption.  

 Uniform heating: Managing the thermal distribution with variable 

resistance is crucial to the design. It is important that the heater produces 

uniform heating all over the area of activity and that there are no hotspots.  
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 Lifetime and reusability: To increase the device's long-term reliability 

and reusability, a protective layer of materials, like SiO2, should be deposited 

above the heater in order to prevent oxidation of the heating element. 

The following reviews describe detailed work, different microheater designs, 

materials, fabrication, and application [362].  

3.4 Prior work/State of the art work on liquid metal 

printing and devices 

As discussed in Chapters 1 and 2, the current metallic inks suffer from problems such 

as poor electrical conductivity performance, high processing temperatures, and high 

cost. As an alternative, low melting point metal alloys, also called liquid metals (LMs), 

have become a focus of attraction because they exhibit as high electrical and thermal 

conductivity as many conventional metals or alloys. Simultaneously LMs are ductile 

and fluid at or near room temperature (RT), being processable by printing. In contrast 

to the use of metal precursors, metal powders, or metal nanoparticles-based 

approaches, LMs do not require additional processing steps such as chemical 

reduction or sintering, which usually involve high temperature, intense light, or 

vacuum processing and can be detrimental to many substrates used in PE. With this 

comprehensive and diverse range of applications, the issues of direct writing, 

patterning, and processing of LMs have received considerable critical attention and 

are an area of highly active research. 

There have a lot of reports about pattering the gallium based LM alloys as well as 

diverse applications using LMs as conductors for flexible capacitors, pressure and, 

proximity sensors [364]–[367], strain sensors [97], [290], [368], [369], 

temperature sensors [370]–[372], acceleration sensors [371] and other flexible 

sensors [373]–[375], flexible antennas [369], [375]–[378], self-healing 

interconnects wires and sensors [259], [379]–[381], stretchable wireless power 

transfer [382], stretchable electromagnetic actuators [383], [384], stretchable 

loudspeaker [385], stretchable interconnects, wires and electronic components 

[100], [386]–[391], devices to integrate chip light emitting diodes (LEDs) [101], 

[371], [392], [393], printed diodes and transistors [80], [394], [395], flexible display 

devices [396], [397], flexible solar cells [398], heat dissipation and liquid metal 

coolant [399], stretchable thermoelectric generators [400], e-skin [401], [402], 

wearable electronics and biological prosthetic devices [370], [372], [403]–[405], 

wireless monitoring [406], health monitoring [366], [389], eye movement tracking 

[407], neural microelectrode array [408], and implantable and epidermal electronics 

[408], [409]. Table 4. 1 summarizes a few of the reports according to the ink used, 

method of LM deposition, application reported, and year of publication of the report. 

All of these reports are either partly printed or partly fabricated. LM direct printing 

capability was never examined for its potential application in LM-based, fully 
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functional, fully printed electronic devices that utilize the inherent desirable attributes 

of LMs.  

Table 4. 1: Summary of a few scientific reports based on LM use for 

application. According to the ink used method of LM deposition, 

application reported, and year of publication of the report. 

 

LM ink 

type 
Method Application Year Reference 

Galinstan 

Selective 

deposition LM 

over plated Cu 

Stretchable conductors 2021 [388] 

Ni-EGaIn 
Stencil-based 

printing 

Strain sensors and 

implantable electronics 
2021 

[368] 

 

Galinstan 
Flexography 

(stamp) printing 

Interconnects for led 

illumination 
2019 [393] 

Fe-EGaIn 
Magnetic field-

based printing 

Self-healing, stretchable 

interconnects circuit for 

led  

2019 [259] 

Ni-EGaIn 
Magnetic field-

based printing 

Flexible antennas, strain 

sensors, led array circuit 
2019 [369] 

EGaIn 
LM 3D direct 

writing 

Interconnects for LED 

illumination 
2019 [101] 

EGaIn 
Laser patterning 

(ablation) 
Stretchable conductors 2018 [367] 

Galinstan 

Microfluidic 

channels 

injection for LM 

interconnects 

Temperature sensors 

and wearable electronics  
2017 [370] 

Galinstan 
Stencil-based 

printing 

Capacitors and resistive 

strain sensors 
2017 [290] 

Galinstan 

Microfluidic 

channels 

injection for LM 

interconnects 

formation 

Heater and temperature 

sensor for wearable 

applications 

2016 [372] 

Galinstan 

Inkjet printing 

with LM channel 

surrounded by 

HCl 

Interconnects for LED 

illumination 
2016 [289] 
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Ga 75.5 

%, In 

24.5 % 

Desktop LM 

printer 

Interconnects for LED 

illumination 
2015 [392] 

 

EGaIn 

Imprinting and 

transfer-printing 

Stretchable circuit wires 

or capacitor electrodes 
2014 [391] 

EGaIn  Direct writing Strain gauge device 2014 [97] 

Ga 75.5 

%, In 

24.5 % 

Atomized 

spraying 

Interconnects for LED 

illumination 
2014 [410] 

Galinstan 
Microchannels 

injection 
Capacitors and inductors 2013 [411] 

EGaIn Direct writing 
Stretchable interconnects 

for led illumination 
2013 [100] 
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4. Capillary printing of LM alloys 

As previously discussed in Chapters 1 and 2, Liquid metals (LMs) are becoming a 

consistent element of printed electronics (PE) due to their favorable characteristics, 

such as their high electrical and thermal conductivity, on par with that found in 

conventional rigid metals and alloys. Liquid metals or LM are referred to Gallium 

based alloys throughout this thesis. The difference between liquid metals and solid 

metals is their inherent softness and ease of dispensing, deforming, and stretching. 

In spite of their soft, ductile, and fluidic properties, LMs have a significant drawback: 

their viscosity, surface tension, and density make them challenging to print with 

inkjet printing or any other standard direct writing methods achieving low-

micrometer resolution. 

The goal of this chapter is to depict the newly developed versatile LM printing setup, 

method of patterning and challenges that have arisen during printing liquid metals, 

and possible solution to address those challenges. Most of the work presented in this 

chapter is published in Hussain et al. [80] 

4.1 LM printing setup 

As shown schematically in Figure 4. 1, a unique printing setup was designed to 

pattern LMs. All of the LM direct writing experiments reported in chapters 6 and 7 

were carried out using this printing setup.  

A modified NLP 2000 nanolithography system (NanoInk, USA) was used to print 

Galinstan lines directly. Different parts of this system are shown in cutaway Figure 

4. 2a.  This custom-designed commercial nanolithography system provides a five-

axis stage with automatic movement in the XY plane, a tilting axis in the XY plane, 

and automatic movement in the Z-axis. As part of this system, a glass capillary is 

mounted on a static holder, a syringe acts as the ink reservoir, and a pump push ink 

from the syringe to the substrate via glass capillary and LDPE (Low-density 

polyethylene) tubing. The custom glass capillary holder was designed and 

constructed in-house (Figure 4. 2). Figure 4. 1 shows the connection between the 

glass capillary and the syringe pump, which use LDPE tubing (from RCT Reichelt 

Chemietechnik GmbH Co) of 1 mm and 3 mm inner diameter (ID) and outer diameter 

(OD), respectively. As part of each experiment, the syringe was filled with Galinstan, 

which served as an ink reservoir, with LDPE tubing pushing ink to the glass capillary 

at a constant flow rate. 

Depending on the size of the tip, the distance between the glass capillary tip and the 

substrate should vary between 0 (touching the surface) and 5 µm. When dispensing 

LM from the tip, the surface area of the LM increases, so the oxide layer must first 

be ruptured and then reformed after printing. Syringe pumps parameters should be 

optimized for each capillary to ensure proper extrusion of LM and avoid droplets 
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Figure 4. 1: Schematic depicting the printing setup, which consists of a 

high-precision positioning stage, an optical microscope for 

monitoring the process, and a stationary holder for a glass 

capillary, which is further attached to a syringe pump. As 

illustrated in the inset, the positioning stage can be moved 

appropriately in the x, y, and z directions in order to write an 

LM line onto the substrate. Reproduced from [80] with 

permission from Wiley. 

 

Figure 4. 2: Setup components (a) Cutaway figure showing different parts 

of the NLP-2000 system. (Adapted from NLP-2000 getting 

started guide received with the system) (b) Customized glass 

capillary static holder.  
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forming on the capillary tip. First, the Galinstan was brought to the glass capillary tip 

by varying the parameters between 5 and 100 µL·min−1. A low flow rate was 

maintained after initial conditioning, allowing the LM to stay at the capillary tip and 

patterns to be formed by bringing the tip in close contact with the substrate.    

 

Throughout the experiments, the height between the tip of the glass capillary and 

the substrate was kept constant. To visually monitor tip interaction with the glass 

substrate, an optical microscope was used (Figure 4. 2a and and 4.4).  

 

Figure 4. 3: Actual image of the printing process: glass capillary mounted in 

the fixed holder, positioned over a glass sample used as 

substrate. The glass capillary is connected to the pump via LDPE 

tubing. The microscope image on the left shows a glass capillary 

tip while printing. Adapted from [80] with permission from 
Wiley. 

 

Figure 4. 4: View from the optical microscope while printing. 
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After printing, the samples can be used straight away for the next process step 

because LM structures do not need sintering steps, which are typically required for 

particle/powder-based printed structures. These need high temperatures, heat, 

and/or chemical reactions to make them conductive. In contrast, LM structures are 

inherently conductors and can be used immediately after printing. 

 

Figure 4. 5: Galinstan printing steps. (a) User interface and steps for the 

writing of LM with NLP 2000. (b) Steps after the "print" command 

is executed from the user interface. (I) Approach the starting point 

of the pattern. (II) Contact with the substrate. (III) Start the pre-

programmed stage movements to form the desired pattern. 

Galinstan printing steps 

After mounting the glass capillary and placing the substrate, as shown in Figure 4. 

6a, first, the positions are captured according to the touch of the tip, and the position 

is used to define a place for printing. After defining a plane, the pattern is designed 

in the NLP-200 CAD (Computer Aided Design) system with the number of lines, the 
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distance between the lines, the length of lines, and the speed of writing. Additional 

layers are added accordingly.  

To start printing, as shown in Figure 4. 7b, the stage is first moved to the pattern's 

starting point. When the tip of the glass capillary reaches the starting position, it is 

brought in contact with the substrate or kept at a certain height from the substrate, 

depending on its size. After contacting the surface with the capillary, pre-

programmed stage movements are initiated to form the desired pattern. Immediately 

following the completion of the desired pattern, the stage automatically moves down 

to a safe "Z clearance" position (usually given 200 µm throughout the experiment in 

the thesis). The glass capillary and pattern are successfully separated.  

4.2 Printing of LM structures 

The LM ink used throughout the experiments is Galinstan alloy, which is a 

commercially available alloy of Gallium, Indium, and Tin. At room temperature, 

Galinstan is ductile and fluid (since it melts between 10 and 19°C), so it can easily 

be dispensed, deformed, and stretched, which makes it printable. The last section 

explains the design in brief, and Figure 4. 1 shows a schematic illustration of a direct 

printing system using glass capillaries. Glass capillaries with long tapers around 9–

15 mm and small tips around 1-3 µm (as shown in Figure 4. 6) were prepared with 

the use of a pipette puller at appropriate operating parameters. In order to obtain 

bigger tip openings (20–100 µm), the glass capillary was scored at a position that 

did match the desired width. The glass capillary was then moved above the score 

location and pushed with a smooth and continuous motion to break it.  

 

Figure 4. 8: Microscopy image of a freshly prepared glass capillary prior to 

opening up the tip aperture. Reproduced from [80] with permission 

from Wiley. 
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When the glass capillary has been mounted and filled with the Galinstan, its proximity 

to the target substrate is closely monitored to deposit the Galinstan on the target. 

The syringe pump controls the Galinstan flow rate so that there is always Galinstan 

at the tip sufficient to make a contact and keep the printing process active. The 

stationary glass capillary sits above the nanolithography stage. For printing the 

Galinstan lines, the glass substrate is moved in a pre-programmed movement at a 

controlled speed under the stationary capillary. 

A variety of writing speeds were used to complete the patterns, from 200 to 1000 

µm·s−1. All experiments were conducted with freshly cleaned glass substrates. 

Standard glass coverslips (size: 18mm X 18mm, from VWR Germany) were cleaned 

with chloroform, 2-propanol, and finally with deionized water, and later dried by 

blowing with nitrogen. In some cases, an ATTO B plasma cleaner (Diener electronic 

GmbH, Germany) was used for cleaning substrates for hydroxyl functionalization with 

O2 flow at 10 sccm (Standard cubic centimeters per minute), 0.2 mbar, and 100 W 

power for 2 minutes. The interconnects were characterized by optical microscopy and 

AFM after printing. 

4.3 Influence of writing parameters 

Several factors affect the dimensions of written patterns, such as the inner diameter 

(ID) of the glass capillary, the opening size of the capillary tip, and the distance 

between the substrate and the glass capillary tip.   

 

Figure 4. 9: Resulting line widths versus tip opening size. The blue diamonds 

show average line widths obtained from 10 different capillaries. 

The yellow circles show the distribution of obtained lines, and the 

error bars represent the standard deviation (SD). The dashed line 

is a polynomial fit for guiding the eye (y = 0.0144x² − 0.2945x + 

27.363, R² = 0.9184). Reproduced from [80] with permission from 

Wiley. 
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It is also possible to control the printing resolution by using different nozzle diameters 

and to increase the line width by increasing the tip opening size (Figure 4. 10). 

Additionally, line width can be controlled by printing at different speeds. When using 

the same aperture size of the tip, faster writing speeds generally lead to narrower 

line widths, but they can also result in discontinued lines as the Galinstan is dispensed 

slowly or not a stable flow of LM at the tip of the glass capillary. On the other hand, 

a slow writing speed with the same aperture size can show a slight increase in the 

line width.  

Other than glass, capillary size and speed of printing surface properties of substrates 

also affect the printing. Freshly clean and plasma-cleaned substrates are easier to 

wet while setting up contact between tip and substrate.  

4.4 Characterization of LM structures 

Figure 4. 8 illustrates some typical line pattern outcomes. Glass slides of 18 mm × 

18 mm were used as substrates in these experiments. The results show the possibility 

of high-resolution printing of complex interconnects patterns or electric circuits using 

complex designs. There is a high degree of uniformity in line width across these 

patterns, which can span over 1 cm (Figure 4. 8e). 
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Figure 4. 11: Line printing with Galinstan. (a) The letters INT are patterned in 

macroscale on a glass substrate. (b) Different widths of Galinstan 

lines are achieved by tuning writing velocity. (c) Printed Galinstan 

grid structures. (d) Microwell structures. (e) The parallel Galinstan 

lines demonstrate conformity and reproducibility in writing. (f) 

AFM image of a printed Galinstan line. Adapted from [80] with 

permission from Wiley. 

By using this printing setup, homogeneous, well-defined lines can be produced with 

minimum width (1.3 ± 0.1) µm (Figure 4. 9), slightly smaller than in previous reports 

[97], [101]. This high-resolution LM deposition was achieved using a tip of 2 µm 

opening and a writing speed of 1000 µm·s−1. Interspacing resolution among lines can 

be achieved in the sub-10 µm range without merging of lines (Figure 4. 10). 

 

Figure 4. 12: Optical micrograph of a single printed Galinstan line with a width 

of (1.3 ± 0.1) µm. For analysis, the greyscale image was 

thresholded at an intensity of 150, and then the diameter of the 

wire was measured at 10 randomly selected sites along the line. 

The orange overlay has a thickness of 1.3µm for direct scale. 

Reproduced from [80] with permission from Wiley. 
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Figure 4. 13: Optical micrograph of parallel lines with different interspacing in 

between. The minimal line distances achievable with the setup in 

experiments is about 6.3 µm spacing; overall, the minimal line 

distance is well below the 10-µm threshold. Reproduced from [80] 

with permission from Wiley. 

 

Figure 4. 14: SEM images of 3D prints. (a) Galinstan line arching over another 

previously printed line. (b) Interconnect arching over the 

substrate. Adapted from [80] with permission from Wiley. 

Other than co-planner Galinstan lines, free-standing 3D structures can also be 

produced using this method of direct printing. Based on the fact that an oxide layer 

"skin" forms immediately on contact with oxygen from the environment, Galinstan-

based LM structures can also support 3D free-standing arcs (Figure 4. 11). In order 

to fabricate 3D structures, the glass capillary tip was moved very slowly, step by 

step, in the direction of the standing pattern in a careful manner to prevent falling 

off of the LM. It is possible to break the 3D structures or the arc when moving too 

fast.  
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With this method, intricate designs spanning a wide range from low microscales to 

centimeter scales can be achieved without the use of micromachining, masks, or 

molding techniques. As a result, waste material can also be reduced. 

4.5 Challenges during the writing 

It is possible for the LM to flow readily within its oxide layer due to its low viscosity. 

However, during printing, the LM requires dispensing from a nozzle. During this 

process, the surface area increases, and the oxide layer ruptures and rapidly reforms. 

Moreover, to achieve this, a pressure (in the form of continuous flow in our case) is 

applied from the syringe pump. Any applied pressure in the LDPE tubing will cause 

uniform expansion throughout the channel. So, the pressure felt throughout the LM 

volume, as well as at the tip, is similar to what is applied in the tubing. It is true that 

the oxide layer breaks or fractures above a critical value of pressure applied; 

however, a new oxide layer reforms immediately over the exposed metal. This 

capillary pressure above the critical value will push LM out of the capillary and help 

to maintain a continuous flow of LM for printing. 

 

Figure 4. 15: Droplet formation on the glass capillary tip. 

Figure 4. 12 shows microscope images (taken in-situ on the NLP 2000 system) as 

the result of applying pressure to extrude LM from a glass capillary. It is sometimes 

possible for LM droplets to form on the glass capillary tip when pressure is applied. 

The droplet can also continue expanding radially at much higher pressures. However, 

if the pressure inside the metal is not greater than the stress necessary to rupture 

the oxide layer and to keep LM moving, then the oxide layer will mechanically stabilize 

the surface. In this case, there is a dilemma, as there must be enough pressure in 

the capillary to get the LM out of the tip without forming a droplet at the tip. 

Depending on the capillary aperture size and the presence of LM at the end of the tip 

seen under the microscope, it is possible to adjust the flow rate in the pump so that 

sufficient LM for printing is available at the tip. 
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Figure 4. 16: Droplet printing at the place of line formation. 

 

Figure 4. 17: Printing lines with different interspacing. Printing lines next to each 

other in close proximity (around 10 µm) might merge. Reproduced 

from [80] with permission from Wiley. 

Another problem might be the adhesion of printed Galinstan with the surface. If the 

adhesion is not proper or if the tip is far away from the substrate, only droplets can 

be seen (as shown in Figure 4. 13) at the place of proper lines. To avoid adhesion 

issues, pre-processing of the substrates with a surface treatment might help, as while 

printing, the oxide layer ruptures, and a new oxide layer is immediately formed. 

These methods to achieve a high-energy surface can help better writing because of 

the oxide layer wetting. Oxygen plasma cleaning, UV irradiation, and oxidation 

reactions are usually used to improve hydrophilicity. Additionally, strong oxidizing 

liquids, such as potassium dichromate solution and peroxymonosulfuric acid (also 

called Piranha solution), can also be applied to obtain hydrophilic surfaces. It is crucial 

to handle these solutions carefully as they are corrosive and must be used/disposed 

of safely. 
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Other than that, one more problem is commonly faced while printing LM lines next 

to each other; if they are printed very close together (Figure 4. 14, when the distance 

between the ending of lines is <10µm), they can merge spontaneously. 

As compared to subtractive methods, this LM printing method uses less material and 

generates less waste. In addition, these printed structures can provide an 

unparalleled combination of conductivity and stretchability. Direct patterning allows 

LMs to be used side-by-side with other materials. Devices utilizing these materials 

are attractive because they can be rapidly designed and manufactured, making it 

straightforward to fabricate even complex designs and enabling the creation of a 

variety of new types of functional devices. Encapsulation of LM-based devices, as well 

as compatibility with materials like polymers (PMMA), formation of devices and 

application for structural purposes, will be discussed in chapter 6, 7 and 8.
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5. Tabletop microplotter for enhanced 

access to printing areas 

As discussed in chapter 2, there are several ways to pattern functional inks to a 

surface. These printing techniques can be classified into contact and non-contact 

printing or conventional and non-conventional printing. In addition, these printing 

systems are also roughly divided into two groups based on technology: high 

technology and accessible technology. Technology-based printing setups that rely on 

complex instrumentation, such as commercially available inkjet printing, or SPL-

setup-based spotting systems, are costly; they cost hundreds of thousands of euros 

and require high maintenance. These printing systems have been the focus of 

attention for printing techniques, and as such, demand for more broadly accessible 

options is rising. In this regard, it's time to develop a tabletop-accessible technology 

that is low-cost, reliable, easy to use and can be assembled and operated without 

further training. 

Aside from these benefits, an accessible printing technology should also provide the 

highest possible resolution (within the limits of staying reasonable expensive) and be 

more resilient compared to high-technology and complex machinery-based printers. 

Recently, several lab printing setups have been reported that use (at least partially) 

accessible technology [97], [102]–[105].  

Most of the methods and results presented in this chapter are published in Hussain 

et al. [412]. The chapter will start with introducing a newly designed affordable 

tabletop technique, followed by some of the printing results. This chapter also shows 

gold lines and conductive microarrays printed on glass and polyimide films (aka 

commercially Kapton). These microdots and line structures can serve as 

microelectrodes and in soldering applications for printable and flexible electronic 

circuits. Furthermore, this chapter demonstrates printing with inks containing 

phospholipids (DOPC), proteins [bovine serum albumin (BSA)], and small bioactive 

molecules (biotin) as examples of compatibility with biomaterial inks. 

5.1 Printing setup  

This setup (as shown in Figure 5. 1) is designed to facilitate rapid and easy assembly 

and provide superior accessibility in the case of non-flat or otherwise hard-to-access 

surfaces. It was therefore decided to use a highly versatile micromanipulator mini-

robot (miBot, Imina Technologies) as the core component of the scanning probe 

lithography (SPL) setup rather than relying on a micropositioning sample stage or a 

fixed spotting probe hovering above the sample as is the case with most present SPL 

setups. It is a non-tethered, highly precise, compact micromanipulator that can freely 

move in x–y on a metal plate and has an arm that can be raised and lowered. With 

these miBots, submicrometer positioning precision over several millimeters can be 
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achieved. These robots are frequently used in probe station setups for especially 

flexible contacting under challenging conditions [413] or for interactive micro-and 

nanomanipulation [414], [415] and nanomechanical studies [416], [417]. The 

platform for the micromanipulator is a steel frame that was built in-house. As shown 

in Figure 5. 1, this frame holds a universal serial bus (USB) camera (Webcam 1080P, 

Wansview) with a microlens (10X mobile objective, Mpow), which supplants a 

microscope and allows real-time monitoring of the printing process. With an 

adjustable height head, the camera can be adjusted for a wide range of 

sample/camera distances which, in principle, helps to achieve the best focus with the 

sample. 

Moreover, this design provides ample headroom for accessing the sample from all 

sides. The design includes an inbuilt groove for leveling the substrate; when printing 

in-plane, this groove can be filled to provide a flat stage. Alternatively, while vertical 

printing, the 3D-printed substrate holder can be fixed in the groove for better 

accessibility. 

By simply setting the micromanipulator to the desired starting position by hand, the 

platform allows very flexible rough positioning of the device. The miBot offers access 

 

Figure 5. 1: An overview of the printing setup: (a) a schematic 

representation and (b) a photo of the actual setup. The setup 

comprises a printing stage with a USB webcam above the 

sample area and an arm-mounted micromanipulator carrying 

a glass capillary. The micromanipulator is connected to the 

computer via a control unit and can be controlled by handheld 

controllers, while a webcam displays the positioning of the 

capillary over the sample. Reproduced from [412] with 
permission from AIP. 
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to a high-precision workspace of 20 x 20 mm2 in X and Y, as well as a 42° sector in 

the Z direction (with the movement of the arm). It is possible to achieve a maximum 

speed of 2.5 mm·s-1 in X-Y and 150 mrad·s-1 in Z movement, depending on the 

desired positioning precision [418], [419]. The micromanipulator was equipped with 

styluses that allowed the ink to be dispensed. First, various tip and taper sizes of 

glass capillaries were prepared using a micropipette puller system (Sutter 

Instruments, P-1000, described in Annex A.2.1). Following this, the capillary was cut 

to 3 cm length, heat-settled, and mounted into low-density polyethylene tubing (ID: 

0.13 mm, OD: 3 mm diameter, Reichelt Chemietechnik). The micromanipulator’s arm 

fits well with the 0.1 mm tubing and allows mounting the stylus easily on the arm. 

In addition, the LDPE (Low-Density Polyethylene) tubing dampens vibrations when 

Table 5. 1: Components of the printing setup. Reproduced from [412] with 

permission from AIP. 

 

Component Type, supplier 

System frame 
Aluminum/steel, built in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134042 

Height 

adjustment for 

the webcam 

holder 

Aluminum, built in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134043 

Substrate holder 

plate 

Steel, built in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134044 

Webcam holder 
Aluminum, built in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134046 

Sample holder 

(vertical printing 

example) 

Thermoplastic, 3D-printed in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134047 

Scaffold 

structure 

(difficult access 

example) 

Thermoplastic, 3D-printed in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134048 

Metallic sample 

holder (in 

situ curing 

example) 

Metal filament, 3D-printed in-house,  

STL file, https://www.doi.org/10.5445/IR/1000134049 

Camera Webcam 1080P, Wansview 

Lens 10× mobile objective, Mpow 

Micromanipulator miBot, Imina Technologies 

Controller 

software 

miBot remote control 2.5.7/Precisio Software Suite, 

Imina Technologies 

Joypad Gamepad F310, Logitech 

Printing stylus Glass capillary in LDPE mount, built in-house 

 

https://www.doi.org/10.5445/IR/1000134042
https://www.doi.org/10.5445/IR/1000134043
https://www.doi.org/10.5445/IR/1000134044
https://www.doi.org/10.5445/IR/1000134046
https://www.doi.org/10.5445/IR/1000134047
https://www.doi.org/10.5445/IR/1000134048
https://www.doi.org/10.5445/IR/1000134049
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contact is made between the glass capillary and the sample during printing. Table 5. 

1 lists all the components used in the microplotter setup reported in this chapter. 

A miBot is usually operated in stepping mode, in which the frequency and amplitude 

of driving signals are used to adjust the speed and resolution. The frequency 

determines the movement speed of miBots, and the amplitude determines the size 

of their steps. To travel long distances around the sample, the manipulator can be 

set up to move at high speed while also utilizing larger step sizes by adjusting the 

frequency and amplitude in the user interface. If needed, this allows a wide range of 

movement speed and precision: for example, the manipulator can move at a 

maximum speed of 2.5 mm·s-1 in X and Y and 150 mrad·s-1 in Z (arm movement), 

which is suitable for rough positioning on a sample, but can be adjusted to 60 nm 

step size in X and Y and 120 nm step size in Z [420], [421] for highest precision (in 

principle), or even sub-nanometer step size in scanning mode. The miBot can be 

controlled manually by using either a monitor-based user interface or a handheld 

control pad that makes use particular intuitive.  

5.2 Printing process 

A typical printing process begins with loading a fresh capillary stylus onto the robotic 

arm of the micromanipulator (Figure 5. 2). Once the stylus is loaded, the manipulator 

is moved to the ink reservoir. Upon contact between the stylus capillary and the ink 

reservoir, capillary forces pull the ink into the glass capillary nozzle tip. As soon as 

the capillary has been filled, it is retracted from the inkwell and moved/positioned at 

the pattern's starting point. The inkwell and sample can be positioned right next to 

each other by moving the micromanipulator through the software controls, or it is 

 

Figure 5. 2: An illustration showing the capillary stylus and printing process. 

(a) Close-up photo of a glass capillary stylus mounted on a 

micromanipulator. (b) Photography of the capillary during the 

ink loading process in the ink reservoir. Reproduced from 

[412] with permission from AIP. 



5.2 Printing process 

__________________________________________________________________ 

97 
   

 

Reproduced/Adapted from [412] with permission from AIP. 

also possible to remove the inkwell and replace it with the sample. After the 

exchange, the micromanipulator can be roughly positioned by hand (around the 

pattern's starting point) since it can be freely picked up and repositioned on the 

stage.  

In the next step, the glass capillary tip is brought close to the substrate (as shown in 

Figure 5. 3a) under software control in order to dispense liquid on a surface. It is 

possible to see the gentle physical contact between the stylus and the substrate using 

a USB camera in a microlens monitoring system with a 10x objective. Upon contact 

between the substrate and the glass capillary tip, ink is transferred (as shown in 

Figure 5. 3b). The speed of movement and the duration of touch (referred to as dwell 

time) influence the width of lines and the size of dots. As soon as the 

micromanipulator unit touches the substrate, it can also be moved in a straight line 

or an arbitrary curve (as shown in Figure 5. 3d,e,f) in accordance with the geometry 

demand, leaving behind the desired structure.  

 

Figure 5. 3: Printing steps. (a) Glass capillary tip approaching the substrate 

under software control. (b) Upon contact with the substrate, the 

glass capillary nozzles transfer ink to the substrate. (c) Moving the 

tip mounted on the miBot according to the desired structure or 

pattern. (d), (e), (f) An illustration of writing dots, lines, and 

arbitrary curves, respectively. Figures (d), (e), and (f) are 

reproduced from [412] with permission from AIP. 

Various shapes, such as microarrays, lines, curves, and other structures, can be 

printed on the fly. The glass capillary stylus is retracted from the substrate after 

completing the line or desired pattern, effectively separating the substrate and glass 

capillary tip. Implementing all of the steps shown in Figure 5. 3, a simple dot or line 
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pattern can be printed within five minutes from mounting the capillary to printing the 

pattern. For a short tutorial, printing tips, and safety concerns, see Annex A.2.8. 

5.3 Challenges during printing 

It was observed that the approaching angle between the tip and the substrate (θa 

shown in Figure 5. 4) plays an essential role in printing.   

 

Figure 5. 4: Schematics of the interaction during the writing process. θa is the 

approaching angle between the glass capillary tip and substrate. 

Reproduced from [412] with permission from AIP. 

Some challenges were experienced while printing lines, especially during vertical 

printing. While printing lines with a small tip size (around less than 50 µm), the gold 

polymer ink tends to hold onto the outside glass capillary, then moving along with 

the tip, as shown in Figure 5.5a. As a connected issue, lines breaking up into separate 

dots and non-homogeneous lines, as shown in Figure 5. 5b and Figure 5. 5c, 

respectively, were observed. The approaching angle (θa) around 30-80° seem to be 

working fine with the substrate, an approaching angle between this range might help 

the glass capillary tip to generate sufficient tip pressure on the surface, which might 

increase the roughness (by dragging tip on the surface can increase the surface area) 

as well as surface energy, finally favoring the printing. And the tip size can be varied 

from around 3 μm up to several hundred micrometers; these issues were solved by 

using bigger tip sizes (around more than 200 µm) as the spot size primarily depends 

on the tip's size. Alternatively, by using different tip sizes for better printing, the 

physico-chemical properties of ink and substrate can be tuned when possible (e.g., 

by adding additional components to ink or implementing surface treatments altering 

the substrate hydrophilicity). Once it is established that a given ink can be filled into 

the capillary by capillary force and it can be printed on the substrate, several factors 
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must be noted and kept in mind to engineer for smooth printing, e.g., the viscosity 

of ink, contact angle, driving mode, wetting behavior, drying effects, line spreading, 

humidity and temperature conditions. 

Further changes can also be made in these factors to achieve different widths of lines 

or size of microdots by changing substrate, varying ink composition, or substrate's 

wettability. As shown in microscope images, even printing with the same tip, 

deviations in the size of microdots or width of the line are possible due to the 

movement of miBots and some vibrations. 

Another problem with the current setup is optical resolution, which is limited by the 

optical resolution of the camera used. 

5.4 Enhanced access to printing areas 

The open design and the use of the robotic micromanipulator make it possible to print 

on surfaces that would otherwise be unreachable. An example of this is shown in 

Figure 5. 6a, which shows a 3D-printed frame holding glass substrates. This setup is 

also suitable for printing on flat substrates with low laying areas, trenches, or troughs 

with high aspect ratios, which are generally unattainable to conventional SPL printers 

due to their respective geometry. 

Due to its "on-the-fly" writing capability and enhanced access, the setup is especially 

suited for difficult lithography tasks or one-time processes not well addressed by 

conventional SPLs. 

As part of demonstrating the capabilities of the printing setup, a variety of inks and 

substrate materials, as well as different substrate geometries, have been tested. The 

results are relevant to various research fields, including printable electronics and 

bioactive surface functionalization. 

 

 

Figure 5. 5: Various issues while printing lines of a printed line on a 

substrate. (a) ink holding onto the glass capillary, moving 

along with the tip; (b) the line breaks up into microdots; (c) 

a non-homogeneous line.  
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Figure 5. 6: "Hard-to-access" surfaces printability examples. (a) The design 

scheme for 3D-printed substrate holders for demonstration of 

vertical printing capabilities. (b) A photograph of the vertical 

printing setup with an ink-filled capillary and a micromanipulator 

in place. (c) The complex holder structure demonstrates the ability 

of this printing setup to reach places where regular printers cannot 

reach. (d) An actual photo of the multilevel printing, again with a 

micromanipulator and an ink-filled capillary. Reproduced from 

[412] with permission from AIP. 

5.5 Gold structures on glass and Kapton film 

Flexible substrates and conductive inks are important components of printable 

electronics. In our demonstration, a gold nanoparticle (NP) based ink (UTDAu25-IJ, 

UT Dots) was printed into dots and line structures in a printing process as described 

earlier. After printing, the substrates were annealed for 30 minutes at 250° C in a 

furnace (Nabertherm P330) to obtain high-quality and conductive printed gold 

patterns. The patterns were then examined using optical microscopy. A typical result 

of gold ink printing on glass (glass coverslips, VWR) and Kapton foil (Kapton-HN, 

Dupont) can be seen in Figure 5. 7. In addition to cleaning all substrates in 

chloroform, 2-propanol, and deionized water, oxygen plasma (10 sccm O2, 0.2 mbar, 

100 W, 2 min, in a Diener ATTO B plasma cleaner) was used when necessary to 

increase the hydrophilicity of glass substrates (experimental details in Annex A.2.2). 

The micromanipulator's large working area and ease of operation allow it to be used 

for the free-hand writing of large structures, as shown in Figure 5. 7a. Through more 

precise control, small dots and lines can be printed. Figure 5. 7 shows conductive 
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printed gold patterns, both dots, and lines, on glass substrates and Kapton films. 

Various printing parameters, such as dwell times and tip sizes, were also studied in 

relation to dot diameter and linewidth. 

 

Figure 5. 7: Examples of gold patterns on glass and Kapton substrates. (a) 

Photography of macroscopic letters "INT" printed on a glass 

substrate. Bright-field microscopy images of (b) side-by-side 

printed dots on a glass substrate with a gap distance of sub-10 

µm, (c) microdots on a glass substrate, (d) line structures of 

different widths on a glass substrate, (e) microdots on a Kapton 

substrate, and (f) line structures on a Kapton substrate. 

Reproduced from [412] with permission from AIP. 

Varying tip sizes from 30 to 230 µm opening provide feature sizes in the range of 

(23.6 ± 2.6) to (458.0 ± 8.4) μm diameter for dots and (15.9 ± 3.7) to (389.4 ± 

19.9) μm for linewidths. Despite the simplicity of the overall setup, gap sizes of less 

than 10 μm in-between features can still be achieved (as shown in Figure 5. 7b). 

Another parameter is dwell time, although dot size was not significantly affected by 

dwell time [probed for 2, 5, and 10 s, yielding an average of (458.0 ± 8.4) μm]. Dot 

thickness was measured using atomic force microscopy in tapping mode (Dimension 

Icon, Bruker) by scratching the middle of the dots features, yielding (118 ± 26) nm. 

Gold NP ink was also printed on flexible substrate Kapton foil, which features sizes of 

200–500 µm readily achieved (as shown in Figure 5. 7e and Figure 5. 7f). This 

underlines the general conclusion that pattern fidelity and resolution depend not only 

on capillary opening size but also on the wetting behavior of the ink/substrate 

combination. As discussed in section 5.2, a particularly noticeable effect was 

observed when using capillary tips of smaller sizes (<50 µm) or printing at low 
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contact angles (< 30° between the glass-capillary tip and the substrate, θa in Figure 

5. 4); the gold ink tends to adhere to the capillary tip rather than to the substrate, 

moving along with it rather than deposited on it. Also, Dewetting can cause already 

written lines to break up into droplets (as shown in Figure 5. 5b) if the surface energy 

of the substrate is not high enough. It is possible to resolve these problems by 

 

Figure 5. 8: In situ and on-demand connector writing. (a) The schematic 

workflow: The silver-epoxy paste electrodes are structured on 

a glass chip and recessed into a metal cube, which serves as 

a model device. After the wiring is done on the microplotter, 

Au-NP connector lines are written between the electrodes to 

close the circuit. The device is then cured in a furnace to make 

the printed pattern conductive. Finally, the LED and the power 

supply can be connected to demonstrate the function of the 

created circuit. (b) Actual photographs of the writing process. 

(c) An image of the fine gold connector lines printed by the 

microplotter. (d) The final photograph shows the circuit after 

curing and assembly of the LED and power supply. It 

demonstrates a fully functional circuit. Adapted from [412] 

with permission from AIP. 
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increasing the writing speed, utilizing wider capillaries, and changing the substrate 

wetting by plasma cleaning. The printing process can be optimized based on and also 

by engineering the physico-chemical properties of the ink and substrate, for example, 

viscosity, driving mode, wetting behavior, contact angle, drying effects, line 

spreading, and temperature conditions similar to those of other spotting approaches 

and inkjet printing. 

5.6 Flexible on-demand interconnects for printed 

electronics 

The last section 5.5 demonstrated the printing capability of this setup to fabricate 

gold patterns; in this section, the microplotter was used to achieve functional 

electrical circuits. Due to its enhanced accessibility, this setup makes it possible to 

create flexible on-demand interconnects in-situ on complex structures. As part of this 

experiment, a scaffold was 3D-printed in metal and equipped with a recessed glass 

substrate that contained silver-epoxy electrodes connected to the outside of the 

scaffold by Teflon-coated copper wires. An LED and power supply were also 

connected to the electrodes via Teflon-coated copper wires. The scaffold holding the 

glass in a recessed cavity makes it arbitrarily unattainable to standard printing 

methods to demonstrate the flexibility of the micromanipulator approach for in situ 

and on-demand printing of interconnects (Figure 5. 8). 

While this prestructure device would not be readily accessible for conventional SPL 

methods without prior disassembly, now all functionalization steps can take place in 

situ. The needed wiring to close pre-existing circuit can simply be applied to the 

device on-demand by direct writing the Au-NP ink in the desired layout between the 

pre-existing silver-epoxy-based electrodes. After curing of the device, the 

interconnects become conductive, and the circuit is rendered functional with an 

assembly of LEDs and a power supply (Figure 5. 8d). 

5.7 Deposition of protein inks 

Surface-immobilized biomaterials, often in the form of arrays, are used extensively 

in biomedical research and health care [422]–[426]. In this context, proteins are a 

particularly important class of biomaterial. For diagnostic purposes, these can act as 

antigens to detect the presence of antibodies or as antibodies themselves to detect 

antigens in body fluids like blood, or as external stimuli, such as modulating cell 

adhesion or activation in biomedical experiments [425], [426]. During the 

prototyping of lab-on-chip devices, researchers are seeking a flexible way to 

functionalize surfaces within larger structures, such as microfluidic channels or wells, 

which can be challenging to reach with conventional approaches due to geometrical 

limitations. Moreover, it may be desirable to deposit a small sample of analytes 

directly onto a particular position on a chip structure for testing purposes. In order 
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to demonstrate that biomaterial inks may also be printed with this setup, inks 

containing fluorescence labels and biological materials such as lipids, proteins, and 

small bioactive molecules were also printed using this microplotter setup. Table 5. 2 

shows the details of the applied ink formulations. 

Table 5. 2: Ink formulations. Reproduced from [412] with permission from 

AIP. 

 

Ink 

description 
Ink 1 Ink 2 Ink 3 

Component A 

(biomaterial) 

1,2-dioleoyl-sn-

glycero-3-

phosphocholine 

(DOPC) [supplied 

by Avanti Polar 

Lipids (USA)], 

concentration: 20 

mg/ml in ethanol 

Bovine serum 

albumin (BSA) 

(supplied by 

Invitrogen, 

Thermo Fisher 

Scientific), 

concentration: 50 

mg/ml in water 

Protein A–biotin from 

staphylococcus aureus 

(supplied by Sigma-

Aldrich), 

concentration: 2 

mg/ml in phosphate 

buffered saline (PBS) 

Component B 

(avoiding ink 

drying) 

Glycerol (supplied by Sigma-Aldrich) 

Component C 

(fluorescent 

label) 

Rhodamine 6G 

(supplied by 

Sigma-Aldrich), 

concentration: 1 

mg/ml in water 

Fluorescein 

isothiocyanate 

(FITC)-PEG (PG2-

FCTH-1k, supplied 

by NANOCS), 

concentration: 1 

mg/ml in water 

Alexa fluor 647 azide, 

triethylammonium salt 

(A10277, Life 

Technologies, Thermo 

Fisher), concentration: 

0.5 mg/ml in DMSO 

Volumetric 

ratio (%) 

(A:B:C) 

60:35:5 60:35:5 60:30:10 

After loading the inks into the capillary (as described in section 5.2), different spot 

patterns were written with the respective inks on glass surfaces. Figure 5. 9 shows 

fluorescence microscopy images (obtained on an Eclipse 80i, equipped with a DS-Qi2 

camera and C-HGFIE Intensilight, Nikon) of the resulting bioink dot configurations. 

Dots with diameters of (357.9 ± 16.0), (257.0 ± 13.6), and (291.5 ± 13.6) μm were 

achieved for ink 1, ink 2, and ink 3, respectively. 
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Figure 5. 9: Fluorescence microscopy images of the deposited bioink pattern. 

Different spot configurations were plotted with ink 1 (a) and (d), 

ink 2 (b) and (e), and ink 3 (c) and (f). Red channel: Texas Red 

filter set (Y-2E/C, Nikon, Ex.: 540–580 nm, Em.: 600–660 nm), 

green channel: FITC filter set (B-2E/C, Nikon, Ex.: 465–495 nm, 

Em.: 515–555 nm), and purple channel: Cy5 filter set (AHF F41-

008, Nikon, Ex.: 590–650 nm, Em.: 662–738 nm). Reproduced 

from [412] with permission from AIP. 

The microplotter setup described in this chapter is unique in its way because it can 

deposit materials in places that are unattainable with conventional printers. This 

setup deposits materials in a controlled manner with microscale resolution, 
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micrometer precision, and the highest flexibility in the pattern. With this turnkey 

printing setup, users will be enabled to instantly start their work and printing 

according to the application without much training and assistance.
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6. Fully printed electronic devices 

Galinstan capillary printing, briefly described in chapter 4, is a versatile LM printing 

process that enables the fabrication of various fully printed devices. In this chapter, 

the following devices were fabricated and characterized for their electrical behavior: 

(I) LM interconnects and resistors,  

(II) Fully printed diodes, and  

(III) Fully printed transistor structures. 

The devices also demonstrate that the LM capillary printing process is compatible 

with other digital printing methods and thin film structuring methods for integration. 

Most of the data presented in this chapter has already been published in Hussain et 

al. [80]. 

6.1 Fully printed LM interconnects and resistors 

In order to test the use of the obtained LM structures in printable electronic 

applications as well as to probe the stability for future uses, electrical resistances of 

as-printed as well as encapsulated LM lines in poly(methyl methacrylate) (PMMA) 

were determined as the first test.  

6.1.1 Galinstan interconnects fabrication 

The fabrication steps for Galinstan interconnects are visualized in Figure 6. 1.  

I. The starting substrate was a glass substrate coated with 150 nm Au over a 7 

nm Cr base layer; the Cr layer was deposited in order to improve adhesion 

between the substrate and the electrode. 

II. It was structured with a TRUMPF TruMicro 5000 laser ablation system for 

obtaining contact pads with varying distances between the pads (60–550 µm). 

After laser structuring, the substrates were rinsed with 2-propanol and 

deionized water, then dried by a stream of nitrogen. These Au structures will 

serve as the contact pads for the printed Galinstan interconnects during 

measurement steps. 

III. Subsequently, the Galinstan interconnects were printed by the customized 

nanolithography system described in Chapter 4. The capillary was filled with 

Galinstan by applying pressure through the syringe pump. For each 

experiment, freshly cleaned glasses were used. The patterns were completed 

at different writing speeds from 200 to 1000 µm·s−1.  
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Figure 6. 1: Fabrication of interconnects. 

6.1.2 Characterization of LM interconnects 

Following the printing process, the interconnects were characterized using optical 

microscopy and resistance measurements. Measurement of the width, length, and 

height of the resistor structure are carried out by optical microscopy and profilometry. 

 

Figure 6. 2: Optical micrograph of a typical LM resistor structure. (a) Planar 

resistor structure (b) Stereo microscope image of freestanding 

interconnect. Reproduced from [80] with permission from Wiley. 

Figure 6. 2a show an optical microscopy image of a typical printed resistor. Similar 

resistors with varying lengths 𝑙 and width 𝑤 (as shown in Figure 6. 3) were 

characterized. The height ℎ of the obtained structures was measured with a 

profilometer. 
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Figure 6. 3: A schematic of the Galinstan line printed over two gold pads shows 

the distance between the gold pads, which defines the length 𝑙 of 

the resistor structure, the width of the LM line defines 𝑤, and the 

height ℎ. Adapted from [80] with permission from Wiley. 

Using two probe measurements, the absolute resistance (R) of the LM resistor 

structures was determined. All of the measurements were taken at room temperature 

 

Figure 6. 4: Graph of specific resistance ρ for resistor structures of different 

lengths. The graph was plotted in Origin (OriginLab, USA). All 

error bars in graphs and error ranges reported represent one 

standard deviation (SD) of the reported mean. Reproduced from 
[80] with permission from Wiley. 
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and within eight hours after the LM printing. Measurements were done in triplicate 

from three different samples, and ρ was calculated from the measurements by: 

𝜌 = 𝑅
𝐴

𝑙
≈ 𝑅

𝑤ℎ

𝑙
 

where  

𝑅: the measured absolute resistance 

𝐴: the area of the cross-section 

𝑤: width, 𝑙: length, and ℎ: height of the printed interconnect/resistor. 

 

The obtained data are plotted in Figure 6. 4, showing the calculated ρ for resistor 

structures of different lengths 𝑙. The area A can be approximated by 𝑤 · ℎ as the 

profilometer measurements reveal that for the relevant line widths, the curvature of 

 

Figure 6. 5: Combination of focused Ion Beam for lithography and scanning 

electron microscope (FIB-SEM) analysis of a Galinstan line 

printed on a gold pad. (a) Sample description. (b) SEM 

secondary electron (SE, left) and (c) backscattered electron 

(BSE, right two) images of a cross-section through a Galinstan 

line show good contact between Galinstan and gold while the 

entire assembly lifted off the Si substrate during freezing (left 

of the arrow in BSE image) due to the larger thermal expansion 

coefficients of gold and Galinstan. Fabricated using a dual-

focused ion beam (FIB)/scanning electron microscopy (SEM) 

(Crossbeam 540, Carl Zeiss Microscopy, Oberkochen, Germany) 

at Heidelberg University. Adapted from[80] with permission 

from Wiley. 
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the resistor lines is flattened to the extent that the cross-sectional area can be 

approximated as rectangular. 

The material parameter ρ is expected to be constant. However, the plot (Figure 6.4) 

reveals that in the case of the resistor structures, 𝜌 is significantly higher for short 

resistors, and it decreases as the length of the resistor increases. Above 150 to 225 

µm in length, the change in ρ is insignificant and converges to a value that is just ten 

times lower than for bulk Galinstan [427], [428]. The raised ρ for small resistor 

lengths can be considered an artifact due to contact resistance at the Au/Galinstan 

interface dominating the overall resistance for shorter lines (as shown in Figure 6. 5) 

and is discussed in chapter 8.  

 

Figure 6. 6: EDS analysis of Galinstan line at room temperature. (a) Fresh 

cross-section of a printed Galinstan line shortly after milling 

with the FIB at room temperature. Multiple lines in the lower 

half of the image show drifting artifacts produced by the Ga-ion 

beam during milling, and image contrast reveal “wetting” of the 

complete cross-section with Galinstan (b) EDS-maps of 

detected elements, used energy lines in brackets. The displayed 

maps confirm the “wetting” process. Performed using a dual-

beam Zeiss AURIGA 60 system (available at INT). Reproduced 

from [80] with permission from Wiley. 
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In this image, also a phase separation of the LM is visible as light and dark-shaded 

areas in the cross-sections. This separation is caused by the cooling of the LM for the 

cross-sectioning, as at room temperature, EDX shows a smooth and homogeneous 

chemical distribution (as shown in Figure 6. 6). It could also be caused by alloying 

and intermetallic structure formation, as discussed in chapter 8. As mentioned above, 

for smaller resistor lengths, the contact resistance dominates the overall resistance, 

while for longer resistor structures, it becomes negligible. Overall, the Galinstan 

retains a high electrical conductivity after processing with capillary printing, far 

exceeding other printable materials.  

While being liquid is key for the processing of LMs and makes a big part of the appeal 

of such materials for applications, it also potentially is a source of concern in regard 

to stability, especially for structures built by additive manufacturing, as discussed 

here. Therefore, encapsulation of the structures after printing and its influence on 

electrical properties was probed for the resistor structures. Here, (PMMA) was chosen 

as it can act as a good barrier against oxygen and moisture and also provides 

mechanical protection. After completion of the first round of resistance 

measurements, PMMA was spin-coated on the substrates at 4000 rpm for 1 min, 

resulting in encapsulation of the LM resistor structures. After PMMA encapsulation, 

electrical resistance measurements were again conducted for the same resistor 

structures as before. All structures survived encapsulation, showing the relatively 

high mechanical stability of the LM due to the built-up oxide layer. Resistor structures 

of smaller length showed some minor increase in ρ and a higher variability (indicating 

that here the influence of encapsulation is most prominent), while for all structures 

longer than 150 µm, no significant change in ρ was observed due to encapsulation. 

These results show that encapsulation of printed LM structures is feasible and can be 

used to protect printed devices in applications if necessary.  

6.2 Fully printed diode  

Oxide semiconductors were studied widely in printed electronics due to their high 

electron mobility, transparency, and easy printability [15], [156]. Whereas oxides 

are usually n-type materials, also p-type semiconductors but with relatively lower 

mobility [15], [156]. Printed p–n diodes have shown excellent ON/OFF ratios in the 

range from 0 to 5 V with diode threshold voltages around 1 V [429]. However, these 

devices make use of ITO-sputtered electrodes, which were replaced in this work by 

LM-printed electrodes. Due to their elongated shape, these printed electrodes serve 

at the same time as intra-connecting wires in the fully printed diodes.  

6.2.1 Fabrication of fully-printed p–n diode 

Based on the printed Au pad structures, fully printed p–n diode devices were 

constructed with the help of oxide semiconductors (printed by an inkjet printer on a 

glass substrate) and capillary printed Galinstan lines with gold electrodes. The n-type 
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semiconductor film is based on an indium oxide precursor solution and was printed 

on top of the Galinstan line, which acts as the cathode of the diode. The device 

fabrication process (illustrated in Figure 6. 7) is as follows:   

I. Two pads for Anode and Cathode connection were printed with Gold 

nanoparticle-based ink. For the printing, the glass capillary was filled with Au 

polymer ink from UT Dots, Inc. (UTDAu25-IJ, see the materials in Table A.1) 

by dipping, utilizing the capillary force. Then, the ink was printed on the 

cleaned glass substrates (see substrate preparation) by contact spotting 

(bringing the capillary into direct contact with the substrate for a controlled 

time of 0.1 s). The substrates were then heated to 250 °C for 60 min for the 

Au nanoparticle-based ink to become conductive. 

II. The Galinstan bottom electrode was printed by glass capillary printing on the 

customized nanolithography system as described in chapter 4. 

III. Then, In2O3 ink was printed with a Dimatix 2831 inkjet printer on top of the 

Galinstan bottom electrode and dried for 10 min at 100 °C. The indium oxide 

precursor ink recipe is described in Annex A.2.3. 

 

Figure 6. 7: Workflow for the construction of a fully printed diode by 

combining capillary and inkjet printing. Adapted from [80] with 

permission from Wiley. 



6. Fully printed electronic devices 

__________________________________________________________________ 

114 
 

Reproduced from [80] with permission from Wiley-VCH GmbH, © 2021, under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/ 

IV. After this, the p-type semiconductor ink was printed on top of the In2O3 

pattern and dried as well for another 10 min at 100 °C. After drying, the 

substrate was annealed at 400 °C for 2 h to form the respective In2O3 and 

CuO phases. The precursor ink recipe is described in Annex A.2.3. 

V. Finally, the conductive polymer poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) was printed on top of the CuO film and 

connected to the anode, which was based on printed gold NPs. 

6.2.2 Characterization of fully-printed p–n diode  

Figure 6. 8 shows an optical microscopy image of an optical micrograph of a typical 

printed diode (left) and the corresponding schematic. 

 

Figure 6. 8: Optical micrograph of a typical printed diode (left) and the 

corresponding schematic (right). Adapted from [80] with 

permission from Wiley. 

The output characteristics of the diode were measured by sweeping the voltage from 

−10 to +10 V at the anode. The cathode of the diode is grounded. With the 

approximated p–n-diode area of 130 × 60 µm2, the output in Figure 6. 9 shows that 

the current density of the Galinstan-connected diode is relatively high compared to 

previous work (0.77 A·cm−2) [429].  

Our results have shown currents in the order of ION = 10−4 A and IOFF ≈ 10−9 A, 

translating to a current density of ≈2.28 A·cm−2 at an area of 100 × 100 µm2. This 

larger value in current density is the result of the improved performance related to 

the high conductivity of Galinstan combined with gold electrodes. Despite the 

satisfying ION, the current in the reverse region is quite high, which could be caused 

by pore formation during the annealing step of the oxide films. The PEDOT:PSS likely 

penetrated those pores and resulted in leakage currents. This might, however, be 

avoided by further engineering and printing process optimization. 
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A lot of solution-processed and inorganic materials are used in PE. Many of those can 

be used for developing fully printed electronic devices. In addition, these fully printed 

diodes have the potential to provide low-cost and flexible alternatives to traditional 

diodes through printed fabrication. 

Table 6. 1: Comparison of fully printed p-n diodes. 

 

Electrodes Method 
n-

type 

Metho

d 
p-type 

Metho

d 

Device 

architecture 
Ref. 

Galinstan 

and 

PEDOT:PSS 

Glass capillary 

printing and 

Inkjet printing 

In2O3 

Glass 

capillar

y 

printing 

CuO 
Inkjet 

printing 

Glass/Galinsta

n/In2O3/CuO/P

EDOT:PSS 

Curre

nt 

work 

also 

in 

[80] 

 

Figure 6. 9: Typical I–V characteristics of the printed diode in linear (top) 

and log-scale (bottom). Reproduced from [80] with permission 

from Wiley. 
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ITO and  

PEDOT:PSS 

ITO structured 

using laser 

ablation and 

PEDOT:PSS with 

inkjet printing 

In2O3 
Inkjet 

printing 

CuO or 

NiO 

Inkjet 

printing 

Glass/ITO/In2

O3/CuO OR 

NiO/PEDOT:PS

S 

[429] 

Ag ink - InZnO 
Spin 

coating 

CNT 

network 

films 

Drop 

casting 

SiO2-Si OR 

polyimide 

film/Ag/InZnO

/CNT/Ag 

[430] 

6.3 Fully printed transistor 

Next, a fully printed transistor was fabricated based on prior work on partially printed 

electrolyte-gated field effect transistors (EGFETs). There all electrodes were not 

printed but were structured by lithography on sputtered ITO on glass [431], [432]. 

These EGTs showed higher gate capacitance compared to dielectrically gated, 

conventional ones due to the formation of a Helmholtz double layer. The high area-

specific capacitance enables a low-voltage operated device with a high ON-current 

[433]. As in the case of the p–n diodes, an indium oxide (In2O3) precursor solution 

was used for printing, further annealed at 400 °C to form the functioning n-type 

channel material for EGT. These channel materials feature high field-effect mobility 

(>30 cm2·V−1·s−1); therefore, high ION/IOFF ratios at low voltage levels are feasible.  

6.3.1 Fabrication of fully-printed transistors  

For the fully printed transistors following steps were completed for fabrication. 

I. All the drain, gate, and source electrodes were printed using a glass capillary 

system with gold nanoparticles ink. The pads were printed similarly to the 

pads printed in the last section.  

II. Galinstan conductive lines that are extended from the drain and the source 

gold electrode were printed by the glass capillary printing system described 

in chapter 4. 

III. Then, In2O3 as an n-type semiconductor channel was printed via glass 

capillary in between the extended Galinstan lines. Then, the substrate was 

annealed at 400 °C for 2 h. 

IV. Afterward, a composite solid polymer electrolyte (CSPE) was printed by inkjet 

printing on top of the indium oxide channel. This layer partially covers the 

Galinstan line that is attached to the channel. 

V. Subsequently, the conductive polymer (PEDOT:PSS) was inkjet printed on top 

of the CSPE layer and connected to the gate electrode pad. 

The printing process of the transistor is illustrated in Figure 6. 10. 
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Figure 6. 10: Workflow for the construction of a fully printed FET by combining 

capillary printed Galinstan lines and inkjet printing for the 

materials In2O3, PEDOT:PSS, and electrolyte. Adapted from [80] 

with permission from Wiley. 

6.3.2 Characterization of fully-printed transistors 

Figure 6. 11 shows an optical micrograph of a typical printed FET (left) and the 

corresponding schematic (right). 

The transistor was characterized by a semiconductor parameter analyzer at RT with 

a 50% humidity level and a gate voltage (VGS) sweeping from −1 to 1 V. As the 

transfer and output characteristic curves given in Figure 6. 12a,b show, the 

transistors display a negative threshold voltage (Vth) of −0.31 V and a current 

ON/OFF ratio of 1.84 × 103. It was also observed that there is a leakage current in 

the order of 10−8 A. The thickness of the electrolyte layer on top of the Galinstan 

lines is thinner so that PEDOT:PSS might penetrate the electrolyte in these areas, 

causing this significant leakage current. This might be improved by future 

optimization of the printing process, also addressing the yield (≈19%) of obtained 

transistors. 
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Figure 6. 11: Optical micrograph of a typical printed FET (left) and the 

corresponding schematic (right). Adapted from [80] with 

permission from Wiley. 

 

Figure 6. 12: I–V characteristics of the FET for the voltage applied to (a) 

ground/source (top) and (b) drain/source (bottom), respectively. 

Reproduced from [80] with permission from Wiley. 
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However, if a high yield and higher performance are required, the Galinstan can be 

replaced with gold. For a normally-OFF transistor with Vth of 0.206 V and a  normally-

ON transistor with a Vth of −0.211 V, the transfer curves are shown in Figure 6. 13a 

and b, respectively. For reliable circuit designs, both normally-ON and normally-OFF 

operation modes are essential. The subthreshold slope is comparable in both cases, 

≈98 mV·dec−1 (normally OFF) and (≈109 mV·dec−1). Nevertheless, the fabricated all-

gold printed devices demonstrated better reproducibility with a yield of ≈82%. A 

current leakage of ≈10−7 A was observed, which is higher compared to the Galinstan-

based transistors; however, this is expected since the current driving capability in 

gold is higher than in Galinstan. 

 

Figure 6. 13: Characterization of fully printed transistors with Au electrodes. 

Transfer characteristics of the transistor operating in (a) normally-

OFF mode and (b) in normally-ON mode. Reproduced from [80] 

with permission from Wiley.
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7. LM-based printed microheaters 

The LM direct-write technique described in chapter 4 was used to fabricate LM-based 

microheaters on glass substrates. This chapter discusses the effects of power and 

voltage on the microstructural properties of Galinstan and different printed 

microheater designs. Additionally, the thermal characteristics of the microheater are 

evaluated. 

7.1 Fabrication of the microheater structures 

I. First, macroscopic electrodes were hand-painted to the freshly cleaned glass 

substrate for a contact using Ag epoxy paste (Elecolit® 3653 10g). 

II. Galinstan microheater line structures were printed using glass capillaries of 

different apertures depending on different designs. The samples fabricated for 

the Resistance vs. Temperature studies, the Galinstan pads were hand-

painted after the line printing. 

III. All of the samples were explored with optical microscopy, characterized via a 

resistance vs. temperature study and power vs. temperature study. 

IV. The digitally defined line width of the meander lines varies from a minimum 

of 20 to up to >1000 μm for various cross-sections and designs. Figure 7. 1 

shows a summary of the different designs with varying lengths, widths, and 

cross-sections. 

 

Figure 7. 1: Example of different LM microheaters with different designs and 

structure sizes (line width) obtained by tuning writing parameters. 
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7.2 Microheater characterization 

All the printed microheater structures were characterized by an optical microscope. 

A Keithley 2000 multimeter was used to test the resistance. A Keysight B2902A 

source measure unit (SMU) was used to apply a voltage across the heater. The 

thermograms were captured with a Bosch professional GTC 400C, which was 

mechanically put near the microheater surface. Microheater structures were kept 

uncoated during all the experiments. 

Optical microscope images of Galinstan microheaters onto a glass substrate were 

captured (Figure 7. 2). The minimum width of the LM-based microheater structures 

is around 20 µm, and the average width of the LM lines for microheaters tested in 

the experiments is about 100 µm, if not otherwise mentioned. 

 

Figure 7. 2: Optical microscope images of different microheater structures on 

glass were used in this study. 

7.2.1 Thermograms 

The temperature distributions of the microheater were measured by an advanced 

thermography system, Bosch professional GTC 400C, which has a visual camera 

integrated with an infrared sensor with a thermal resolution of 160 x 120 pixels, 

providing detailed thermal images (Figure 7. 3 shows a typical thermogram capture). 
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Figure 7. 3: A thermogram showing the temperature distribution for a typical 

microheater structure (bottom) and the corresponding design 

(top). 

7.2.2 Temperature dependence of LM resistance 

In order to acquire resistance vs. temperature data, each microheater was heated on 

a hotplate at different temperatures. When the microheater temperature was 

maintained at higher temperatures (around more than 60°C) for a longer duration, 

the resistance of the printed structures kept on increasing even after approximately 

5 minutes, so to keep the data points comparable, at each temperature point, the 

micro heater was allowed to settle for 15 minutes after reaching thermal equilibrium. 

Figure 7. 4 shows the measurement setup, and Figure 7. 5 shows the measured 

electrical resistance of micro heaters with respect to temperature, which is similar to 

previous reports [434]. 
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Figure 7. 4: Set up to measure resistance measurement at various 

temperatures. 

 

Figure 7. 5: Electrical resistance of LM microheaters of the design (devices 

shown in Figure 7. 4). This plot is in accordance with previously 

reported Resistivity vs. Temperature data from [434]. 

An interesting observation during measurement observed that upon heating beyond 

around 50 °C, some LM line structures start showing high resistance in the range of 

kΩ, or, at a certain point, the connection breaks completely. 

When observed under the microscope (Figure 7. 6), these LM structures show 

shrinkage in the width of the LM line. It might be that LM displaces or voids are 

formed underneath the oxide layer as, during heating, the thermal gradient is 

formed. If LM-based patterns are subjected to high temperatures, these easily break. 

In previous reports, it has been suggested that this breakage occurs due to voids 

forming within the LM structures that expand while heating and finally break the 

circuit. There have been two hypotheses proposed in order to explain why voids can 

form in LM structures, which are either due to (I) metallic electromigration effects 

[107] or (II) a mismatch between temperature expansion coefficients (TEC) (the in 

case of LM filled in PDMS microchannels) [106]. 
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Figure 7. 6: Optical microscope images of a LM microheater structures part 

right after printing (left) and after heating (right). 

The shrinking of the LM line, as shown in Figure 7. 6, and the breaking of LM lines 

can be explained by electromigration theory [435], [436]. According to this, it can 

be said that if a high current density is flowing through these LM lines, the momentum 

of these electrons, which are carrying current, can be transferred to the core metal 

ions, and these core metal ions can be drifted in the direction of electrons, and this 

drift from its original position can be referred to electromigration.  

In our case, the LM ion cores might also feel opposing forces, as shown in Figure 7. 

7a, the FWind is the wind force generated from the moment exchange between the 

electrons and the LM ion core, and it is in the opposite direction of the electric field 

and in the direction of electron wind flow. The second force is FField, the force in the 

direction of the electric field. Wind force can be higher than the Field force, and as a 

result, the LM ions may start drifting [435]. In the present case, the oxide layer 

(Ga2O3) stays with the glass substrate, but LM into the core moves, leaving behind 

only the oxide layer and the formation of the void at that place, as a result breaking 

the connection. 

An alternative explanation is that a small amount of air may remain inside the heating 

LM line while printing. Aside from this, air can also leak through the oxide layer and 

enter the LM line. As the liquid metal is heated and voltage is applied to it, voids 

begin to form and expand in the LM line. When the temperature rises further, the 

volume of air inside the channel expands, causing the number and size of voids to 

increase, finally resulting in a circuit break. Figure 7. 7b shows the complete voiding, 

growth, and eventual breakdown of the liquid metal, which might be the reason 

behind the whole process of LM lines break-up and microheater failure [107].  
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Figure 7. 7: (a) Schematics of electromigration in LM printed line. (b) 

Schematics of LM line break-up within the heating channel induced 

by voids. Adapted from [107] with permission from MDPI, © 2020, 

under the terms and conditions of the Creative Commons 

Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

One possible solution to avoid the voids is – instead of using additive written wires 

of LM as heater elements – to continuously inject LM into a microfluidic device (as 

shown in Figure 7. 8) that is structured with encapsulated microchannels. However, 

this only partially solves the problem and generates another issue. Despite its 

effectiveness in filling voids and generating a uniform temperature field, this method 

needed an additional pump to supply LM, and also, the microchannel-substrate needs 

to be fabricated itself, which makes this approach inconvenient for use [106].  

The temperature-dependent resistivity in LMs, microheater geometry, and air void 

expansion can affect these printed LM microheaters' electrical resistance and 

efficiency. 
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Figure 7. 8: Microheater based on continuous injection of LM in encapsulated 

microchannels. 

For the direct-written LM microheaters, the problem of breaking connections can be 

partly solved by printing multiple layers on top of each other (Figure 7. 9) and thus 

increasing the height of the pattern. This approach enabled the fabrication of more 

stable microheater structures, which were then further characterized.  

Figure 7. 9: Printing multiple layers on top of each other increases the pattern's 

height and provides more temperature-stable structures. 

7.3 Thermal parameter characterization 

Several thermal parameters should be considered when choosing a microheater, 

including its power consumption and response time [362], [437].  

As shown in Figure 7. 10a, two samples (different from Sample 1 and 2 from the last 

section 7.2 and Figure 7. 5) named P-T_sample1 and 2, were printed with the help 

of the LM direct writing method. These structures were characterized for power 

consumption curves using a unit step voltage input, and local temperatures at the 

substrate's center and each microheater's resistances were measured before and 

after turning on the DC power supply. DC voltages ranging from 0.1 to 2 V were 

applied to characterize the microheater systematically. In order to ensure that the 

microheater achieves thermal equilibrium with its surroundings, the voltage was 
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Figure 7. 10: (a) Photo and optical microscope image of P-T_sample1 and 2. 

Line width: (108.49 ± 4.54) µm (b) Recorded maximum surface 

temperature with respect to the power applied. (c) shows the 

heating and cooling cycles for both LM microheaters where a 

voltage of 1.5V and 2 V are applied, resulting in a 0.92 W and 

1.54 W power consumption in LM microheaters P-T_Sample 1 
and 2, respectively. 
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(7.1) 

increased by 0.1 V, and the time interval between two consecutive runs was set to 

15 minutes. 

The Joule heat generated can be expressed as follows: 

P = IV = I2R =
V2

R
 

Where: 

V: voltage is applied to the microheater,  

R: is the resistance of microheater, and  

I: current is flowing through it. 

As shown in Figure 7. 10a, two samples were fabricated with an average line width 

of 108.49 ± 4.54 µm. The P-T_sample1 was fabricated by printing eight LM lines 

(each of 1cm in length) at a pitch of 1000 µm, later connected to the Ag electrodes, 

so the total length of meander LM structures for P-T_sample1 is around 9.3 cm. On 

the other hand, the P-T_sample2 was fabricated by printing five LM lines (each of 1 

cm in length) at a pitch of 3000 µm and later connected to Ag electrodes; the total 

length of meander LM structures for P-T_sample2 is around 6.9 cm. The resistance 

of each sample was monitored before and after the heating and temperature 

measurement; it remained at 3.5 Ω and 1.4 Ω for P-T_sample1 and 2, respectively. 

Figure 7. 10b shows the thermal response curve of the LM microheater, and it shows 

the maximum temperature achieved on the microheater substrate (159.4 and 83.2 

°C for P-T_Sample 1 and 2, respectively). In order to determine the response, the 

microheater was turned instantly onto the power of 0.92W and 1.54 W for P-

T_Sample 1 and 2, respectively, to study the heating cycle. After reaching the steady 

state, the power was turned off after the temperature stabilized, and the time it took 

to reach room temperature was also recorded to investigate the cooling cycle. 

While heating, microheater P-T_Sample 1 reaches a steady state in around 175 s, 

and P-T_Sample 2 reaches a plateau after around 250 s. While cooling, both samples 

take around 250 s to reach near room temperature. The experiment shows that the 

layout can tune the obtainable temperature and general electronic/temperature 

characteristics. In general, higher-resistance heating resistors require a lower current 

to achieve the same temperature as a lower-resistance-heating resistor. So, in 

addition to tuning the layout - it is conceivable to construct a lower current LM 

microheater with higher resistance by mixing the LM intentionally with impurities and 

using these composite inks for the construction of the microheater.  

Comparing the obtained microheater to existing demonstrations (Table 7 1) reveals 

the advantages and limitations of the LM-based heater structures. 
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Table 7 1: Comparison of previously reported printed microheaters and LM-based 

microheaters with current work. 
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[444] 

The main advantage of this direct writing of LM microheaters is that it offers freedom 

of design as no mask or microchannel design is needed. Also, in comparison to other 

microheaters based on Pt, Au, or Ag, these LM microheaters are more cost-effective. 

Direct writing also eases the fabrication process, and it is possible to fabricate a wide 

variety of designs on the substrate. These structures also have an extremely fast 

response time, able to reach beyond 100°C in 150 seconds, which is much shorter 

than previously observed microchannel microheaters [106], [445]. 

7.4 Microvalve application 

This method of on-demand printing of LM structures for microheaters can be applied 

to produce microvalves to control fluid flow. For this purpose, a thermoresponsive 

poly(N-isopropylacrylamide) (PNIPAM) based hydrogel was used, which can work as 

material for stimuli-responsive release processes and microvalves. Hydrogels based 

on PNIPAM can be easily prepared in water [446]. A PNIPAM solution undergoes a 

reversible lower critical solution temperature (LCST) phase transition from its soluble 

hydrated state to its insoluble dehydrated state at temperatures higher than their 

cloud point. Generally, this transition occurs at 32 °C [447], [448]. For the 

demonstration as a microvalve, a commercially available microchannel was 

functionalized with the PNIPAM and microheater and used to gate a fluorescent liquid 
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Figure 7. 11: Microheater for microvalve application. (a) Scheme of device 

fabrication. (b) Schematics of the complete setup. (c) Actual 

photograph of the setup. Microscope images of the PNIPAM 

barrier and adjacent QD liquid (d) in bright field and (e) in 

fluorescence with FITC filter (B-2E/C, Nikon, Ex.: 465–495 nm, 

Em.: 515–555 nm). (f) shows a fluorescent image of the 

microchannel after triggering the PNIPAM valve by heating, 

allowing the fluorescent QDs to diffuse into the other parts of 

the channel.  Inset showing ON and OFF conditions. 
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(Perovskite QDs) and ethanol for visualization purposes. The preparation of the 

device and the observed gating activity are presented in Figure 7. 11.  

Fabrication steps for the microvalve demonstrator: 

I. First, PNIPAM was hand painted in a microchannel (on the sticky side) of 

the ibidi microchannel slide. 

II. Freshly cleaned microscope glass slide (75 mm X 25 mm) was stuck on 

the microchannel side. 

III. The PNIPAM was exposed to UV light (torch with 365nm, 3 minutes) to 

cure. 

IV. One side of the microchannel was filled with Perovskite quantum dots 

solution in one side and another side with ethanol. 

V. Fabricated microheater structure was installed on the ibidi chip. 

After the microvalve microchannel is completed, it is put under a fluorescence 

microscope for observation of the gating activity. When applying the voltage, the 

microheater heats up, and the PNIPAM barrier undergoes shrinkage, allowing the 

fluorescent perovskite QD solution to mix with the non-fluorescent ethanol. The 

shrinking process and mixing were monitored under a fluorescent microscope (Figure 

7. 11 d-f). PNIPAM hydrogel barrier, acting as the microvalve gate, is shown in Figure 

7. 11d between QD solution (left) and pure ethanol (right). An image of the same 

view is shown in Figure 7. 11e in fluorescence with a FITC filter (B-2E/C, Nikon, Ex: 

465–495 nm, Em: 515–555 nm). In order to operate this microvalve gate, a 

microheater is turned on; the heat stimulates the PNIPAM barrier to shrink, causing 

the gate to open. The fluorescent QDs diffuse into the other parts of the channel after 

the gate is opened, as shown in Figure 7. 11f. 

This simple demonstrator shows the feasibility of microheater/PNIPAM valve devices 

for liquid gating. In the future, these LM structures can also be modified to regulate 

the flow between two fluidic ports and more complicated microfluidic networks.
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8. Gallium alloys and gold interfaces 

As discussed in chapter 2, several methods can be used to deposit LM on substrates, 

one of these being to direct writing of LM, which simplifies the circuit production 

process and reduces cost. Gallium and gallium alloys show excellent wettability on 

most metallic surfaces. These LMs interact strongly with some metals, such as Al, 

Au, and Ag, even at room temperature, and they are capable of diffusing into the 

grain boundaries of these solid metals.  

LM-based printed electronic devices also usually include connections between solid 

metal components and LMs, which might have a critical impact on the device's overall 

functioning. These contacts need to be studied, as current knowledge is limited here. 

Arguably gold is the most important industrial metal in the manufacture of 

electronics, commonly used as material for electrodes and connectors, is a highly 

efficient conductor, and can (without the involvement of LMs) usually remain 

corrosion-free and stable. The penetration of Ga-In into gold might affect the 

performance of the flexible electronic devices after a certain time. Thus, quantifying 

these processes might be crucial for managing their impact on a device and a critical 

step in bringing devices from the lab to commercial applications and daily life.  

This chapter describes the interaction of Galinstan with solid gold surfaces by utilizing 

vertical scanning interferometry (VSI), energy-dispersive X-ray spectroscopy 

(EDX/EDS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), AFM, 

and X-ray nano computed tomography (nanoCT). Furthermore, the effect of this 

interaction on the electrical properties of Galinstan resistors directly printed between 

gold pads was also studied. Most of the work presented in this chapter is published 

in Hussain et al. [80], [449]. 

8.1 Sample preparation 

A total of five different kinds of samples were prepared (Figure 8. 1) by capillary 

printing with the customized commercial nanolithography system described in 

chapter 4. The five sample kinds include two types of resistors, and two samples 

were printed on gold-coated glass substrates to measure gallium and indium 

spreading behavior on the gold surface. Multiple LM mixtures are available, generally 

based on gallium, indium, tin, and sometimes additional metallic parts. Galinstan (the 

LM used here) is a brand name also referred to as Ga–In–Sn, a mixture of 68.5% 

gallium and 21.5% indium, and 10% tin by weight (see Annex A.2.3). The printed 

resistors were characterized for resistance with respect to time on a probe station. 

One of these printed samples was encapsulated with PMMA to understand possible 

ways to slow gallium and indium penetration in gold surfaces.  
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Figure 8. 1: Sample preparation and characterization description. Reproduced 

from [449] with permission from Wiley. 

Optical microscope and scanning electron microscopy (SEM) images of these printed 

patterns were also collected. Two types of resistors (described in section 8.9) were 

fabricated with this technique, and their resistance over time was characterized. 

8.2 Correlated characterization method 

During the past decade, the use of LMs and other conductive materials for flexible 

electronics has significantly increased the number of electro-mechanical testing 

[450]; still, the importance of chemical interaction, degradation, and liquid metal 

embrittlement (LME) [451]–[453] studies (e.g., spread rate or grain growth) with 

gold and other metals is crucial to pre-analyze important factors in different 

processes and applications, e.g., soldering. 

Ga and In can penetrate from LMs into solid gold along grain boundaries due to stress 

(then the process is called liquid metal embrittlement (LME)) and a thermodynamic 

driving force that reduces the interfacial energy (then referred to as grain boundary 

penetration (GBP)), detailed discussions on these models can be found in the 

literature [452]–[454]. The spread rate for the formation of intermetallic 

nanostructures can be challenging to measure with one method alone, so a correlated 

characterization approach is applied here that combines data from vertical scanning 

interferometry (VSI) with energy-dispersive X-ray spectroscopy (EDS) and scanning 
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electron microscopy (SEM) to assess the physical topography and chemical mapping 

(Figure 8. 2).  

 

Figure 8. 2:  Galinstan spread correlated study with Scanning Electron 

Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), 

and Vertical scanning interferometry (VSI) for the sample with 

respect to time. Reproduced from [449] with permission from 

Wiley. 

SEM-VSI overlays were generated using the colocalization feature of the Mountain 

Map software, in which identical features in the SEM and VSI image were selected for 

proper alignment of images, in this case, FIB inscribed reference crosses. The 

correlated characterization method provides spatially resolved EDS maps and VSI 

maps that allow quantifying the Ga-In spread rate into the Au surfaces. Figure 8. 3 

presents an SEM and VSI overlay of printed Galinstan; it also shows Ga and In widely 

spread out around the Galinstan line.  
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Figure 8. 3: SEM and VSI overlay of printed Galinstan line. The overlay was 

generated using the colocalization feature of MountainsMap 

(Digital Surf, France). Reproduced from [449] with permission 

from Wiley. 

The quantification of these processes' results can help design longer-lasting devices. 

The correlated characterization approach employed here for the study of LM spread 

can also be applied to other systems. Other than describing important elemental 

details, in the future, this correlated characterization technique could also be added 

to tomographic studies, e.g., nanoCT, which might allow us to acquire a 3D grain 

map and might also allow us the quantification of the volume converted in 

intermetallic nanostructures [455]. These methods, integrated with other techniques, 

can also help predict a lifetime for LM-printed devices [456]. 

8.3 Intermetallic nanostructures formation rate 

This correlated characterization approach provides a comprehensive quantitative 

description of Ga-In movement or dissolution and formation of intermetallic 

nanostructures on the surface and underneath. The approach can relate precise 

centimeters to nanometer-scale surface topographic measurements. Figure 8. 4 

shows that using this system enables us to directly overlay EDS elemental analysis 

maps, SEM images, and VSI surface topography maps. In the vertical scanning 

interferometry method, product spread rates can be quantified at a nanometer-scale 

vertical resolution based on their topographical evolution. The EDS mapping provides 

additional information about the elemental/chemical spread. Over a time scale, 

multiple surface maps were obtained by measuring the development in Y and Z 

directions with VSI and EDS. With these maps available over the timeframes and 

subtracting them from each other, it is possible to obtain important information about 

the spread. These surface spread values can be converted into spread rates. 
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Moreover, finally, the spread distances from the Galinstan is analyzed in a graph, as 

shown in Figure 8. 4, and applying a statistical approach, the spread rate can be 

interpreted. 

 

Figure 8. 4: Spread distances from the Galinstan line. Fitting the spread S 

dependence of time t, assuming the free-space diffusion process 

[457] results in S(t) = (5 ± 0.63) √t. EDS/VSI images from the 

same sample positions were used to quantify the spread. In each 

image, the perpendicular distance of 15 random points at the 

spread front to the LM line was measured. The fit was done in 

Origin (OriginLab, USA). All error bars in graphs and error ranges 

reported represent one standard deviation (SD) of the reported 

mean. Reproduced from [449] with permission from Wiley. 

For this correlated characterization, two Galinstan samples on gold surfaces were 

prepared. The first sample was explored with EDS four hours after the sample 

preparation. The sample was also studied by VSI subsequently, which shows the 

spread for the initial 30 hours was around (32.97 ± 3.59) µm, translating into a 

spread rate of around 1.1 µm·h-1. The same area of the sample was followed up for 

up to 28 days after printing. For the time period 30 hours to 144 hours (day 6), a 

spread of (34.34 ± 3.30) µm, respectively, and a spread rate of 0.3 µm·h-1 was 

observed. Assuming an underlying free-space diffusion process through the gold film 

bulk [457], the spread S dependence on the spreading time t can be fitted as 

S(t) = (5 ± 0.63) √t , with an accompanying leveling-off spread rate over time. 

While microscopic penetration as measured in similar systems can be substantially 

higher (e.g., Ga penetration into Al, where in-situ transmission electron microscopy 

(TEM) measurements revealed speeds varying between 0.01 µm·s-1 to 12.2 µm·s-1 
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along the grain boundaries) [458], it must be taken into account that the macroscopic 

process observed here is the result of penetration along the randomly oriented grain 

boundaries, thus expected to result in a much slower propagation. Compared to the 

few reports on the macroscopic spread (e.g., estimated by us from published optical 

microscopy images for EGaIn on Ag electrodes to ≈1.5 µm·h-1) [101] the results 

seem in line with general expectations for such systems. Furthermore, the kinetics 

of GBP will be influenced by the way of preparation of the metal film, grain boundary 

type, and structure, grain size, mechanical stress, and temperature [459]. 

Interestingly, the penetration of Ga into grain boundaries can also influence the 

mobility of the grain boundaries itself, as reported for Ga/Al systems [460]. 

8.4 Characterization of intermetallic nanostructures 

SEM imaging and EDS maps measurements were conducted after a time interval of 

4h after printing LM. With good surface wetting, the penetration of Ga and In starts 

very fast as soon as it is in contact with the gold surface. Figure 8. 5 shows additional 

SEM imaging and corresponding EDS maps conducted 4h after the printing of the LM 

line. These clearly reveal the formation of intermetallic nanostructures in the spread 

area around the Galinstan line. Figure 8. 5a shows the grain-like texture of the 

resulting product at an angle, with the Galinstan line in the background. Figure 8. 5b 

 

Figure 8. 5: Intermetallic nanostructures formation in Galinstan-Gold. (a) 

SEM image at a 60-degree angle (closed view in inset), scale 

bar: 100 µm. (b) SEM image shows an apparent border 

between the intermetallic nanostructures products and the 

bare gold surface just after 7 hours of printing Galinstan on 

the gold surface. (c) EDS map edge of Galinsan line printed 

on the gold surface, acquired at 10 kV, 120 pA, Working 

distance (WD) = 5mm. Reproduced from [449] with 
permission from Wiley. 
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shows the apparent band of intermetallic nanostructures in the spreading region in 

the top view.  

Corresponding EDS maps (Figure 8. 5c) show that Ga and In start spreading into the 

gold surface immediately on contact. Sn penetration is not seen in initial EDS maps, 

and only later EDS maps after 1 week (Figure 8. 6) show slight signals of Sn 

appearing on the gold surface near the Galinstan line. The differential behavior in 

penetration speed for Ga, In, and Sn is similar to observations in LM/Zinc systems 

[461]. 

 

Figure 8. 6: EDS map for Galinstan, intermetallic nanostructure, and Au surface 

for freshly prepared sample for different time scales. 4 hours, 54 

hours, 178 hours (1 week), 2 weeks, and 4 weeks. SEM image 

elemental overlay, Au signal, Ga signal, In signal, and Sn signal. 

Adapted from [449] with permission from Wiley. 

The formation of the intermetallic nanostructures becomes visible even to the naked 

eye after enough time has passed. Here, a striking change in color from the 

grey/silver appearance of Galinstan to grey/blue color shades can be observed 

(Figure 8. 7). This indicates the formation of blue gold, an alloy of gold, and either 

Ga or In. The intermetallic compound AuIn2 forms at 46wt% Au and AuGa2 at 

58.5wt% Au [462], [463]. Considering the Au-Ga and Au-In phase diagrams, multiple 

intermetallic phases can be witnessed, most of which are stable at and below room 

temperature [464], [465]; thus, the amount of gold will determine the stoichiometry 

and phase formation of the resulting nanostructures. Clarysse et al. have reported 

that regarding Au-Ga systems, small amounts of Ga-amide introduced in Au 

nanocrystals might result in fcc Ga-doped Au nanocrystals, while proportionally more 



8. Gallium alloys and gold interfaces 

__________________________________________________________________ 

142 
 

Reproduced from [80] and [449] with permission from Wiley-VCH GmbH, © 2021, under the terms and conditions 

of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/ 

significant quantities of Ga precursor lead to the conversion of Au seeds to various 

intermetallic phases including hexagonal Au7Ga2, orthorhombic AuGa, and cubic 

AuGa2 [466]. So, the nanostructures seen in the SEM image in Figure 8. 6 might 

chemically constitute a mix of all of those different phases.  

 

8.4.1 X-Ray diffraction (XRD) study  

To clarify the composition of the intermetallic structures, XRD was performed on the 

sample seen in Figure 8. 7. The results were taken together with EDS, and the notion 

of the formation of energetically favorable intermetallic phases in similar systems 

[467], [468] suggests predominantly AuGa2 in the intermetallic region (Figure 8. 8). 

8.4.2 X-ray photoelectron spectroscopy (XPS) study  

As a complement to the EDS measurements, the more surface-sensitive method of 

XPS was performed on a sample with an LM line on a homogeneously Au-coated 

 

Figure 8. 7: Photo of LM sample on a gold-coated surface showing the light 

grey/blue color shades appearing on both sides due to Ga and 

In penetration into the gold film. The LM was applied to the film 

by the doctor blading without any contact or scratching of the 

gold film. The image is captured 190 days after the sample 

preparation. Reproduced from [449] with permission from 

Wiley. 

12 mm 
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substrate. The spreading of Galinstan on the Au surface was studied by XPS over a 

period of 120 days (Figure 8. 9). 

The spectral mapping of spin-orbit splitted Au4f, Ga2p, In3d, and Sn3d core level 

spectra collected across the LM line on the Au substrate is shown in Figure 8. 9a. The 

color code blue to red in the map shows the change in intensity of the spectra from 

lower to higher in the Y-axis. While in the X-axis, the highest intensity represents the 

binding energy of the core level spectra. The core-level binding energy of Au4f7/2 is 

84.2 eV [469], while for Ga2p3/2, In3d5/2, and Sn3d5/2, it is at 1118.66, 484.90, and 

443.90 eV, respectively, corresponding to the metallic gold and the LM components 

Ga, In, and Sn [98]. However, the binding energy of Ga2p shows the Galinstan is 

already oxidized after eight days of film deposition [80]. The Au4f map on the 8th 

day shows the intensity of spectra has the lowest intensity at around measurement 

point 4, which is the point when the line scan reaches the edge of the LM line. Around 

this position, the Ga2p, In3d, and Sn3d peak intensities start to increase, showing 

steps between Au and the LM. Comparing the Au map from the 8th, 14th, and 120th 

day, it can be seen that the position of the lowest intensity moved from 4 to 2. 

 

Figure 8. 8: XRD analysis of LM sample. Potential peak positions 

corresponding to metallic Au (in blue) and Au-Ga alloys (AuGa2 

in red) are marked in the graph. Overall the pattern of peaks 

clearly indicates the presence of intermetallic AuGa2, but AuIn2 

and AuSn2 might be masked by peak overlaps. Keeping in mind 

additionally the (relative to Ga) low concentration of In and Sn 

indicated in the EDS measurements (Figure 8. 6), the 

intermetallic phase is expected to be predominantly AuGa2. 
Reproduced from [449] with permission from Wiley. 
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Similarly, the Ga2p, In3d, and Sn3d intensities move towards position 2 and beyond 

that point over the time from the 8th day to the 120th day. The movement of the 

spectral intensity of Au and LM opposite to each other on the map shows the 

 

Figure 8. 9: Line scan on a LM line on a homogeneously Au-coated substrate 

at 8, 14, and 120 days after printing. (a) Core level maps of 

Au4f, Ga2p, In3d, and Sn3d. The map's color code from blue to 

red is the lowest to highest intensity of the peak along the Y-

axis. Point 4 (dark grey line), shows the starting point of the 

LM line. (b) Scheme on the sample and scan positions. (c), (d) 

High-resolution core-level spectra of Au4f, Ga3d, In3d, and 

Sn3d orbitals for a LM line (at the position marked in (b)) on Au 

for fresh, 8 days, 14 days, and 120 days after deposition. 
Reproduced from [449] with permission from Wiley. 
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movement of Ga and In in the Gold surface and intermetallic nanostructure 

formation, which confirms the observations by the other methods. 

Figure 8. 9c shows the Au4f spectra for a point in the center of the LM line on Au (as 

depicted in Figure 8. 9b) for the 1st , 8th, 14th, and 120th days after sample 

preparation. On the first day, the Au4f7/2 has two peaks at 84.5 and 85.7 eV 

corresponding to the In-Au and Au-Ga eutectic [470], [471]. From the first-day 

spectra, it is evident that some Au migrated to the surface of the LM film, forming a 

eutectic alloy with the LM. With the increase of time, the Au4f7/2 has only one peak 

at 85.7, indicating the Au mixes completely with the LM to form an eutectic. The 

combined observation of Figures 8.9a and Figure 8. 9c shows that the LM spreads 

into the Au film over time, but also some Au migrated into the LM, forming an 

eutectic. Figure 8. 9d shows the Ga3d, In3d, and Sn3d core level spectra collected 

on the 1st, 8th, 4th and 120th day. In Ga3d core-level spectra, the peak at around 20.8 

eV and in Sn3d core-level spectra, the shoulder at around 487.0 eV show that the 

surface is oxidized with the formation of Ga2O3 and SnO2 on the surface of the ML, 

while the In3d position does not change over time. This is in agreement with our 

previous work, where the thickness of the Ga2O3 layer on Galinstan was reported, 

along with the change in thickness over time [80].  

The oxide layer can be removed by HCl vapor treatment (Figure 8. 10), but stable 

GaCl3 hindered further XPS characterization of the intermetallic structures [272]. 

The Ga3d core level of the air-stored Galinstan sample shows the surface is oxidized 

to Ga2O3, while on the HCl etched sample, there is a single main peak at 22.0 eV, 

indicating the absence (or only negligible presence) of Ga2O3. Upon sputtering the 

air-stored sample with monoatomic Ar+, the Ga3d peak intensity at 21.0 eV 

decreased, and the peak at 18.6 eV increased, showing the removal of Ga2O3 with 

sputtering. Also, the decrease in O1s intensity and removal of C1s shows the general 

effectiveness of sputtering. In the case of the HCl-treated sample, a Cl2p signal 

appears on the sample, indicating the build-up of GaCl3 during the vapor treatment 

[272]. On sputtering, the Ga3d peak shifts to 21.6 eV, which is not from metallic Ga 

or oxidized Ga. This peak shift, therefore, could be indicative of the relative 

enrichment of GaCl3 during sputtering. Moreover, it can be seen that the Cl2p 

intensity does not change significantly upon sputtering, suggesting the removal of 

GaCl3 is slower compared to other components (e.g., residual oxides), as the carbon 

removal is also efficient, showing again the general effectiveness of sputtering. In 

summary, the sputtering depth profile shows the air stored Galinstan is oxidized, 

while on HCl etching, the Ga2O3 is removed but forms an even more stable GaCl3 

layer.  
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8.4.3 Topographic study with Atomic Force Microscopy (AFM) 

Revisiting the sample in optical microscopy after several cycles of correlative 

measurements revealed another interesting phenomenon (Figure 8. 11). 

Here, the intermetallic nanostructures show up in bands of slightly different 

reflectivity, as can be seen in the optical microscopy image of the spread area (Figure 

 

Figure 8. 10: High-resolution XPS spectra of Ga3d, C1s, O1s, and Cl2p orbitals 

for fresh/before sputtering and after sputtering with Ar+ 

Galinstan samples (a) air aged and (b) HCl etched and stored 

in Ar. The black line represents the first spectra (recorded 

before sputtering), and the red line represents the final spectra 

(after the sputtering experiment). Reproduced from [449] with 

permission from Wiley. 
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8. 11a). The contrast change does not indicate a chemical difference of the bands in 

regard to Ga, In, Au, and Sn contents, as EDS shows a homogeneous chemical signal 

for the spread area at all aging stages (Figures 8.5 and 8.6). Therefore, it can be 

suspected that there are different morphologies of the spread areas in the different 

bands, and a more detailed microstructural analysis with high magnification SEM and 

roughness measurement with AFM was implemented. SEM imaging at a 60° angle 

and AFM at the different bands (P1 to P6) show the general topography in AFM and 

corresponding SEM images (Figure 8. 11c). Both show pit and heightened hill 

 

Figure 8. 11: Correlated SEM and AFM measurements on LM spread. (a) 

Optical microscopy image showing different shades of 

intermetallic nanostructure products. (b) SEM image of the 

edge of the intermetallic nanostructures band with the adjacent 

bare gold surface. (c) SEM imaging at a 60° angle (scale bar 1 

µm) and corresponding AFM images for different positions. (d) 

Profile extraction from AFM images of positions. Reproduced 

from [449] with permission from Wiley. 
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structures in close vicinity uniformly dispersed throughout the surface. Scans of the 

complete areas reveal that the Au surface is fully covered with the intermetallic 

nanostructures, with no sign of any bare Au surface in between. All of the positions 

in the sample show similar hill structures in regard to size and height, which can be 

clearly observed in profile line extractions from the AFM images (Figure 8. 11d).  

In addition to the topography, a roughness analysis was performed to provide 

additional information about the texture. Both the arithmetical mean deviation 

roughness (Sa) and the root mean square roughness (Sq) as measured by AFM 

present a low overall roughness varying from 42 to 55 nm (Sa) and 52 to 68 nm 

(Sq), respectively, with maximum heights of the intermetallic structures varying from 

400 to 500 nm for the different bands (Table 8. 1). 

Table 8. 1: Surface roughness for the positions in shades where the roughness 

average (Sa) represents the mean height on the surface, and the 

root mean square (Sq) indicates the standard deviation from the 

mean height. All reported values were calculated from the whole 

area of the recorded AFM images in MountainsMap (Digital Surf, 

France). Reproduced from [449] with permission from Wiley. 

 

Position 
Mean Height Sa 

 (nm) 

Root Mean Square 

Height Sq (nm) 

Maximum Height Sz 

(nm) 

1 53.2 65.1 429.1 

2 41.7 52.2 401.8 

3 54.7 67.0 432.6 

4 50.7 63.4 464.6 

5 52.4 64.6 443.5 

6 54.7 67.8 486.1 

 

These shades were examined with EDS (Figure 8. 12), which shows Ga-In spreading 

into the Au surface; no Sn spread was found with that. Similar shades were observed 

in the XPS sample and EDS mapping sample.  

As even small changes in surface roughness and morphology can introduce 

substantial changes in the reflectance of surfaces [472], the differences between the 

bands seem sufficient for explaining the observed contrast. Furthermore, the bands 

can be correlated with cycles of vacuum (during XPS / EDS) and in air spreading, 

with the width of bands increasing with longer measuring or aging times (Figure 8. 

13), indicating that the source of the different roughness could be different 

mechanical stresses during vacuum exposure and storage at ambient pressure. 
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Figure 8. 12: EDS map for Galinstan, Galinstan-Au products, and Au surface, 

which constitutes different shades; these shades were seen in the 

optical microscope as well as InLens signal in SEM, not seen in 

the SESI (Secondary electron secondary ion) signal. (a) SEM 

image (SESI signal). (b) Elemental Overlay. (c) Au signal. (d) Ga 

signal. (e) In signal. (f) Sn signal. (g) SEM InLens signal image 

for the same spot as (a). (SESI: Secondary electron secondary 

ion) Reproduced from [449] with permission from Wiley. 

 

Figure 8. 13: A time-lapse optical microscope image shows bands, which can be 

correlated to vacuum cycles (when performing XPS) and air 

spread, where the corresponding width of the band increases in 

width with longer measuring and aging times. The grey spread 

area was influenced by high vacuum, and the black spread area is 

normal air aging. Reproduced from [449] with permission from 

Wiley. 
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Figure 8. 14: FIB cross-section at 54 degrees showing nanostructures around 

500 nm high (FIB cross-section depth 1 µm, width: 4 µm, milling 

current is 30kV:600pA) and EDS map at 54 degrees of FIB cross-

section into the intermetallic nanostructures. For the fresh sample, 

the thickness of the gold layer was around 100 nm, with 7nm of 

Cr as the adhesion layer. (a), (b) SEM image. (c) Si Signal. (d) Au 

signal. (e) Ga signal. (f) In signal. (g) Sn signal. Reproduced from 

[449] with permission from Wiley. 

8.4.4 3D propagation of atoms and X-ray nanotomography study 

To inspect whether the Au-film gets only alloyed on the surface or also in deeper 

layers, a FIB section was prepared in an area of the intermetallic nanostructures 

(Figure 8. 14). Gold and Ga signals fully correlate in the section down to the silicon 

substrate, thus showing that the complete gold film got consumed by the LM spread. 

EDS at a 60° angle shows gold signals within the Galinstan (Figure 8. 15), which also 

explains the growth of the granular nanostructures.  
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Figure 8. 15: EDS map for LM line and adjacent intermetallic nanostructures at 

60° view angle. (a) SEM image. (b) Elemental Overlay. (c) Au 

signal. (d) Ga signal. (e) In signal. (f) Sn signal. The Au-signal in 

the LM line indicates a back-propagation of Au from the substrate 

into the LM itself. Reproduced from [449] with permission from 

Wiley. 

Additionally, the X-ray nanotomography provided the 3D distribution of the Galinstan, 

gold, and intermetallic phases after 53 days of dipping a gold wire into Galinstan. 

Figure 8. 16c shows a 3D view of the sample in grayscale and color-mapped. The 

composition distribution is retrieved through the differences in the grayscale, with 

lighter gray corresponding to denser material. The scanned tip of 31 µm³ has a 

distribution of ca. 48% of intermetallic phases, 35% of Galinstan, 12% of gold, and 

5% of oxygen. While the inner structure is mostly intermetallic phases and gold, 

Galinstan is distributed in the more external layers, and oxygen forms a thin layer on 

the sample surface (Figure 8. 16c). 

8.5 Intermetallic nanostructures formation and 

growing mechanism  

Taking together the results so far, a growing mechanism for the intermetallic 

nanostructures can be proposed based on the penetration of Ga and In from the LM 

into the gold surface (Figure 8. 17).  

In this model, the intermetallic structures are products of Ga and In alloying with Au 

after diffusion along intergranular cracks produced at grain boundaries of the 

underlying gold film. Multiple theories exist for crack initiation and LME/GBP based 

on adsorption or diffusion-penetration of LM 
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Figure 8. 16: (a) NanoCT sample preparation. (b) NanoCT scan process. (c) 

NanoCT 2D slices and volumetric reconstruction of a nanoCT 

scan were performed 53 days after dipping a gold wire into the 

Galinstan. (as shown in (a)) of a gold, wire dipped into 

Galinstan. Side view slice of the sample in (I) grayscale (lighter 

gray indicates denser material) and (II) color map. The white 

dashed line in (II) indicates the cut for the top view (III). 

Reproduced from [449] with permission from Wiley. 
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atoms on solid metal surfaces and weakening of inter-atomic bonds [451], [452]. 

Micro-void coalescence (MVC) and the dissolutions-condensation mechanism (DCM) 

are expected to be the reason for intergranular cracking. As the details of cracking, 

volume changes, and the vertical growth of the nanostructures itself will depend on 

mechanical stresses in the gold and interactions at the surfaces, in this model, it also 

becomes conceivable why slightly different morphologies for the intermetallic 

structures leading to the band structures in the spread area are formed. They reflect 

the different pressure regimes under which XPS and EDS, and the aging under 

ambient conditions at atmospheric pressure take place.  

 

Figure 8. 17: Model of intermetallic nanostructure formation. (a) Schematic of 

the sample setup. (b) SEM image of the intermetallic 

nanostructures at a 60° view angle. (c) The proposed growing 

mechanism for the intermetallic nanostructures. (I) Crack 

initiation, (II) grain boundary penetration, and (III) intermetallic 

nanostructure formation. Color representations are; light blue: 

glass, orange: gold, gray: Galinstan, blue: intermetallic 

nanostructures, and purple: oxide layer. Reproduced from [449] 

with permission from Wiley. 

8.6 Effect of temperature and humidity on 

intermetallic structure formation 

While the focus in this work is on the time evolution of the Galinstan gold systems, 

some explorative experiments in regard to temperature and humidity were performed 

as it is known for Ga/Al systems that raising temperature can highly increase Ga 

penetration into grain boundaries [459]. For this, sets of samples were kept for 18h 

under different temperature and humidity conditions, and spread was measured 

afterwards (Table 8. 2). This revealed that the influence of humidity seems negligible, 
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but heating the substrates to elevated temperatures of 50 °C and 100 °C 

substantially increases spread, in particular for thicker line structures. 

Table 8. 2: Results of spreading experiments for LM lines on the gold surface 

for different temperatures and humidity. Images of the samples 

are provided in Figure 8. 18. Reproduced from [449] with 

permission from Wiley.

 

Figure 8. 18: Effect of temperature and humidity on formation of 

intermetallic structures. Comparison of optical microscope 

images of edges of printed Galinstan line pattern on Gold 

surface fresh sample to 18 hours aged sample. (a) sample set 

temperature. (b) Sample set humidity. Reproduced from [449] 

with permission from Wiley. 
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Sample 

Line Width 

(µm) 

Temperature 

(°C) 

Relative 

Humidity (RH) 

Spread 

(µm) 
S
a
m

p
le

 S
e
t 

"T
e
m

p
e
ra

tu
re

" 1 ≈10 24 ambient1 8.36 ± 0.57 

2 ≈10 50 ambient1 9.18 ± 0.6 

3 ≈10 100 ambient1 19.07 ± 1.97 

4 ≈500 24 ambient1 13.45 ± 0.68 

5 ≈500 50 ambient1 49.72 ± 1.84 

6 ≈500 100 ambient1 1723.18 ± 66.07 

S
a
m

p
le

 S
e
t 

"H
u
m

id
it
y
" 

7 ≈10 24 dry2 9.28 ± 0.31 

8 ≈10 24 ambient1 8.07 ± 0.34 

9 ≈10 24 wet3 11.25 ± 0.63 

10 ≈500 24 dry2 17.27 ± 1.00 

11 ≈500 24 ambient1 14.89 ± 0.70 

12 ≈500 24 wet3 16.6 ± 0.52 

1 Sample was exposed to an ambient lab environment, with approx. 37% r.h. 

2 Sample was under a dry nitrogen flow, approx. 20% r.h. 

3 Sample was enclosed in the petri dish with water, leading to a saturated atmosphere 

of ≈100% r.h. 

8.7 Effect of encapsulation on intermetallic structure 

formation 

Finally, another line-printed sample was encapsulated with PMMA to look for factors 

affecting the spread of Galinstan on gold. Here, optical microscopy images were 

captured with respect to time (Figure 8. 19). The PMMA encapsulation cannot prohibit 

LM spreading (as is expected, as the spread also propagates through the gold film 

bulk); however substantially slows down at least the surface visible outgrowth, 

probably by mechanical blocking and acting as a stabilizer for the surface.  
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Figure 8. 19: Optical microscope images of PMMA encapsulated printed pattern 

on the gold surface show less penetration. (a) Fresh sample. (b) 

After 1 week. (c) After 2 weeks. (d) After 3 weeks. (e) After 4 

weeks. The initial spread for the sample in (a) is probably induced 

by the high temperature during the curing of the PMMA (c.f. 

discussion on temperature influence on spreading and Figure 8. 

18, Table 8. 2). Reproduced from [449] with permission from 

Wiley. 

8.8 Estimation of the oxide layer 

One of the most interesting properties of these gallium-based liquid metals is their 

tendency to spontaneously form a metal oxide on their surfaces. Even O2 

concentrations as low as 1 ppm are sufficient to form the oxide layer [99].         

According to reports, this oxide layer is 1–5 nm thick [98], [473], [474]. This oxide 

layer acts as a passivating layer and provides stability to structures while/after 
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printing on the surface that would ordinarily be unfavorable due to the extremely 

high surface tension (≈640 mN·m−1) of bare LMs. This oxide layer can provide a 

rather negligible increase in contact resistance for reconfigured patterns (where there 

is a thin oxide layer between EGaIn and electrode pads) compared to the case of 

direct printing [101]. However, the oxide layer can be removed with HCl or NaOH 

treatment in some approaches [272], [274]. The remarkable stability of Galinstan-

based LM structures, allowing even for 3D free-standing arcs (as described in chapter 

4), as also demonstrated for LM droplets [100] and interconnects [101], is based on 

an oxide layer "skin" forming immediately on contact with oxygen from 

environmental air. 

In order to obtain a better understanding of the oxide layer formation in printed 

systems and, in particular, learn about the thickness of the layer, experiments were 

conducted to characterize the printed LM lines with time-of-flight secondary ion mass 

 

Figure 8. 20: Chemical analysis of the oxide layer on the printed LM lines. a) 

SEM secondary electron (SE) image of a cross-section after 

TOF-SIMS analysis (executed on the area indicated by grey 

frame). b) FIB SE image of the first frame of the TOF-SIMS 

analysis. c) GaO-signal of the first 3 ToF-SIMS frames indicating 

an oxide layer on the sample surface, while the in situ milled 

cross-section (not previously exposed to air) shows no sign of 

an oxide cover. d) Ga3d core level spectra from XPS 

measurement on a one-month air-exposed Galinstan sample. 

Reproduced from [80] with permission from Wiley. 

 



8. Gallium alloys and gold interfaces 

__________________________________________________________________ 

158 
 

Reproduced from [80] and [449] with permission from Wiley-VCH GmbH, © 2021, under the terms and conditions 

of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/ 

spectrometry (TOF-SIMS) and X-ray photoelectron spectroscopy (XPS), results 

shown in Figure 8. 20,Figure 8. 21. 

The oxide layer can clearly be detected in TOF-SIMS measurements (Figure 8. 20a–

c). For this, a cross-section of a LM line was done at −100 °C (Figure 8. 20a), and 

then an image area with parts of the cross-section and parts of the LM line surface 

(Figure 8. 20b) was mapped by TOF-SIMS (Figure 8. 20c).  

While the cross-section shows no GaO− signal (as an indicator of gallium oxide), a 

signal is clearly observed on the surface areas where the oxide layer is still present. 

During TOF-SIMS milling, the signal quickly diminishes within a few frames (Figure 

8. 20c), indicating the thin nature of this layer. For further information on the oxide 

layer thickness, XPS measurements from a one-month air-aged Galinstan sample 

deposited on Si were conducted (Figure 8. 21a).  

 

Figure 8. 21: Chemical analysis of oxide layer on the printed LM lines by XPS. 

Core level spectra from XPS measurement on a one-month air-

exposed Galinstan sample. Core level spectra of (a) Ga3d, (b) 

O1s, (c) Sn3d, and (d) In3d of a sputtered depth profile on 

Galinstan. The graph was plotted in Origin (OriginLab, USA). 

Reproduced from [80] with permission from Wiley. 

The Ga3d core level spectra have two high-intensity peaks at 20.9 and 18.6 eV 

corresponding to the Ga3+ and Ga0 states of Ga [98], [475]. This clearly indicates 
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Reproduced/Adapted from [80] and [449] with permission from Wiley-VCH GmbH, © 2021, under the terms and 
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the Galinstan surface oxidized and formed Ga2O3. Additionally, O1s In3d and Sn3d 

peaks are also detected on the oxidized surface of the Galinstan (see Figure 8. 

21b,c,d).  

To determine the thickness of the surface Ga2O3 layer, a sputtering depth profile was 

completed using 500 eV monoatomic Ar ion sputtering. The relative intensities of 

Ga3+ and Ga0+ states in the Ga3d core level spectra are considered for the 

determination of Ga2O3 surface layer thickness.  

For the determination of Ga2O3 thickness following equation [476] is used:  

tGa2O3
= λGa2O3

 sin θ ln {[
IGa

∞

IGa2O3

∞ (
IGa2O3

exp

IGa
exp )] + 1} 

Where  

tGa2O3
: are the thickness of Ga2O3. 

λGa2O3
: inelastic mean free part of electron in Ga2O3. 

IGa
∞

IGa2O3
∞  : Ga to Ga2O3 intensity ratio in their indefinite thickness. 

IGa
∞

IGa2O3
∞ : Ga to Ga2O3 intensity ratio in experiments. 

θ: Angle between the plane of the sample surface and analyzer. 

 

Figure 8. 22: The thickness of Ga2O3 over sputtering depth from Galinstan 

deposited on a Si substrate. Reproduced from [80] with 

permission from Wiley. 
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Here, the 𝜆𝐺𝑎2𝑂3
 was considered to be around 3.8 nm, obtained using the impWin 

software from NIST (National Institute of Standards and Technology) [477].  

The 𝐼𝐺𝑎
∞ /𝐼𝐺𝑎2𝑂3

∞  ratio should be obtained experimentally; however, as data on very thick 

films (to approximate the infinite case) is unavailable (especially for the oxide), this 

ratio cannot be obtained experimentally in these experiments. Therefore in these 

calculations, four different ratios were used to have an approximate thickness of 

Ga2O3, which can also be seen in Figure 8. 22. 

 

Figure 8. 23: XPS Analysis of aging Galinstan line. Ga3d core level collected from 

(a) fresh and aged samples for (b) 15 days and (c) 60 days on 

Galinstan deposited on Au substrate. The Ga2O3 thickness 

determined by sputtering depth profile XPS on fresh, 15 days, and 

60 days-aged Galinstan samples. The thickness of Ga2O3 over layer 

changes from 2.0 nm to 2.5 nm in 60 days of aging in air. The 

graph was plotted in Origin (OriginLab, USA). Reproduced from 

[80] with permission from Wiley. 
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From the XPS data, a thickness in the range of 2.5 to 3.5 nm is obtained via modeling 

the data in regard to the theoretical ratio of Ga3d peak intensities in infinite thick Ga 

and Ga2O3 films. Following the evolution of the oxide layer thickness on a sample 

from freshly prepared up to 60 days (Figure 8. 23), there was only a minor growth 

of film, about 0.5 nm, in this time period. Thus, the initial oxidation of the surface 

limits the further oxidation of Galinstan, and the air aging has only a minimal effect 

on the growth of Ga2O3 on it. Overall, our results confirm the nanometer-sized 

thickness of the native oxide layer, as also estimated in other studies [473]. 

8.9 Electrical characterization of Galinstan-Gold 

contacts 

To investigate the effect of time aging on the electrical properties of Galinstan-gold 

contacts, the total resistance was measured between the printed Galinstan pattern 

in between two gold pads. For this, printed (38.38 ± 2.35) µm wide Galinstan lines 

 

Figure 8. 24: Printed resistors as Galinstan lines between two gold pads 

(average width: 38.38 ± 2.35 μm), the distance between two 

gold pads 500 μm for sample 1 and 1620 μm for sample 2 

(including 42 μm of the middle gold pad). Reproduced from 

[449] with permission from Wiley. 
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(Figure 8. 24) connecting two gold pads located at 500 µm for sample 1 and 1620 

μm for sample 2 (including 420 µm of the middle gold pad).  

The resistance between the pads was measured using two probes for the samples for 

freshly prepared samples after seven days, one month, and two months of aging 

time. Optical microscope images were also captured for the same intervals. As the 

optical microscope images show in Figure 8.24, the Galinstan starts reacting with a 

gold pad immediately after the printing, and after two months, the gold pads are 

entirely covered.  

 

Figure 8. 25: Scheme of Au/Galinstan setup. (a) Conductivity measurement 

setup based upon a 2-point probe system. (b) Resistance studies 

with respect to time for two types of printed resistors. For each 

data point, the resistance was measured for 10 samples. The 

graph was plotted in Origin (OriginLab, USA). All error bars in 

graphs and error ranges reported represent one standard 

deviation (SD) of the reported mean. Reproduced from [449] with 

permission from Wiley. 

The resistance measured using two probes increased with respect to air aging. The 

resistance for directly printed Galinstan resistors between two gold pads was (8.11 

± 4.77), (6.47 ± 1.32), (9.56 ± 2.68), and (11.77 ± 5.33) Ω for fresh, after 7 days, 

one month and two months aging, respectively. On the other hand, for sample 2, it 

was found to be (8.05 ± 3.10), (6.99 ± 1.36), (12.45 ± 3.36), and (20.01 ± 7.38) 

Ω for the same time intervals, respectively. Both of the data were measured for an 

average of 10 samples. Overall, there is only a slight difference in total resistance 

over time. However, there is a higher increase for sample 2, where the LM line was 

traversing a 420 µm additional gold pad in contrast to the direct connection of 

electrodes in sample 1. This could indicate an additional change in LM composition 

and internal structure over the middle part of the connection in sample 2, where it is 

in direct contact with the gold pad. Here, Au can penetrate back into the LM line itself 

(Figure 8. 16), potentially raising the LM lines' resistance as of the introduced phase 

boundaries and localized composition changes, as, e.g., also observed in Fe-loaded 

LMs [259].
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9. Summary  

The aim of this thesis is to explore the potential capabilities and applications of new 

direct writing/pattering methods to fabricate fully printed electronic devices. The 

methods developed include a high-resolution glass capillary-based LM additive 

manufacturing setup and a low-cost microplotter system. Several key challenges with 

these direct-write approaches are discussed, and possible solutions are implemented 

or outlined. Most importantly, this thesis explores the potential use of LM direct write 

methods for the fabrication of fully functional electronic components and devices. The 

thesis completes all the objectives discussed in chapter 1. The first objective was to 

develop a unique method to directly write LM on surfaces. The second objective was 

to design a low-cost, on-demand printing setup that could be used without intensive 

training, making it much more accessible for new users. The third objective was to 

use these printing methods to design LM-based microelectronic devices as resistors, 

diodes, and transistors. The fourth objective was to directly write microheater 

structures with the LM printing setup and rectify the occurring challenges and explore 

advantages associated with LM-based microheaters. The fifth objective was to 

thoroughly study the interface formed between the LM (Galinstan) and gold pads 

used in microelectronics devices. 

Printing setups, their design, manufacturing, and application in printing 

microelectronic devices, as well as the electrical characterization of the resulting 

devices corresponding to each of these objectives, have been presented.  

This thesis has several contributions to the understanding and advancement of 

printed electronics. The following section provides a detailed summary chapter-wise:  

 Chapter 2 gives a background of printable materials and basic printing 

methods available in printed electronics. It discusses some common printable 

materials and functional inks (insulator, semiconductor, conductor inks) used 

in PE, along with a brief introduction to LMs and the problem associated with 

writing LMs. The discussion also includes the efficiency and printability of all 

functional inks, regardless of whether they were organic or inorganic. It also 

covers pre-printing steps and post-printing processes. 

 Chapter 3 deals with device design, functioning, and typical characteristics of 

p-n diodes, field effect transistors, and microheaters. It also discusses the 

printed electrolyte gated FETs (EGFET)'s basic structure and functionality. It 

also presents a brief overview of the state-of-the-art LM-based 

microelectronic devices. 
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 Chapter 4 shows the glass capillary-based direct write system developed 

during the thesis based on a customized commercial nanolithography system. 

It shows Galinstan-based LM structures with remarkable stability (macroscale 

as well as microscale) with different thicknesses and widths; even 3D 

freestanding arcs were created with this approach. The chapter also discusses 

factors influencing the dimensions of the written patterns, such as the inner 

diameter of the capillary, the size of the capillary tip opening, and the distance 

between the substrate and the glass capillary tip. The minimum width of 

homogeneous, well-defined lines achieved in this approach is (1.3 ± 0.1) µm, 

which is achieved using a tip of 2 µm opening and at a writing speed of 1000 

µm·s−1. It also shows that interspacing of LM lines can be achieved in the sub-

10 µm range without merging of lines. Challenges that arise while printing 

Galinstan (the LM used here) and methods to address those challenges are 

also discussed. 

 Chapter 5 describes the design and implementation of an open-source 

microprinting system that allows for flexible and highly accessible on-demand 

microplotting on samples and devices that are otherwise hard to address with 

conventional spotting methodologies. The setup provides a straightforward 

installation, configuration, and hassle-free operation without special training 

and offers competitive resolution and precision. This setup can be used 

intuitively as direct access to the microrealm for everyone. This microplotter 

setup can provide printing of various aqueous solutions and solvent-based 

liquids in a wide viscosity range. This chapter also explores the microplotter 

setup's high accessibility and ease-of-use for flexible on-demand 

functionalization ranging from the micro- to mm scale. Furthermore, the uses 

of this microplotter system in model applications for printable electronics and 

bioactive device functionalization are demonstrated, exemplifying the broad 

material compatibility and flexibility for substrate geometry. For printable 

electronics applications, Au nanoparticle-based ink is printed on glass 

coverslips, and Kapton foil is then cured to make the patterns conductive. The 

characterization of printed patterns with optical microscopy shows that sub-

10 µm gap sizes between features could be achieved. The chapter also 

discusses the flexibility of this micromanipulator-based printing approach for 

in situ and on-demand printing of interconnects. It also demonstrates the 

printing capability of biomaterial inks, such as inks containing lipids (DOPC), 

proteins (BSA), and small bioactive molecules (biotin). 

 Chapter 6 shows the fabrication of various fully printed devices based on 

Galinstan capillary printing. This chapter discusses the fabrication and 

electrical characterization of fully printed interconnect wires, resistors, p–n 

diodes, and transistors which are process compatible with other digital 

printing methods and thin film structuring methods for integration. The fully 

printed working p–n diodes shows currents in the order of ION = 10−4 A and 
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IOFF ≈10−9 A (ON/OFF ratio of 105), translating to a current density of ≈2.28 

A·cm−2, at an area of 100 × 100 µm2. The LM-based fully printed transistors 

show ON currents in the order of tens of mA, display a negative threshold 

voltage (Vth) of −0.31 V, and a current ON/OFF ratio of 1.84 × 103. It is also 

observed that there is a leakage current in the order of 10−8 A. The chapter 

also shows tunable resistors that can be further encapsulated with PMMA to 

protect them from environmental influences without losing conductivity. 

 Chapter 7 shows the direct writing of LM-based microheaters with meander 

structure design on glass substrates. In the fabricated microheaters, optical 

microscopy reveals an average LM line width of around ≈100 µm, with a 

minimum line width of 20 μm. The LM microheater structures were 

characterized for power consumption, response time, and heating and cooling 

rates. These LM microheater structures can go up to 200°C. The maximum 

voltage applied is 2.5 V, and the power consumption is 1.54 W. The response 

time while heating is around 150 seconds to reach a stable temperature. While 

cooling, the sample takes around 250 seconds to reach near room 

temperature. 

 Chapter 8 describes the study of the interaction of Galinstan with solid gold 

surfaces correlating different techniques. Additionally, the study explores the 

oxide layer of Galinstan, which is the origin of the surprising stability of the 

printed structures. It is observed that Ga and In can penetrate from LMs into 

solid gold along grain boundaries due to stress (then the process is called 

Liquid Metal Embrittlement (LME)) and a thermodynamic driving force that 

reduces the interfacial energy (then referred to as grain boundary penetration 

(GBP). As Ga and In spread into the Au, they form intermetallic structures. A 

correlated characterization system is applied that contrasts Vertical scanning 

interferometry (VSI) with Energy-dispersive X-ray spectroscopy (EDS) and 

Scanning Electron Microscopy (SEM) to assess the physical topography and 

chemical mapping, and it also helps to determine the spread rate. For the 

initial 30 hours, the spread is found to be around (32.97 ± 3.59) µm, which 

translates into a spread rate of around 1.1 µm·h-1. For the period 30 hours to 

144 hours (day 6), a spread of (34.34 ± 3.30) µm is found, respectively, 

which signifies a spread rate of 0.3 µm·h-1. The intermetallic nanostructures 

formation in Galinstan-Gold is also observed in SEM and EDs with respect to 

time, which shows Ga and In start spreading into the gold surface immediately 

on contact. Sn penetration is not seen in initial EDS maps, and only later EDS 

maps after 1 week show slight signals of Sn appearing on the gold surface 

near the Galinstan line. It is also observed that the formation of the 

intermetallic nanostructures becomes visible even to the naked eye after 

enough time has passed. XRD of intermetallic structures suggests 

predominantly AuGa2 formation. The chapter also shows the XPS study of the 

spreading of Galinstan on the Au surface over a period of 120 days. Here, it 

also became visible that the oxide layer growth on Galinstan is self-limiting, 
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as a stable thickness is already reached eight days after film deposition. In 

addition, it is found that some Au migrated to the surface of the LM film, also 

forming AuGa phases. In the XPS study of air-aged and HCl etched (afterward 

aged in Ar) samples, the sputtering depth profile shows that only the air-

stored Galinstan is oxidized, while on HCl etching, the Ga2O3 is removed, but 

the formation of an even more stable GaCl3 layer was observed. The AFM 

study of the intermetallic structures shows that all of the positions in the 

sample have similar hill structures in regard to size and height, and only minor 

roughness differences are observed. Additionally, an X-ray nanoCT study of a 

Galinstan-coated gold-wire tip of 31 µm³ volume shows a distribution of ca. 

48% of intermetallic phases, 35% of Galinstan, 12% of gold, and 5% of 

oxygen. It also shows that the inner structure is mostly intermetallic phases 

and gold, Galinstan is distributed in the more external layers, and oxygen 

forms a thin layer on the sample surface. Based on all the results, a growing 

mechanism for the intermetallic nanostructures is proposed based on the 

penetration of Ga and In from the LM into the gold surface. Additionally, the 

effects of temperature and humidity on intermetallic structure formation are 

studied. While the influence of humidity seems negligible, heating the 

substrates to elevated temperatures of 50°C and 100°C substantially 

increases spread, in particular for thicker line structures. Other than that, this 

chapter also offers a better understanding of the oxide layer formation with 

the help of time-of-flight secondary ion mass spectrometry (TOF-SIMS) and 

X-ray photoelectron spectroscopy (XPS). The XPS sputtering data estimates 

the thickness of the oxide layer of Galinstan in the range of 2.5 to 3.5 nm. 
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10. Outlook 

The work presented in this thesis showcased the potential of glass capillary-based 

direct writing of LM for fabricating functional, fully printed electronic devices. There 

are several directions in which this work could be extended to further realize the 

potential of LM direct writing for printed electronics applications. Some of the 

potential directions in which this research could be extended in the future are as 

follows: 

 Update of the micromanipulator-based system  

The ink/substrate range could be broadened even further by the integration of an 

active ink delivery system (e.g., syringe pump or microfluidic controller) into the 

glass capillary stylus, omitting the capillary force relying on the ink transfer mode 

presented here. Further control in printing could also be achieved by the inclusion of 

the setup within a humidity chamber if desired for certain types of inks or substrates. 

In general, it should be noted that the achievable minimal feature size is highly 

dependent on the interaction of the ink and substrate, i.e., in particular, the surface 

tension of ink and the surface energy of the substrate. Combining the setup with 

more powerful optics would also allow us to fully leverage the micromanipulator 

robots positioning precision, enabling not only the functionalization of hard-to-reach 

surfaces but also pre-existing microstructures themselves, e.g., for 3D-printed 

complex microscaffold structures in cell experiments [478]. It would also be 

conceivable to add other stylus designs allowing for multi-ink deposition, e.g., by 

 

Figure 10. 1: Multi-ink deposition using parallel arrays of glass capillaries. 
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parallel arrays of miniaturized capillaries (as shown in Figure 10. 1), or using other 

printing principles as, e.g., in arrays of microchannel cantilevers [479] or 

miniaturized polymer pen lithography stamps [480] (thus all of these would need 

conformal leveling, complicating manual control). 

 Fabrication of nano-meter feature LM lines 

There is a very high demand from the electronics industry to fabricate features with 

finer resolutions than those achieved during the course of this research using 250 

nm diameter nozzle openings. These can be accomplished by using techniques such 

as FluidFM [244], [481], [482] or with the help of using nanosized nozzles such as 

Polymicro Nano-Capillary Tubing (inner diameter 200nm) [483]. In these cases, high 

pressure would be needed to extrude the LM out of the nozzle as of the increased 

capillary force. All the parameters and designs should be studied to look for the 

possibility of upgradation/improvement and to practically accomplish nm-scale LM 

printing. The microheaters reported in the thesis are usually used in gas sensors, but 

in the future, on-demand direct fabrication and nm-resolution printing would help to 

accomplish in situ manipulation of samples by directly writing the desired 

micro/nanoheater structure around/on the sample. Applying heat stimuli to samples 

would help to understand sample properties and interactions in real-time at elevated 

temperatures. The geometry can be designed such that the sample can be in either 

contact with LM or covered with SiO2 and then LM printed over it. These LM 

micro/nanoheaters can also be also used for other large variety of applications, such 

as stretchable, wearable, or implantable heating probes or for thermos control in 

PCR, etc. 

 Improving the performance of current fully printed electronic devices 

The fabricated FETs show a leakage current in the order of 10−8 A and are fabricated 

with a yield of ≈19%. We attribute these to the only thin film thickness of the 

electrolyte layer on top of the Galinstan lines so that PEDOT:PSS might penetrate the 

electrolyte in these areas, causing this significant leakage current. In the electrolyte 

layer, CSPE could be replaced with ion gel [123], [484], and the whole device can 

also be encapsulated to avoid any effect of moisture or the environment [485]. 

Overall, on further optimization of the printing process, multilayer printing, and post-

processing steps, these issues, including yield, might be improved in the future.  

 Extending fully printed electronic devices for fabricating electronic 

circuits  

The device functionality achieved with only a single processing technique for various 

inks eases the fabrication flow and shows the great potential of LM printing, which by 

far exceeds its simple use as interconnect of conventional electronic devices in PE. 

These fully printed electronic devices can be primarily extended to flexible substrates 

and designed LM-based fully printed components such as inverters and ring 
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oscillators. In the future, these fully printed devices can be used in circuit building 

blocks for wearable, flexible sensors and, in particular, for bioelectronics and 

biomedical applications. In the latter, the devices will be in direct contact with living 

systems, and the favorable material properties concerning toxicity, as well as their 

relatively low cost of processing (enabling one-time use when needed), will be a 

significant advantage. 
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A.1. Materials 

Table A. 1: Materials used in work throughout the thesis. 

 

No. Name  
Catalogue 

Number 
Supplier 

1 Glass pipette borosilicate GC120TF-10 Warner Instruments 

2 Chloroform 1.02445.1000 Merck Group 

3 2-propanol 6752.1 Cal Roth GmbH 

4 
Acetone 20063.296 

VWR Chemicals 

(avantor) 

5 
Ethanol 20821.296 

VWR Chemicals 

(avantor) 

6 Dimethyl sulfoxide 276855-1L Sigma-Aldrich 

7 Galinstan 200 gm pack Strategic Elements 

8 Gold nanoparticles ink UTDAu25-IJ UT Dots 

9 Indium(III) nitrate hydrate 

In(NO3)3 .× H2O 
326127-10G Sigma Aldrich 

10 Glycerol 65516-500ML Sigma-Aldrich 

11 Copper(II) nitrate 

hemi(pentahydrate) 

Cu(NO3)2 × 2.5 H2O 

223395-100G Sigma-Aldrich 

12 Propylene carbonate 310328-500ML Sigma-Aldrich 

13 Lithium perchlorate (LiClO4) 431567-50G Sigma Aldrich 

14 Poly(3,4-

ethylenedioxythiophene)-

poly(styrenesulfonate) 

PEDOT:PSS 3.0-4.0% in H2O 

655201-25G Sigma-Aldrich 

15 Ethylene glycol 324558-100ML Sigma-Aldrich 

16 PMMA - Micro Chem 

17 Anisole - Sigma-Aldrich 

18 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) 
850375C-25MG Avanti Polar Lipids (USA) 

19 
Bovine serum albumin (BSA) - 

Invitrogen, Thermo 

Fisher Scientific 

20 Protein A–biotin from 

staphylococcus aureus in 

phosphate-buffered saline 

(PBS) 

- Sigma-Aldrich 

21 Rhodamine 6G  - Sigma-Aldrich 

22 Fluorescein isothiocyanate 

(FITC)-PEG 

PG2-FCTH-1k 

 
NANOCS 
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23 Alexa fluor 647 azide, 

triethylammonium salt 

A10277 

 

Life Technologies, 

Thermo Fisher 

24 
Silver epoxy 

Elecolit® 3653 

10g 
Panacol adhesives 

25 Polytetrafluoroethylene 

membrane 
MS-3201 Pall Inc Acrodisc® 

26 Polyvinylidene fluoride (PVDF) 

13 mm syringe filter with 0.2 

µm membrane 

4450T Pall Inc Acrodisc® 
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A.2. Methods and techniques 

A.2.1 Glass capillary preparation 

For preparing glass capillaries with varying tip and taper sizes, a Sutter Instruments 

P-1000 micropipette puller system (Figure A. 1) was used. This P-1000 is designed 

to handle 0.6-3.0 mm outer diameter aluminosilicate, borosilicate, or other lower 

melting point glass tubing or capillaries. Quartz glass cannot be pulled with this 

instrument. Throughout the thesis, glass pipettes with an outer diameter (OD) of 1.2 

mm, and an inner diameter (ID) of 0.94 mm, and a length of 100 mm were used 

(Warner Instruments, GC120TF-10).  

 

Figure A. 1: P-1000 micropipette puller system. (Setup at glass workshop INT) 

Pulling parameters for heat, filament (fil), velocity (vel), delay (del), and pull (as 

shown value used in Table A. 2) were also used to produce the glass capillary with 

different tip and taper sizes. 

Scoring the glass capillary 

I. To score the glass capillary held in one hand (on the left in Figure A. 2), the 

part near the shoulder of the taper of the second glass capillary (in the right 

hand in Figure A. 2) should be kept on the top of the desired position to break.  

II. After scoring, make sure that the scoring glass capillary is above the location 

of the score  push the top of the taper to break the glass capillary off at the 

desired position.  

Table A. 2: Description of capillary pulling parameters used on the P-1000 

system. Adapted from Sutter Instruments pipette cookbook 2018 

[486], Sutter Instrument Company. 
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Para 
meter 

Value Description 
Values 
used* 

Increase Decrease 
Notes for 
Practical Use 

H
e
a
t 

This value does 

represent the 

amount of current 

supplied to the 

filament.  

540 

smaller tip 

with 

longer 

taper 

larger tip 

with a 

shorter 

taper 

If the heat is too 

high/low, there 

is a risk of 

burning the 

filament or 

damaging the 

puller. 

P
u
ll
 

When the glass is 

softened, this 

setting determines 

how much current 

is supplied to the 

solenoid that 

creates the hard 

pull. 

90 

smaller tip 

with 

longer 

taper 

larger tip 

with a 

shorter 

taper 

< 0 > for 3-5 

mm short taper 

and a 1-3µm tip.  

<50-150> for 

microinjection 

needle. 

V
e
l 

This is the puller 

bar's separation 

rate when the 

glass first melts.  100 

smaller tip 

with 

longer 

taper 

larger tip 

with a 

shorter 

taper 

Typical Value: 

<18 – 65>  

T
im

e
 

As the glass and 

filament are pulled 

through the air, 

this is the time it 

takes for the glass 

and filament to 

cool 

250 

larger tip 

with a 

shorter 

taper 

smaller tip 

with 

longer 

taper 

Recommended: 

150 (75ms) for 

trough filament.  

250 (125ms) for 

thick glass. 

P
re

s
s
u
re

 During cooling, 

this is the pressure 

of air used.  500 

larger tip 

with a 

shorter 

taper 

smaller tip 

with 

longer 

taper 

Default: 500 

units (2psi) of 

cooling air 

D
e
la

y
 

The Delay value 

represents how 

long the glass is 

cooled before 

pulling  

Not 

Used 

larger tip 

with a 

shorter 

taper 

smaller tip 

with 

longer 

taper 

A low Delay 

value of 40-90 

units.  

A higher delay 

value is 100-

250. 

*: Value used to make glass capillaries used in this thesis. To make glass capillaries 

for different tip sizes, the same capillaries were scored from the desired position, as 

shown in Figure A. 2. 
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Figure A. 2: Process of breaking the Glass capillary tip for desired and larger 

aperture size. Adapted from Sutter Instruments pipette cookbook 

2018 [486]. 

A.2.2 Preparation of substrates 

Standard glass coverslips (size: 18mm X 18mm, from VWR Germany) were cleaned 

with chloroform, 2-propanol, and finally with deionized water, and later dried by 

blowing with nitrogen. In some cases, an ATTO B plasma-cleaner (Diener electronic 

GmbH, Germany, shown in Figure A. 3) was used for cleaning substrates for hydroxyl 

functionalization (10 sccm O2, 0.2 mbar, 100 W, 2 minutes). Plasma cleaning is 

usually performed with oxygen plasma in a high-frequency plasma system, which 

removes organic matters and carbon from products deposited during the cleaning or 

handling. 

 

Figure A. 3: ATTO B plasma-cleaner (Diener electronic GmbH, Germany) at INT. 

The surface energy is increased without damaging the material's properties. The 

vacuum system pumps out all removed contaminants out of the chamber.  
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A.2.2.1 Gold-coated substrates with e-beam evaporation 

The setup with e-beam evaporation and deposition under a high vacuum capability 

was used to deposit a gold film onto freshly cleaned glass substrates. To improve 

adhesion, the glass substrate was first coated with a 7 nm Cr layer and then 150 nm 

Au over it. Electron beam bombardment at ultra-high vacuum temperatures heats 

the material to high vapor pressure and condenses it onto the substrates. It yields 

the smoothest, cleanest gold surfaces and can deposition as much as 100 μm.min-1. 

Instrumentation and working:  

As shown in Figure A. 4, an e-beam physical vapor deposition (EBPVD) system uses 

an evacuated deposition chamber (at least 10−5 Torr), allowing electrons to pass from 

an electron gun to an evaporation material, which can either be an ingot or rod. 

These EBPVD systems can simultaneously use a variety of evaporation materials and 

electron guns with power ranging from tens to hundreds of kilowatts. There are three 

methods of generating electron beams: thermionic emission, field electron emission, 

and anodic arc emission. Electron beams are generated and accelerated to high 

kinetic energy before being directed toward evaporation materials. As soon as the 

electrons strike the evaporation material, their energy will be rapidly lost, and they 

convert their kinetic energy into other forms of energy, usually thermal energy. 

Melting or sublimation occurs because of this thermal energy. At high temperatures 

and vacuum levels, melted or solid materials will emit vapor. Surfaces can then be 

coated with the resulting vapor. Depending on the application, accelerating voltages 

can range between 3 and 40 kV. Another overview can be read here [487]. 

 

Figure A. 4: Working of e-beam physical vapor deposition (EBPVD). 
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A.2.2.2 Laser ablation 

Laser ablation of gold-coated substrates was performed with the TRUMPF TruMicro 

5000 laser ablation system to obtain contact pads with varying distances between 

the pads (60–550 µm). As shown in Figure A. 5, high laser flux typically results in 

plasma formation during the ablation process. Laser ablation usually refers to the 

removal of material using a pulsed laser (with certain pulse width and frequency), 

but continuous wave laser beams (laser remains on continuously until stopped) can 

also be used.  

 

Figure A. 5: Working of laser ablation and fabrication of contact pads with 

varying distances between the pads (60–550 µm) 

Depending on the ablation threshold of each material, laser ablation can differentiate 

between two or more materials when vaporing a layer from an object. When the 

ablation thresholds of the materials are sufficiently different, one layer (the lower 

ablation threshold layer) can be removed, and at the same time, the substrate isn't 

ablated much. In our case, gold was ablated from a glass substrate. Lasers do not 

use toxic chemicals or solvents, and only a laser beam is used to vaporize the layer 

being removed, so they can be referred to as safe. However, in order to prevent 

hazardous substances from being released into the air or surrounding areas, a fume 

extraction system must be installed. Other than that, suitable safety glasses must 

always be put on while the laser is ON and during the ablation process. Detailed 

principles and working of laser ablation and machining can be read here [488], [489]. 

A.2.2.3 Focused Ion Beam (FIB) lithography 

The cross-sections of Galinstan lines on silicon substrates shown in Figure 8. 5 were 

fabricated using a dual-focused ion beam (FIB)/scanning electron microscopy (SEM) 
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(Crossbeam 540, Carl Zeiss Microscopy, Oberkochen, Germany) at Heidelberg 

University, that was cooled to − 100°C using a Leica cryo stage. Thus, solid Galinstan 

could be ablated with Ga+ ions. For milling and polishing the cross-section, Ga+ ions 

with an energy of 30 kV and currents of 15 nA, 3 nA, and 700 pA were used.  

For Figure 6. 6 and chapter 8, FIB was performed using a dual-beam Zeiss AURIGA 

60 system (available at INT). For trench milling and cross-sectioning, a focused Ga+ 

ion beam with a 30 kV potential was applied with distinct apertures of 20 nA to 16 

nA. With the help of a Deben cryo-stage, partially cross-sections were milled and 

imaged under cryo-conditions at −50 °C. 

 

 

Figure A. 6: (a) Focused Ion Beam Lithography working. (b) Auriga 60 

System at INT. Special cryo holder and mounted Galinstan 

sample. 
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Working of FIB:  

A FIB can also be used for direct-write patterning. The FIB patterning technique is 

similar to electron beam lithography (EBL), but the energy carriers in FIB patterning 

are ions rather than electrons. Throughout the milling process, atoms are milled away 

and removed from the sample by an ions beam (usually Ga+). The instrumentation 

includes ion source, extractor, condenser, steering, blanking stigmators, and 

objective lens as used to keep a beam focused at a point. An aperture is a 

micrometer-sized hole in a Pt or Mo substrate that shapes and constricts an ion beam. 

Normally, FIB is used in milling to engrave submicrometer-sized features on a 

surface. A FIB provides the best resolution, with a characteristic as small as 20 

nanometers, but is extremely time-consuming.  

As shown in Table A. 3, several factors affect the resolution, but the current applied 

to the probe is the most important. A high probe current produces faster milling, 

while a small probe current provides a sharp, fine structure in FIB. A beam's diameter 

is a function of the probe current, which ranges from one pA to several hundred nA. 

When aligned and focused, a 30kV at 1 nA FIB probe gives a spot size of 

approximately 200 nm. As a result of bombarding surfaces with ions, FIB patterning 

is an inherently destructive process with ions that causes atomic sputtering from the 

surface. To overcome the speed drawback of FIB, a new generation of FIB Technology 

called Plasma FIB (PFIB) is developed, which is very fast; it uses Xe+, and has a much 

higher maximum current, which allows it to high throughput milling for a large 

volume. Apertures consist of a micrometer-sized hole in a Pt or Mo substrate and are 

used to shape and constrict the ion beam. A detailed description of focused 

ion/electron beam-based nanofabrication can be studied here [490]–[494]. 

A.2.3 Preparation of inks 

A.2.3.1 Gold nanoparticles ink 

Gold structures for fully printed functional devices (reported in chapter 6) and mibots-

based setup (reported in chapter 5) were printed with UTDAu25-IJ ink (from UT Dots) 

[495]. This ink consists of gold nanoparticles with an average size of about 4 nm 

dispersed in a solvent based on hydrocarbons. The gold nanoparticles in this ink are 

surface-stabilized and can be dissolved in nonpolar organic solvents, and the ink is 

stable at room temperature under atmospheric conditions. As necessary, the patterns 

were heated to remove hydrocarbon and organic parts from the ink based on the 

demand after printing. 

A.2.3.2 Galinstan ink 

The Galinstan ink used throughout the thesis was obtained from Strategic Elements, 

Germany, and used as received [496]. The name "Galinstan" comes from the 

combination of gallium, indium, and stannum (Latin for tin). This appears with a shiny 



A.2. Methods and techniques 

__________________________________________________________________ 

184 
 

surface, as shown in Figure A. 7. This eutectic alloy is composed of 68% gallium, 

21% indium, and 11% alloy, melting at −19°C (about −2°F), so it is liquid at RT.  

Table A. 3: Description of parameters used on FIB system [491], [493], [494]. 

 

Para 

meter 
Value Description Change and Effect 

Acceleration 

voltage 

influences the energy of 

the ions arriving at the 

surface of the sample 

Typical from 1 to 50 keV. 

Higher the acceleration voltage, the 

faster the ions  greater the energy 

 Fast milling but damages occur. 

Slow milling can reduce damage. 

Ion beam 

current 

affects the beam spot size 

 defines resolution and 

feature size 

A higher primary beam current 

speeds up the sputtering process. It 

is, therefore, necessary to use a low 

current beam in order to obtain a 

high-resolution pattern and fine 

polish. 

Spot Size of 

beam 

Beam current and 

aperture size can control it 

Range: 2 nm — 2 μm. 

More beam current gives a big spot 

size finally, which influences the 

resolution and minimum feature size 

Dwell Time 

(in μs or ms) 

Time the beam stays at a 

particular position 

(ion beam stops at each 

pixel) 

 

Long dwell time is suitable for small 

structures. 

Scan Modes 

Two types of scanning 

modes: raster and 

serpentine scans. 

They are further divided 

into: standard up-and-

down raster, side-to-side 

raster, spiral raster, 

serpentine pattern, or 

double serpentine pattern. 

Raster mode: after finishing a 

scanning line, the beam returns to 

the initial point of the following line 

(retracing). 

 

Serpentine mode: From one line to 

the next, the beam moves in the 

opposite direction and avoids long 

retracements 

 

Pixel Spacing 

distance between the 

centers of two adjacent 

pixels 

 

 

It must be small to make smooth 

milling. 
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A.2.3.3 Indium oxide precursor ink 

In2O3 precursor ink preparation was adapted from a previous recipe [157]. A solution 

of 0.05 M In(NO3)3 × H2O and glycerol (with a ratio of 4:1) was prepared in double-

deionized water. The ink solution was stirred again at RT to achieve a homogenous 

mixture and further filtered with a hydrophilic 0.2 µm polyvinylidene fluoride (PVDF) 

syringe filter before printing. 

In2O3 crystal structure: In2O3 can exist in three different crystal structures: cubic 

bixbyite-type (c-In2O3) stable under ambient conditions, hexagonal corundum-type 

(h-In2O3), and orthorhombic Rh2O3(II)-type structures stable only under high 

pressures and temperatures [497]. The crystalline structure for many of the indium 

oxides is the bixbyite structure and is most widely used in industry as n-type 

transparent conducting oxides. Cubic bixbyite-type (c-In2O3) is a fluorite-type 

structure where one-quarter of the anions are missing, and it is a periodic structure 

that produces "structural vacancies." Figure A. 8 represents the In2O3 crystalline 

structure, in which oxygen atoms are octahedrally coordinated around the indium 

cations; each indium is surrounded by six oxygen atoms and offers two structural 

vacancies. There can be structural vacancies along the body diagonal (b-site) or along 

a face diagonal (d-site). In the b-site, which represents 25% of the octahedra 

arrangement, all the oxygens are at the same distance from the indium at 2.18 Å. 

On the other hand, in the d-site, which represents 75% of the octahedra 

arrangement, there are two oxygens at each distance 2.13, 2.19, and 2.23 Å. The 

 

Figure A. 7: Prepared inks. Galinstan ink, In2O3 precursor ink, CuO precursor 
ink, and CSPE (Composite solid polymer electrolyte) ink. 
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existence of structural vacancies gives rise to two configurations: corner-sharing and 

edge-sharing. Corner-sharing involves sharing both an oxygen and a structural 

vacancy between adjacent polyhedra, resulting in the polyhedra only being joined at 

corners. Edge-sharing consists of sharing two oxygens between adjacent polyhedra 

in order to join them along their edges [498].  

 

 

Figure A. 8: Structure of crystalline In2O3. 

There are 32 indium atoms in an indium oxide unit cell (24 in d-sites and 8 in b-

sites), surrounded by 48 oxygen atoms. The lattice parameter is approximately 10 

A°. Indium oxide has an n-type carrier concentration due to the two extra electrons 

contributed by each oxygen vacancy [499].  

In solution-processed indium oxide films, the crystallinity and the morphology of the 

printed films play a crucial role in electron mobility. Defects arising during the 

processing could mostly harm the device's characteristics. These printed films can 

also experience phenomena such as coffee-ring formation and crack propagation 

while printing, which can be solved by changing ink compositions or substrate surface 

energies. Owing to its high device mobility [15], indium oxide is chosen as the n-type 

semiconductor for fully printed electronic devices (chapter 6) in this thesis.  

A.2.3.4 Copper oxide precursor ink 

CuO precursor ink was prepared according to a previous report [157]: by mixing 0.1 

M solutions of Cu(NO3)2 in 2.5 H2O in double-deionized water. Afterward, glycerol 

was added in a ratio of 4:1. This CuO precursor ink was stirred at RT for proper 

dispersion and to prepare a homogenous solution. The ink was passed through a 0.2 

µm PVDF syringe filter before printing. After printing, as soon as CuO precursors are 
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exposed to a hotplate at 150° C, they decompose to metallic copper, which remains 

predominant until 300° C, when it oxidizes to copper oxides. In p-n diode fabrication 

(chapter 6), the CuO film used for 400° C annealing consists primarily of CuO (90%) 

with a minor amount of Cu2O (10%), a well-known p-type oxide semiconductor.  

A.2.3.5 Composite solid polymer electrolyte 

CSPE ink was also prepared in the same way as described previously [500]. In short, 

4.29 wt% polyvinyl alcohol was dissolved in 85.71 wt% dimethyl sulfoxide (DMSO) 

and stirred for two hours at 90 °C for a homogenous mixing. At the same time, 1 

wt% lithium perchlorate (LiClO4) was dissolved in 9 wt% propylene carbonate and 

stirred for two hours at RT. Both solutions were mixed while stirring at RT. As the 

last step, the solution was filtered through a 0.2 µm polytetrafluoroethylene 

membrane. 

A.2.3.6 PEDOT:PSS ink 

The PEDOT:PSS ink was also prepared as previously described [500] to fabricate the 

top-gate in FETs and top electrode in p-n diode, 70 wt% PEDOT:PSS was stirred 

together with 30 wt% ethylene glycol for 2 h. Directly before printing, the ink was 

filtered with a 0.45 µm PVDF membrane. 

A.2.4 Material characterization 

In order to assess the quality, properties, and potential importance of a material in 

the final device, material testing and characterization are essential functions. 

Additionally, the dimensions of fabricated parts and printed patterns also play an 

important role in calculating the parameters for measuring device performance. The 

following section discusses different microscopic characterization methodologies, 

their functionality, limitations, and spectroscopic techniques used throughout the 

thesis. 

A.2.4.1 Optical microscopy 

An upright Nikon Eclipse 80i microscope loaded with a Nikon DS-Qi2 camera and a 

broadband excitation light source (C-HGFIE Intensilight from Nikon) was used for the 

imaging. The measurements of the devices were evaluated using NIS-Elements 

imaging software.  

Working: Optical microscopes, also known as light microscopes, generate magnified 

images of small objects by using visible light and lenses. It may be possible to 

examine the object immediately through the eyepieces of a microscope after it has 

been placed on a stage, so it is very fast and always preferred as an initial step to 

characterize microstructures. In order to magnify a pattern, a mirror reflects light up 

through the sample into an objective lens, resulting in a first magnification. In 

addition to the objective lens, the eyepiece lens also functions as a magnifying glass, 

magnifying the image again. A variety of lighting methods can be used to illuminate 
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the sample. Bright-field provides a dark image against a bright background, and 

dark-field provides a bright image against a dark background. In order to determine 

the crystal orientation of metallic objects, polarised light can be used. The phase 

contrast technique increases image contrast and provides small details at different 

refractive indices. 

Limitation of Optical Microscopes: Due to the wavelengths of visible light, 

conventional compound light microscopes can only magnify samples up to a 

maximum of about 1000x. As a result, two points closer than 200 nm, although it is 

possible to look at them, but cannot be distinguished [501]. Advanced technologies 

like scanning electron microscopy (SEM) and atomic force microscopy (AFM) can be 

used to investigate smaller structures. 

A.2.4.2 Scanning electron microscope 

SEM image shown in Figure 6. 5 were recorded with a dual-focused ion beam 

(FIB)/scanning electron microscopy (SEM) microscope (Crossbeam 540, Carl Zeiss 

Microscopy, Oberkochen, Germany). These experiments were performed at 

Heidelberg University. First, the sample was cooled down to −100 °C using a Leica 

cryo-stage, and later images were recorded using primary electron energy of 3 keV 

and a current of 500 pA by imaging SEs (topological contrast) and/or back-scattered 

electrons (material contrast). 

The SEM imaging shown in chapter 8 was performed using a dual-beam Zeiss AURIGA 

60 system (available at INT). SEM imaging was carried out using an e-beam with 5 

kV and an aperture of 30 nA. 

Working: SEMs produce images of samples by scanning the surface with a focused 

beam of electrons. Initially, electrons are generated from the electron source at the 

top of the column, as illustrated in Figure A. 9. Electrons are generated when their 

thermal energy exceeds the material's work function. The positively-charged anode 

accelerates and attracts them. In response to electron interactions with atoms in the 

sample, a variety of signals containing information about the surface composition and 

topography of the sample are produced. A high-resolution image can also be obtained 

since the entire electron column is under a high vacuum. It is possible to have other 

atoms and molecules present in the column in the absence of a high vacuum or 

sometimes while dealing with less stable materials. When these substances in the 

chamber interact with electrons, they cause the electron beam to deflect and, as a 

result, reduce the quality of the image. Additionally, the high vacuum increases the 

efficiency of the detectors in the column in collecting electrons. 

Similar to optical microscopes, electrons are controlled by lenses. Electrons cannot 

pass through the glass, so electromagnetic lenses are used. In simple terms, 

electromagnetic lenses consist of coils of wires inside metal pole pieces. Magnetic 

fields are generated when current passes through coils. Electrons are extremely 
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sensitive to magnetic fields, so these lenses can control electrons' path inside the 

microscope column by adjusting the current applied to them. 

As electrons travel towards the sample, they encounter two types of electromagnetic 

lenses: condenser lenses and objective lenses (shown in Figure A. 9). A condenser 

lens converges the beam first, and then the electron beam cone opens up again, and 

then an objective lens again converges the beam before hitting the sample. The 

objective lens has the primary responsibility of focusing the beam onto the sample, 

while the condenser lens determines the beam size, which determines the resolution. 

A scanning coil is also integrated into the lens system of the SEM for rastering the 

beam onto the sample. There is also an "aperture" (which has small holes in a metallic 

plate) placed between the condenser lens and the objective lens, and it allows a small 

 

Figure A. 9: (a) SEM working and electron beam interaction with the sample. 

(b) Interaction of electrons within a sample. 
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fraction of the electron beam to reach the objective lens. Apertures and lenses 

operating parameters together define the beam size. 

The electron beam's position and intensity are combined to produce an image by 

scanning it in a raster scan pattern. There are several types of signals generated by 

electrons within a sample (as shown in Figure A. 9b): secondary electrons (SE), 

reflected or back-scattered electrons (BSE), characteristic, absorbed currents 

(specimen currents), X-rays and light cathodoluminescence (CL) and transmitted 

electrons. BSE and SE are two types of electrons that are used for imaging. 

Table A. 4: Commonly used signals by SEM users for imaging [502]. 

 

Signal Description 

Secondary 

electrons 

(SE) 

In solid matter, SE has low energies (below 50 eV), which limits its 

mean free path. SE can only escape from the top of surfaces (a few 

nanometers). 

Back-

scattered 

electrons 

(BSE) 

As the name suggests, BSE are electron beams reflected from a 

sample by elastic scattering. Due to their much higher energy, BSEs 

emerge from deeper locations within specimens, and the electron 

beam scatters more at greater depths; therefore, their resolution is 

lower than SE images. As BSE images can provide information about 

the distribution of different elements in a sample, but not its identity, 

as BSE intensity is strongly related to the atomic number (Z) of the 

specimen. Compared to lighter elements, heavier elements can 

deflect electrons more strongly because of their larger nuclei. Due to 

the higher back-scattered electrons that are emitted from the surface 

of heavy elements, they appear brighter in an SEM image than light 

elements. A specimen's crystallographic structure can also be 

determined using an electron back-scatter diffraction (EBSD) image 

formed by back-scattered electrons. 

X Rays 

Electron beams help to emit X-rays when they remove an electron 

from an inner shell, releasing energy to fill the shell with a higher-

energy electron. By measuring the energy or wavelength of these 

characteristic X-rays, one can identify and measure element 

abundance and map their distribution in a sample using energy-

dispersive X-ray spectroscopy or wavelength-dispersive X-ray 

spectroscopy. 

There are different types of detectors that detect BSE and SE. To maximize BSE 

collection, solid-state detectors are placed above samples, concentrically with the 

electron beam. On the other hand, Everhart-Thornley detectors are usually used to 

detect SE. It consists of a scintillator positioned inside a Faraday cage that is 

positively charged and attracts the SE to it. These scintillators accelerate electrons 

and convert them into light before amplification by photomultipliers. In order to 

increase the efficiency of detecting SE, the SE detector is angled across the electron 
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to increase its efficiency in detecting SEs, which in the end, creates an image of the 

sample. A detailed comparison of conventional Everhart-Thornley style and in-lens 

secondary electron detectors can be read here [503]. A detailed description of SEM 

can be read here [502], [504], [505]. 

Limitation 

 Since the sample must be both vacuum and electron-beam friendly, the final 

resolution is affected by its chemical properties and stability in the electron 

beam. As a solution, AFM (described in next section) can be used, which 

provides atomic resolution without a vacuum requirement. 

A.2.4.3 Atomic force microscopy 

The atomic force microscopy (AFM) images were obtained on a Dimension Icon AFM 

(Bruker, Germany) in tapping mode under ambient conditions. The LM interconnects 

were scanned with AFM tips of a spring constant of 40 N.m−1 and a nominal resonance 

frequency of 325 kHz (MikroMasch HQ:NSC15/Al BS AFM probe tips, MikroMasch, 

Wetzlar, Germany). AFM images were collected with NanoScope 9.7 software and 

processed with the freeware tool Gwyddion (3D image shown in Figure 4. 18f). 

AFM images for different positions on Galinstan spread area (as shown in Figure 8. 

11) were also obtained on Dimension Icon AFM (Bruker, Germany) using tip (All-in-

One-Al, Budget Sensors Ltd., 65 kHz Resonanz frequency). The AFM data were 

flattened via a form removal function using a least-squares 7th polynomial. These 

AFM images were recorded with NanoScope software and afterward processed and 

analyzed for a roughness analysis according to the ISO 25178 standard in 

MountainsMap® (Digital Surf®) software. 

Working:  

An AFM microscope is a non-optical surface characterization technique that uses an 

extremely sharp tip to measure the surface features of samples with an atomic 

resolution for lateral and height measurements. AFM fits in the class of scanning 

probe microscopy; here, a sample is scanned using the tip by raster scanning across 

its surface line by line. The method varies based on the operating mode.    

As shown in Figure A. 10, a nanoscale tip is attached to a small cantilever. This sharp 

tip near the free end helps it to behave as a spring. As the tip approaches a sample, 

it is affected by forces present at the surface of the sample. In turn, this causes the 

tip of the cantilever to move, which in turn bends the entire cantilever. There is a 

force at work between the tip and the sample in this bending. In order to detect 

bending, a laser diode and a split photodetector are used. As Figure A. 10 shows, the 

scanning process involves directing a laser beam onto a coating on the tip, which 

helps reflect the laser beam. Laser beams are reflected off shiny surfaces and fall on 

photodetectors. As the tip encounters bumps or depressions on the sample surface, 

it deflects from its original position, causing the laser beam to move as well. The 
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photodetector detects movement and passes it on to a high-gain amplifier. These 

signals are processed by the amplifier and converted into a processable form. Finally, 

a computer provides a 3D profile of the surface based on the signals collected during 

the entire scanning process. 

Generally, static (usually contact mode) and dynamic (usually tapping mode) are the 

two main operating modes. During contact mode, the tip is pressed onto the surface, 

and an electronic feedback loop monitors tip-sample interaction while maintaining 

constant deflection. Tapping mode protects both the tip and the sample surface from 

damage by limiting contact between them. A cantilever vibrates near its resonance 

frequency in this mode which follows a periodic movement of the tip up and down. 

The presence of attractive or repulsive interactions reduces this motion as it 

approaches the sample. Feedback loops work similarly to contact modes but maintain 

the amplitude of the tapping motion instead of the quasistatic deflection. 

Consequently, a line-by-line analysis of the sample's topography is carried out. 

AFM images can also provide a lot of information about the surface, including 

roughness. AFMs can also be used to assess mechanical, electrical, ferroelectric- and 

piezoelectric-electrical, magnetic, and thermal properties. A detailed description, 

working principle, and applications of AFM can be read here [506]–[508]. 

Surface roughness measurements and analysis can also be accomplished using two 

widely-employed methods: 

(1) Stylus profilometer (contact method) 

(2) 3D optical profiler based on optical interferometric principles (Non-contact 

method) 

 

Figure A. 10: Working of atomic force microscopy. 
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A.2.4.4 Optical profilometry/ vertical scanning interferometry 

We performed large-scale (µm-millimeter range) topography measurements with a 

white light vertical scanning interferometer (VSI) Contour GT-K (Bruker) using 5x 

magnification (pixel size≙0.75 µm). We processed and analyzed the topography data 

in MountainsMap®  (Digital Surf®).  

Working:  

An optical profilometer is a fast technique to measure surface properties and 

topography non-destructively and without contacting the surface. As shown in Figure 

A. 11, an optical profiler is a microscope that uses a splitter and splits the light from 

a lamp into two paths.  

 

Figure A. 11: Working of optical profilometry. 

For scanning, light travels along two paths, one of which is focused on the surface 

being tested, and the other is directed toward a mirror serving as a reference. An 

array detector receives recombined reflections from the two surfaces. It is possible 

to have interference when the path difference between the recombined beams is on 

the order of a few wavelengths of light or less. This interference pattern is used to 

determine the surface properties of the sample. An objective can have a vertical 

resolution of up to several angstroms, whereas lateral resolution is typically around 

0.3 — 8 μm, depending on the objective lens and light source used. 
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A.2.4.5 Stylus profilometer 

Height measurements of printed interconnects/resistors were completed on a Veeco 

Dektak 6M Profilometer. 

Working:  

A stylus profilometer detects surfaces by moving a probe along the surface to 

measure their height. As the probe scans along the surface, the mechanical feedback 

loop monitors the force exerted by the sample pushing up. The feedback system 

helps the arm to maintain a fixed amount of torque, called the 'setpoint. The changes 

in the arm holder's Z position can then help reconstruct the surface.  

Limitation:  

 The stylus profilometer is slower than non-contact techniques because it 

involves physical movements in X, Y, and Z.  

 A stylus tip's size and shape can affect the measurement and limit lateral 

resolution. 

 Despite its sensitivity and Z resolution, stylus profilometry is also sensitive to 

soft surfaces, and they can contaminate tip or tip and can also damage some 

surfaces this way. 

A.2.5 Spectrometry characterization 

Spectroscopy techniques are the key to understanding the atomic properties of all 

matter. A central principle of spectroscopy is that light has different wavelengths, 

and each wavelength corresponds to a different frequency. In addition to the 

importance of spectroscopy, each element in the periodic table emits and absorbs 

light at a unique frequency, consistent with the same part of the electromagnetic 

spectrum when diffracted. That frequency defines the light spectrum of every 

element in the periodic table. This section discusses some of the spectroscopic 

techniques used throughout the thesis, such as TOF-SIMS, EDS, and XPS. 

A.2.5.1 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

Chemical analysis of the oxide layer on Galinstan (as shown in Figure 8. 20) was 

completed on a ToF-SIMS analysis system (Tofwerk AG, Thun, Switzerland & Carl 

Zeiss Microscopy, Oberkochen, Germany) attached to the Crossbeam540. The 

Galinstan sample was tilted to 54° and irradiated with Ga+ ions (30 keV, 50 pA). 

Secondary ions originating from the ion-sample interaction were detected and 

imaged. The maps showed the spatially distributed secondary ion signal of the ToF-

SIMS detector integrated over a mass/charge ratio between 84.5 and 85.5, 

corresponding to 85 GaO− ions. 
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Working: 

As shown in Figure A. 12, a ToF-SIMS uses a focused, pulsed particle beam (typically 

Cs or Ga), and a sample surface is bombarded by these primary ions of some keV 

energy. As a result of atomic collisions, the primary ion energy is transferred to target 

atoms, and a collision cascade is formed. Atoms and molecular compounds on the 

sample surface can overcome the surface binding energy by absorbing a portion of 

this energy. As a result of the soft interaction of the collision cascade with the surface 

molecules, even nonvolatile molecules with high masses can also escape without or 

with little fragmentation. Because SIMS emits particles from the top one or two 

 

Figure A. 12: (a) Working of TOF-SIMS, and (b) beam interaction with the 

sample in FIB-TOF. 
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monolayers, the technique is very surface-sensitive. Most emitted ions have neutral 

charges, but a small proportion is negatively or positively charged. The generated 

ions are accelerated to common energy by an electrostatic field.  

It is based on the fact that ions with the same energy but different masses travel at 

different speeds. On the way to the detector, the accelerated ions travel over a drift 

path. In general, lighter ions arrive at the detector faster than heavier ones because 

they fly at higher velocities. By analyzing the time-of-flight of ions emitted from the 

surface, we can determine the mass of an ion and, as a result, the elemental and 

molecular composition of the sample. A detailed description of the working of ToF-

SIMS can be read here [509]. 

A.2.5.2 Energy-Dispersive X-Ray Spectroscopy (EDS) 

EDS measurements reported in this thesis were done with the Zeiss Auriga 60, using 

an EDAX Octane Super A detector controlled by EDAX TEAM software. EDS-mappings 

were carried out using 5 kV and 120 pA e-beam conditions and X-ray Lα-signals for 

Ga and Mz-signals for In and Sn. 

Working:  

EDS analyzes material composition by identifying its elemental composition. Figure 

A. 13 shows a beam of electrons focused on a sample at high energy, which may 

excite electrons within an inner shell, ejecting them and creating an electron hole. 

An electron in an outer shell can fill this hole; during this process, X-rays are emitted. 

Energy dispersive spectrometers use X-rays to determine an element's composition 

by measuring the number and energy of the X-rays emitted from it. A detailed 

description can be read here[504]. 

 

 

Figure A. 13: EDS working principle and instrumentation. 



 

__________________________________________________________________ 

197 
   
 

A.2.5.3 X-Ray Photoelectron Spectroscopy (XPS) 

The XPS measurements on the Galinstan sample shown in chapter 8 were completed 

with a Thermofisher K-alpha system (available at IMT, KIT-CN). Monochromatic Al-

kα X-ray has a photon energy of 1480.6 eV. The emitted photoelectrons were 

collected in the analyzer at 90° to the sample's surface. A monoatomic Ar+ ion with 

a kinetic energy of 500 eV was used for depth profile sputtering. Thermofisher's 

Avantage software was used for data analysis, and Origin was used to plot XPS 

graphs. 

Working: 

XPS is a spectroscopic technique for analyzing surfaces' elemental compositions and 

chemical states. As shown in Figure A. 14, XPS is initiated by irradiating a sample 

with monoenergetic soft X-rays, most commonly Mg Kα or Al Kα. In modern 

instruments, the Al Kα X-ray line can be further narrowed using a monochromator 

(quartz crystal)[510]. 

 

Figure A. 14: (a) XPS working, and (b) X-rays interaction with the sample, and 

photoelectron formation. 
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When X-rays are irradiated onto a sample, electrons within the sample absorb 

photons of a specific energy and then emerge from the sample. Electrons are counted 

at various kinetic energies as they are ejected, resulting in a photoelectron spectrum 

that contains information about the electronic states of atoms on the surface. XPS 

can normally reach up to depths of 10 nm. Because of its flexibility and efficacy, XPS 

is more popular, versatile, and useful than other techniques. 

In XPS, the binding energies of the photoelectrons can be detected to determine the 

chemical composition of surfaces except for hydrogen and helium. It is possible to 

identify chemical states based on small variations in binding energies of 

photoelectron lines, Auger lines, satellite peaks, and multiple splitting. A detailed 

description of the XPS working principle and applications can be read here [510], 

[511]. 

A.2.6 Electrical Characterization 

A.6.1 Electrical resistivity measurements 

Resistance measurements of bare and encapsulated Galinstan interconnect (shown 

in Figure 6. 4 and Figure 8. 25) were conducted using an Agilent 4155C semiconductor 

parameter analyzer and a probe station with TRIAX probes with a current detection 

limit of 30 fA. Measurements were completed with voltage sweeps from −100 to 

+100 mV and a step size of 5 µV; the average of 8 samples was used as a single 

data point. 

A.2.6.2 P–N diode and FET characterization 

Electrical measurements such as two-point resistance, characteristics of fully printed 

transistors (shown in Figure 6. 12,Figure 6. 13), and p–n diodes (shown in Figure 6. 

9) were characterized at ambient conditions using Agilent 4156C semiconductor 

parameter analyzer and contacted through a precision probe station (SÜSS MicroTec 

MLC-150C). The sweep rate was 10 mV.s−1 in all cases. The devices are contacted 

with a source measure unit (SMU) which, as the name suggests, can simultaneously 

measure both source voltage and current. 

A.2.7 Encapsulation of devices 

The printed components were encapsulated by spin coating with PMMA (from Micro 

Chem dissolved in Anisol) at 4000 rpm for 60 seconds, with 10 seconds ramp-up and 

ramp-down times. The encapsulated components were then placed on a hot plate at 

150 °C for 3 min to cure the PMMA.  

A.2.8 Tutorial: Printing tips and safety concerns with miBots 

Once the stage and USB camera is installed, the miBot can be coarsely positioned by 

hand in arbitrary positions. It has no mounting screws. Once the setup is thoroughly 

established, and all the connections are correctly working, it is safe to touch the stage 

and other components without gloves, safety glasses, or goggles. Care must still be 
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exercised when working with the miBot. Ensure that the miBots are not to be touched 

while operating. While placing the miBot on the surface for printing, it should be 

handled with care, and the rear part should be placed first and then slowly the piezo 

motor part. Otherwise, the piezo motor can be damaged, and it will no longer work 

as desired and may have diminished performance. The same gentleness should be 

maintained while loading the miBot with the Glass capillary tip molded in LDPE tubing. 

It will be better to load the glass capillary onto the robotic arm with the help of a 

tweezer. However, miBots can be freely moved and placed by hand once 

disconnected from the power supply, though these movements should be avoided as 

much as possible. Of course, in general, while printing and dealing with chemicals, 

gloves and goggles are necessary. The miBot is controllable with the miBot Remote 

Control or Precisio software application. The joypad connected to the computer 

offering direct-write control also makes the experiments at micron-scale very easy 

and delightful. For the overall unwrinkled movement of the miBot, the stage must be 

as smooth as possible. And specifically, for better control over line printing and to 

avoid vibration and disruption while moving the tip, the miBot should be moved in as 

minimal step size as possible. While printing vertically, the glass substrates were 

oxygen plasma cleaned to achieve proper ink transfer and adhesion. 
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Glossary 

List of Abbreviations 

µCP Microcontact Printing 

4IR Industry 4.0 

AFM Atomic force microscopy 

BJT Bipolar junction transistors  

BSE Back-scattered electrons (also reflected) 

b-SPL Bias-induced scanning probe lithography 

CAD Computer-aided design 

CE Conventional electronics 

CIJ continuous inkjet  

CL Cathodoluminescence 

CMOS Complementary Metal-Oxide-Semiconductor 

c-SPL Current-induced scanning probe lithography  

CVD Chemical vapor deposition  

DCM Dissolutions-condensation mechanism 

DOD Drop-on-demand 

DPN Dip-pen nanolithography  

DUV Deep ultraviolet  

EA Electron affinity  

EBL Electron Beam Lithography  

EBPVD Electron-beam physical vapor deposition 

EBSD Electron back-scatter diffraction  

EDAX Energy Dispersive X-Ray Analysis software to analyze EDS data 
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EDL Electric double layer 

EDS Energy-Dispersive X-Ray Spectroscopy  

EGFET Electrolyte-gated Field Effect Transistor  

FET Field-effect transistors  

FIB Focused Ion Beam lithography 

FluidFM Fluid force microscopy  

GBP grain boundary penetration  

HOMO highest occupied molecular orbits 

ID Inner diameter  

IGFET Insulated Gate Field Effect Transistor 

IoT Internet of things  

IP Ionization potentials  

JFET Junction field-Effect transistors 

LCST Lower critical solution temperature 

LDPE Low-density polyethylene 

LED Light emitting diodes  

LM Liquid metals  

LME Liquid metal embrittlement  

LUMO Lowest unoccupied molecular orbit  

miBot Piezo-based manipulator from imina inc 

MOD Metal-Organic decomposition 

MOS Metal-Oxide-Semiconductor 

MOSFET Metal Oxide Semiconductor field effect transistor 

m-SPL Mechanical scanning probe lithography  

MVC Micro-void coalescence 
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nanoCT X-ray nano computed tomography  

NIST National institute of standards and technology (provided XPS databases) 

NMOS Negative channel Metal-Oxide-Semiconductor 

NP Nanoparticle  

OD Outer diameter  

OFET Organic field‐effect transistor 

OSC Organic semiconductor 

PE Printed electronics  

PMOS Positive channel Metal-Oxide-Semiconductor 

PZT Piezoelectric transducers  

RFID Radio-Frequency IDentification 

RH Relative Humidity 

SAM Self-assembled monolayers 

SCCM Standard cubic centimeters per minute (unit for flow)  

SD Standard deviation 

SE Secondary electrons  

SEM Scanning electron microscope 

SESI Secondary electron secondary ion 

SMU Source measure unit 

SPL Scanning probe lithography  

TCNL Thermochemical nanolithography  

TCO Transparent conducting oxides  

tc-SPL Thermochemical scanning probe lithography  

t-DPN Thermal dip-pen lithography  

TEC Temperature/thermal expansion coefficients 
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TEM Transmission electron microscopy 

TFT Thin-film transistor 

TOF-SIMS Time-of-Flight Secondary ion mass spectrometry 

TOS Transparent oxide semiconductors  

TRIAX Triaxial cable 

t-SPL Thermal scanning probe lithography 

USB Universal serial bus  

VLSI Very Large-scale integration 

VSI Vertical scanning interferometry 

WD Working distance (parameter in SEM) 

XPS X-Ray photoelectron spectroscopy 

XRD X-Ray diffraction 
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Nomenclature (List of symbols) 

µm Micrometer 

ε0 Permittivity of free space 

λ Debye screening length  

μ Field-Effect Mobility (in cm2.V−1.s−1) 

μn Electron mobility (in m2.V.s-1 

μp Hole mobility  

ρ Resistivity (Ω.cm) 

σ Conductivity (Ω−1.cm−1 or S.cm−1) 

A Cross-sectional area of the sample 

BVDS Drain Source Breakdown Voltage 

C Capacitance   

d Thickness of the active layer 

e Charge of an electron,  

G Conductivity (in S.m−1) 

gm Transconductance  

h Height of the printed interconnect/resistor 

I Total current (in Amperes) 

IDS channel current 

ION/IOFF On/Off current ratio  

Is Reverse saturation current, 

k Boltzmann constant 

L Channel width  

l Length of the printed interconnect/resistor 

n Electron density,  
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q Charge 

R Resistance (in Ω) 

RL External resistor (load) 

Sa Roughness average (the mean height on the surface) 

Sq Root mean square  

SS Subthreshold swing  

Sz Maximum Height  

T Temperature  

V Voltage (in Volt) 

Vf Voltage applied during forward bias 

VGS Gate-source Bias 

VP Pinch off Voltage 

Vr Voltage applied during reverse bias 

Vth Threshold voltage, or knee voltage 

w Width of the printed interconnect/resistor 

W0 Depletion width  

Wf Depletion width during forward bias 

Wr Depletion width during reverse bias 
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Materials (Chemical and elements) 

ABS Acrylonitrile butadiene styrene  

Ag Silver  

Al Aluminium  

Al2O3 Aluminum oxide  

Au Gold  

AZO Aluminum-doped Zinc Oxide  

BDOPV Benzodifurandione-based oligo(p-phenylenevinylene) 

BSA Bovine serum albumin  

BTBT 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene 

CdZnTe Cadmium zinc telluride 

CIGS Cu(In,Ga)Se2 

Cl Chlorine 

CNT Carbon nanotube 

CPS Cyclopentasiloxane  

Cr Chromium 

CsClO4 Cesium perchlorate 

Cu(NO3)2 Copper(II) nitrate 

Cu Copper  

Cu2O Copper(I) oxide 

CuO Copper(II) oxide 

DEME diethyl-N-methyl-N-(2-methoxyethyl)ammonium 

DMF Dimethylformamide  

DMSO Dimethyl sulfoxide 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine  
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DPP N-alkyl diketopyrrolo-pyrrole 

DTT Dithienylthieno[3,2-b]thiophene 

EG Ethylene glycol 

EGaIn Eutectic gallium-indium 

EMIM 1-ethyl-3-methylimidazolium  

FAP trifluorotris(pentafluoroethyl)phosphate 

FITC Fluorescein isothiocyanate fluorescent dye 

Ga2O3 Gallium oxide 

GaCl3 Gallium trichloride  

Galinstan Ga-In-Sn alloy 

H2O Water  

HCl Hydrochloric acid  

HfO2 Hafnium oxide  

HgCdTe Mercury cadmium telluride 

In(NO3)3 × H2O Indium(III) nitrate hydrate 

In Indium 

In2O3 Indium(III)-oxide  

InZnO Indium zinc oxide 

ITO indium tin oxide 

LiClO4 Lithium perchlorate  

LM/Zinc Liquid metal-Zinc 

NaDDBS Sodium dodecyl benzene sulfonate 

NaOH Sodium hydroxide 

NiO Nickel(II) oxide 

NMP N-methyl-2-pyrrolidone  
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P(VDFHFP) Poly(vinylidene-co-hexafuoropropylene)  

PBS Phosphate-buffered saline  

PbSe Lead selenide 

PCDTPT Poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophen-2-yl)-alt 

[1,2,5]thiadiazolo[3,4-c]pyridine] 

PDMS Polydimethylsiloxane  

PEDOT/PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

PEDOT Poly(3,4-ethylenedioxythiophene)  

PEE Poly(ether-block-ester) 

PEG Poly(ethylene glycol) 

PEGDA Poly(ethylene glycol) diacrylate  

PEO Poly(ethylene oxide) 

PET Polyethylene terephthalate  

PI Polyimide  

PMMA Poly(methyl methacrylate) 

PNIPAM Poly(N-isopropylacrylamide) 

PP Polypropylene  

PQT-12 Poly(3,3′′′-didodecylquaterthiophene) 

PS Polystyrene  

PS-PEO-PS Poly(styrene-block-ethylene oxide-block-styrene) 

PS-PMMA-PS Poly-(styrene-b-methyl methacrylateb-styrene)  

Pt Platinum 

PTFE Polytetrafluoroethylene  

PVAL Polyvinyl alcohol 

PVC Polyvinyl chloride  

PE Polyethene  
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PS Polystyrene 

PVDF Polyvinylidene fluoride  

PVP Poly(N-vinylpyrrolidone) 

Rh2O3 Rhodium(III) oxide 

Rhodamine 6G Rhodamine 6G fluorescent dye 

SDS Sodium dodecyl sulfate  

Si Silicon 

SiO2 Silicon oxide 

Sn Tin 

SOS-N3 Poly[(styrene-r-vinylbenzylazide)-b-ethylene oxideb-(styrene-r 

vinylbenzylazide)]  

Ta2O5 Tantalum oxide  

TCB Tetracyanoborate  

TFSI trifuoromethylsulfonylimide 

Ti Titanium 

TiO2 Titanium oxide  

W Tungsten 

Y2O3 Yttrium oxide
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