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ABSTRACT 

Analytical and finite element models were used to simulate additive cold welding patterning 

processes. The effects of adhesion, pressure, thin film (layer) thickness and dust particle 

modulus (between the contacting surfaces) are examined. A simple model is developed and 

used to determine the contact profiles around impurities between cold-welded thin films. 

These are computed as a function of adhesion, particle modulus, and layer thickness. The 

models are shown to provide new insights into the significance of adhesion, layer thickness 

and particle modulus in the surface contacts that occur during cold welding. The implications 

of the results are then discussed for the design and fabrication organic electronics via cold 

welding.  
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Chapter 1 Background and Introduction 

1.1 Introduction 

Light-emitting diodes (LEDs) are optoelectronic devices that generate light when they are 

electronically biased in the forward direction. The early commercial LEDs devices, in 1960s, 

were based on inorganic semiconductors such as gallium arsenide phosphide (GaAsP) as an 

emitter and their efficiencies were very low [1]. After 40 years of development, the 

efficiencies of inorganic LEDs have been significantly improved and they are used in a wide 

range of applications such as telecommunications, indicator lights, and more recently in 

solid-state lighting. The applications of LEDs have been very limited for flat panel displays. 

High-resolution pixelated LED arrays are very expensive to fabricate and the application of 

LEDs in displays has been limited to bill board displays where individual LEDs are manually 

mounted on the display boards.   

The light-emitting diodes that are made with organic materials are called organic light 

emitting diodes (OLEDs). Prior to the invention of OLEDs, organic-based devices could only 

be operated in electroluminescence mode. The first organic electroluminescence device was 

demonstrated in 1960s, and very high operating voltages were required [1]. These devices 

were made with anthracene single crystals doped with tetracene (a blue-emitting fluorescence 

dye) sandwiching between two electrodes. Very high voltages were required and the 

efficiencies were very low. In the 1980s, a major breakthrough was made as low-voltage 

OLEDs were demonstrated. In contrast to the first electroluminescence devices, the new 

OLEDs devices were based on a multilayer structure and they consisted of a transparent 

anode, a hole transporting layer, an electron emitting layer, and a cathode. During operation, 

electrons and holes are injected from a cathode and an anode, respectively, and 

recombination of electrons and holes leads to efficient light generation. 
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There have been several efforts to improve the lifetimes and efficiencies of these devices [2] 

as well as efforts to implement low cost processing techniques that take advantage of the 

material properties of these devices [3, 4]. These efforts have produced varying amounts of 

successes which have resulted in the commercialization of organic electronic devices in hand 

held displays [5] among other applications.  

 Even though it is possible to create a pattern of this device on the nanoscale using the same 

lithographic-based techniques used in microelectronics provided radiation of an appropriate 

wavelength is available, such scaling-down approaches have significant drawbacks. For 

instance, in the realization of advanced organic electronic devices, many organic materials 

degrade when exposed to solvents or aqueous chemicals, making conventional photoresist 

processing problematic [6]. Other patterning methods, such as shadow-masking [7] suffer 

from low pattern resolution. Recently, several new techniques have been developed for the 

fabrication of nanoscale electronic devices [8] that strive to overcome the limitations in 

conventional methods while at the same time providing improved spatial resolution. Such an 

example is direct micro and nanopatterning [9] by cold welding. 

 Cold welding has attracted widespread attention as a potential low-cost approach, especially 

for the fabrication of organic electronic devices [10]. In the cold-welding patterning process, 

a stamp is brought into contact with a substrate upon which a very thin metal layer has been 

deposited. The contact results in the formation of strong or cold-welded bonds between the 

stamp and the thin layer [11]. When the stamp is retracted from the substrate in the 

subtractive process, material from the substrate adheres to the stamp, leaving behind a 

patterned film/substrate. On the other hand, when the stamp is withdrawn in the additive 

process, it leaves material originally on the stamp on the substrate. The essential parts of this 

process include adhesion and the contact of the thin film in the presence of dust particles. 

Both are important in determining the final resolution as well as the mechanical robustness of 
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the resultant pattern in a way that provides the basis for the most optimized design of efficient 

and long-lived devices.  

1.2   Research Objectives   

There are still significant unresolved issues that must be resolved to enable the design of 

improved contact and adhesion between multilayers that are relevant to organic thin-film 

electronic devices. The objectives of the current work are to: 

(i) Identify the effect of processing condition such as pressure on the device in the 

presence of dust particles; 

(ii) Study the effect of dust particles‟ moduli on the contact profiles in a way that gives 

new insights into the contact and adhesion phenomena during cold-welding 

(iii) Investigate the effects of layer thickness on the contact length in the vicinity of dust 

particle that occurs in clean room during cold-welding 

1.3   Scope and Organization 

In this work we focus on additive cold welding patterning process. The quantities of interest 

in this process include; the contact length as a function of dust particle size, film thicknesses, 

and the effects of dust particles‟ moduli on the adhesion and contact between the two layers 

in contact. The dust particles in the clean room have been shown to play a key role in the 

contact and adhesion between cold welded surfaces [10]. We, therefore, focus on 

understanding the performance of the OLEDs at various dust particles‟ moduli, pressure 

values and film thicknesses. We performed both analytical and continuum finite element 

analyses (FEA) to mimic the additive cold-welding patterning process in order to study the 

interaction between the layers.  
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In our approach, a thin film of Ag lies on top of a flat substrate and a thin film of Au sits on a 

flexible stamp with a finite pattern. These signify the silver and gold layers respectively, and 

dust particle is considered to be present in between the two layers. The substrate is fixed 

while the stamp is pressed against it by the application of pressure in order to form the Au-Ag 

interface. The arrangement was also reversed in order to form Ag-Au interface. If the work of 

adhesion, geometric and the mechanical properties of the films are appropriate, retraction of 

the stamp leaves a section of the film via some localized material failure mechanism on the 

substrate. Our modeling and simulations consider the effect of film thickness, dust particle 

modulus, work of adhesion and pressure on the performance of the device. Hence, we 

develop a simple model to quantify the performance of the OLEDs, as an explicit function of 

the pressure, particle‟s modulus, film thickness, and the dust particle size. 

Chapters 1 and 2 present the introduction and literature review, respectively. The analytical 

and continuum finite element analyses (FEA) were presented in chapter 3 while chapter 4 

contains the results, discussions and implications. Conclusion and recommendations for 

future works are presented in Chapter 5. 
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Chapter 2 

Literature Review 

2.1 Structure of small organic molecule LEDs 

Organic light emitting diodes consist of sequence of organic layers between two electrodes; 

an anode for hole injection and a cathode for electron injection. The layers and there basic 

functions are shown schematically in Figure 2.1 below:  

 

Figure 2.1: Principle layer sequence of an OLED and basic function of each layer (adapted 

from Zur et al. 2001 [1]) 

When the device is positively biased, holes are injected from the anode and electrons from 

the cathode. The charge carriers drift through the transport layers and meet in the emission 

layer. The charge carriers form excitons (neutral excited states or bound electron-hole pairs) 

at the emission layer, which show a certain probability to decay radiatively. 
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In order to attain a high efficiency which is a function of emitted photons per injected 

electrons, the layers need to fulfill certain requirements. The hole injection layer (HIL) has to 

facilitate hole injection from the anode into the hole transport layer (HTL). This could be 

achieved by choosing the energetic level of the highest occupied molecular orbital (HOMO) 

to be in between the HOMO of the HTL and the ionization potential of the anode [1]. This is 

illustrated in Figure 2.2. The HOMO and lowest unoccupied molecular level (LUMO) levels 

are analogous to the valence and conduction bands in inorganic semiconductors and the 

vacuum level is assumed to be aligned. The hole transport layer should have a high hole 

mobility and must be able to obstruct electrons emanating from the cathode from reaching the 

anode, as this could result into a „shunt‟ current. 

 

Figure 2.2: Schematic view on a favorable energetic situation in an OLED  

Also, the transmission of the organic layers should be high in the emission wavelength 

region. The HOMO and LUMO positions of the emission layer (EML) should enhance hole 

and electron injections from the neighboring layers. In addition, the photoluminescence 

efficiency (which is the ratio of radiatively recombining excitons to created excitons) of the 
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emissive material should be high and the emission should be red-shifted to the absorption 

(Stokes-shift). The properties of the electron transport (ETL) and electron injection (EIL) 

layers should be complementary to those of the HIL and HTL [2]. In other words, a suitable 

LUMO level should be chosen with high electron mobility. Since the anode needs to have a 

high ionization potential to inject holes into the HOMO of the HIL, then, the cathode should 

be a low work-function metal. Meanwhile, at least one of electrodes must be transparent for 

visible light in order to achieve a high light outcoupling efficiency. This is why indium-tin-

oxide (ITO) is used as transparent anode in most cases. 

2.2 The development of organic light-emitting diodes  

The first electroluminescence organic semiconducting materials were realized in 1960s [2, 3]. 

Pope et al. in 1963, [2] observed electroluminescence in small molecule of organics in their 

earlier work. One of notable achievements at that period was the work of Helfrich et al. [4] 

which solved the problem of electron injection into the organic material (at that time only the 

hole injection from a solution of potassium-iodine was efficient) by using a solution of 

negative anthracene ions. This became the first experimental proof that electroluminescence 

needs bipolar charge injection into the device, the capture of oppositely charged carriers in a 

recombination zone and the radiative decay of the thus created excited electron-hole pairs 

(excitons). However, the recombination efficiency was rather low.  

This was followed by the work of Tang and Van Slyke [3] that constructed 

electroluminescent device using organic molecules. Their electroluminescence device is still 

the prototype for today‟s highly developed OLEDs. It consisted of the hole injection contact 

indium-tin-oxide (ITO), which is a highly doped transparent inorganic semiconductor, an 

aromatic diamine (TPD) as hole transport material, an emissive layer of aluminium-tris-(8-

hydroxy-quinolate) (Alq3) and a magnesium-silver alloy (Mg:Ag) as electron injection 
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contact. All layers were sublimed in a vacuum system and were amorphous. The success of 

this diode can be attributed to the superior choice of the materials involved: (1) Alq3 shows a 

high photoluminescence-efficiency which is strongly red shifted to the absorption; (2) the 

diamine layer keeps the emission zone away from the light-quenching contacts, and (3) ITO 

and Mg:Ag show efficient injection of holes and electrons, respectively, into the neighboring 

organic layers. Despite the fact that ITO and Alq3 exhibit disadvantages in terms of stability, 

these materials are still widely used for organic light emitting diodes. The LED of 1987 

needed 5.5V to reach a luminance of 100 cd/m
2
 (common monitor and cathode-ray-tube 

brightness) and had a current efficiency of approximately 2 cd/A [1]. The green emission 

originates from the Alq3 layer. This breakthrough in device efficiency and operating voltage 

was the take-off for intense research on organic semiconductors and their use for organic 

light-emitting diodes. 

In 1990, Burroughes et al. [5] from the Cambridge group followed up with a highly efficient 

OLED based on polymers (PLEDs). The prototype emitter material in their work was poly(p-

phenylene-vinylene) (PPV), which, similar to Alq3, emits in the green wavelength region. 

Since then, there have been several studies of methods for the fabrication of organic light 

emitting diodes (OLEDs) and other organic electronic devices. These have been explored as 

low-cost alternatives to traditional silicon-based devices. Although the field of organic 

electronics is relatively new, compared to that of silicon electronics, the performance 

improvements in OLEDs and in organic conducting/semiconducting materials have already 

generated great commercial interest [6]. 

There are several unconventional methods for the fabrication of OLEDs and other organic 

electronic devices. A series of soft lithography methods for the micro- and nanofabrication of 

organic polymeric materials was reviewed by Xia et al. [7–9]. Soft lithography (Figure 2.3) 
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stands for several patterning techniques such as: replica molding (REM), microcontact 

printing (μCP), micromolding in capillaries (MIMIC), microtransfer molding (μTM), solvent-

assisted micromolding (SAMIM), and near field conformal photolithography. All these 

techniques use a patterned elastomer, usually PDMS, as the mold. A stamp or mask is used to 

generate or transfer the pattern. Soft lithography has obvious advantages over 

photolithography and other conventional microfabrication techniques for the patterning of 

non-planar substrates, unusual materials, or large-area structures. It is especially promising 

for the microfabrication of relatively simple, single-layer structures, for uses as sensors, 

micro-analytical systems, in MEMS, and in applied optics [7]. 

Stamping is a technique that is similar to additive cold welding. In this technique, a stamp is 

also used to transfer one material onto the other. A self-assembled monolayer is also usually 

included between the stamp and the coating to reduce the adhesion between them. It is also 

used to facilitate the easy transfer of the coated material to the substrate. 

The difference between this technique and the cold welding technique is that: (1) at least one 

of the transferred material and the substrate material is organic polymer and (2) those two 

materials are joined together by the adhesion between them. This method has been used by 

Rhee and Lee [10], who applied pressure to a metal coated stamp. This was used to transfer 

the metallic cathode onto the organic active layer of OLEDs, as shown in Figure 2.2 (a). The 

stamping has also been used by Kim et al [10] to transfer the active organic layer in OLEDs 

to an organic strike layer. This was achieved by utilizing the adhesion interactions between 

different organic layers within the OLEDs, as shown in Figure 2.4 (b). In a similar manner, 

Joo et al. [11] used stamping to transfer active organic layers to ITO-coated glass substrates 

that were used to fabricate polymer light emitting diodes (PLEDs).  
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Figure 2.3: Schematics of several soft lithographic methods [7]: (A) replica molding (REM), 

(B) microcontact printing (μCP), (C) solvent-assisted micromolding (SAMIM), (D) near field 

conformal photolithography, (E) micromolding in capillaries (MIMIC), and (F) microtransfer 

molding (μTM).  
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(i) Adhesion reduction layer, (ii) Alq3/α-NPD layer, (iii) α-NPD strike layer, (iv) Overhang 

structure, (v) Insulating layer.  

Figures 2.4: Schematics of stamping of (a) a metal cathode onto an organic layer [10] and (b) 

an organic active layer onto another organic layer [12] in the fabrication of OLED. 

Lamination is another organic electronic fabrication technique. Instead of transferring 

materials from one place to another, it brings several layers of materials together into optimal 

contact to form the devices.  Lee et al. [13] illustrated a soft contact lamination method, as 

shown in Figure 2.5 (a). The patterned OLEDs were built by bringing a patterned metallic 

electrode layer on a flat elastomer substrate and the active organic layers on an ITO glass 

substrate into contact. The homogeneous and intimate contact relied only on van der Waals 

interactions. It is therefore, achieved without applying heat or pressure.  
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Figure 2.5: Lamination method and its applications in (a) soft contact lamination of OLEDs 

[13], (b) electric glue assisted lamination of OLEDs [14]. 

Ouyang et al. [14] fabricated a polymer light-emitting diode using a lamination process in 

which the adhesion was facilitated by a conducting polymer. The latter was used as 

transparent electric glue (Figure. 2.5(b)). The integration of organic thin-film transistors 

(OTFTs) and OLEDs have been considered as a promising technology for high-resolution flat 

panel displays and solid state ligthing in which OLEDs can be operated by the OTFTs. Zyung 

et. al. [15] fabricated such structure using a lamination method. The OLED and the OTFT 

were first fabricated separately on plastic substrates. Both devices were then, laminated using 

silver paste that acts, as not only as the adhesive, but also as the electric connector between 

the drain electrodes of the OTFT and the anode of the OLED. Liu et al. [16] also used this 
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method to fabricate similar active OLED structures, driven by TFTs, that enabled top 

emission using bottom-emitting OLED. Moreover, the lamination process has been used by 

Kim et al. [17] in the encapsulation of OLEDs. This was done by laminating an adhesive 

multilayer of polyacrylate-based adhesive layer and aluminum passivation layer on to the 

devices to prevent degradation of the device. 

The performance of organic electronic devices fabricated by the above fabrication methods 

has been reported to be better than those of the devices fabricated by conventional methods 

[11], [13]. The performances of spin-coated and stamped devices have been compared by Joo 

et al. [11]. They showed that the morphologies of the spin-coated and stamped devices are 

similar. However, the stamped devices were better than the spin-coated devices in terms of 

current density, light-emitting efficiency and lifetime. In particular, the lifetimes of the 

stamped device was doubled compared with that of the spin-coated device.    

Even for those devices fabricated by conventional methods, such as chemical vapor 

deposition, Kim et al. [18] demonstrated a compression treatment similar to the above 

unconventional fabrication methods. By applying and releasing physical pressure to the 

devices, a notable increase was observed in the performances of the devices. These include 

improvements in luminance intensity and current efficiency. Larger pressure led to better 

performance. They argued that the improvement was due to more intimate contact between 

the organic molecules in the organic layer. 

 2.3 Cold Welding 

Cold welding or cold pressure welding is the process by which clean, oxide free metallic 

surfaces are brought together to achieve intimate contact, and thereby form metallic bonds 

[19]. The process is termed a “cold” weld because the bonding mechanism is achieved at 

room temperature. For optimal results, the metal surfaces chosen need to have similar crystal 
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structure and atomic radii [20]. For very reactive metals, the oxides formed on exposure to air 

have to be brittle enough for the underlying metal to plastically deform through the cracked-

oxide, in order to form the cold weld junction [21]. 

The patterning of metal electrodes by cold welding, reported by Kim et al. [8, 22], provides a 

good opportunity for the realization of post-deposition electrode patterning (i. e. the 

patterning of a metal film after an organic layer is deposited). This method is based on the 

transfer of a thin film of metal between substrate and stamp, using a cold welding process. 

This patterning technique can be implemented under ambient conditions and also in a 

vacuum [23]. Kim et al. [22] have elaborated the potential to extend the cold welding 

technique to ultimately result in the printing of large-area organic electronic circuits using 

roll-to-roll methods, in which the devices are fabricated in a continuous, high-speed, low-cost 

process. Xu et al. [24] has also used the cold-welding processes to enable the direct transfer 

of metals onto pre-formed hemispheres with micrometer scale feature resolution. This was 

used to realize 10 kilopixel organic photodetector focal plane arrays (FPAs) that mimic the 

size, function, and architecture of the human eye. 

In the additive cold welding as shown in Figure 2.6, a metal coating is deposited onto a pre-

patterned stamp, which is then brought into contact with a substrate with a very thin metal 

“strike-layer” of similar composition to the layer on the stamp [25]. The contact results in the 

formation of strong metallic or cold-welded bonds [26, 27] between the two clean metal 

surfaces. The separation of the stamp from the substrate leaves the stamp metal on the 

substrate only in the desired contact regions. In the subtractive cold-welding process (Figure 

2.7), the cold welding process and the delamination occurred on a stamp rather than on a 

substrate. 
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Figure 2.6: Patterning of Electrode by Additive Cold-Welding Technique [28] 

 

Figure 2.7: Patterning of Electrode by Subtractive Cold-Welding Technique [28] 

Thus, the required pressure (>>150MPa) was significantly reduced compared to that for the 

additive method (>>300MPa) [28]. However, the high pressure levels required for the 

transfer of the metal layers is still the remaining problem of the cold welding technique. For 

example, during the source and drain patterning of pentacene, organic thin film transistors 

(OTFTs), the pentacene was occasionally wrinkled as a result of high shear stress at the 

pentacene – insulator interface [28]. Sink-in of dust particles and deformation of layers may 

also result in damage within the devices fabricated by cold welding.  

Apart from electrode patterning, cold welding has been used in industrial manufacturing 

process. Such applications have motivated metallurgical studies of joint microstructures and 
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mechanical properties [29, 30]. In addition to device patterning, most recently, cold welding 

has been used as a general method for micro-scale fabrication. It has also been used to 

fabricate nano-scale mixing chambers for micro fluidic devices [32], as well as 

microelectronic packages [33], as shown in Figure 1.3. Such smaller-scaled applications have 

stimulated recent studies of cold welding physics in which dust particles in the clean room 

have been shown to play a key role in the contact/adhesion between cold welded surfaces 

[34]. 

 

 

 

Fig.2.8: Application of Cold Welding: (a) Micro Electronic Packaging (b) Roll-to-Roll      

fabrication of organic Electronic Devices (Sources: (a) Precision Devices (b) USAMI) 
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However, our understanding of the contact profiles and dust particles is still limited. Prior 

work done by Cao [34] used finite element analyses to estimate the lengths in the vicinity of 

dust particles that are present in clean room environment. The work was instrumental in 

predicting lower, but sufficient pressure levels, that enabled adequate contact using lower 

modulus stamps. Indeed, by using flexible poly (dimethyl-siloxane) (PDMS) stamps, Kim 

and, Forrest [25] found that cold welding of gold layers can be used to fabricate organic light 

emitting devices at pressure, 1000 times lower than those required using rigid silicon stamp 

[24]. 

Subsequent experimental work by Cao et al. [36] and Akande et al. [37] revealed the role 

interfacial impurities, i.e. dust particles, at the cold-welded interfaces between Au and Ag 

thin films. They also developed a theoretical model to predict the contact profiles around 

impurities between cold-welded surfaces. These provided new insights into how adhesion 

affects the surface contacts that occur during cold welding. 

Meanwhile, the Cao et al [36] analyses did not include the effects of adhesion forces between 

the interacting Au and Au layers. This was because there was no general method of including 

the effects of adhesion numerically within the finite element framework [37]. Since such 

adhesion forces can be quite significant, Akande [37] presented an accessible model that can 

relate the dust particle sizes and adhesive forces to the contact profiles that can occur around 

dust particles between layers that are being joined together. The results from both 

experimental and theoretical work were presented which include the effect of adhesion forces 

between the interacting Au and Ag layers. 
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2.4 Dust Particles and Interfaces 

Transmission Electron Microscopy (TEM) images showing the microstructures and interfaces 

of as deposited and cold welded Au-Ag thin films are presented in Figure 2.9. These show, 

clearly, that there is a significant difference between the as deposited and cold-welded 

interfaces. The as-deposited interface has a wavy morphology, largely due to surface 

roughness. In addition to the waviness, some large irregularities or voids are observed along 

the cold-welded interface [37]. 

 

Figure 2.9: TEM images showing interfaces of as deposited and cold-welded Ag-Au thin film 

[37] 

Significant large voids, with heights between 40-160 nm, were found along the cold-welded 

interface, (Figure 2.9). Considering that typically formed micro-voids are due largely to 

asperity profiles and their subsequent deformation. Hence, the voids observed here cannot be 

attributed to surface roughness alone. Instead, larger voids are associated with dust particles 

that were embedded between the two surfaces during cold welding. These dust particles 

amplify the void sizes observed at the cold welded interfaces, as suggested by Akande [37]. 

Typical dust particle sizes are presented in the Table 1, for an 11µm strip of cold welded 
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interface. 

 

Height (um) Dust Particle number 

0 to 0.02 0 

0.02 to 0.04 5 

0.04 to 0.06 3 

0.06 to 0.08 1 

0.08 to 0.10 1 

0.10 to 0.12 4 

 

Table 1.1: Sample distribution µm of dust particles along an 11µm strip of the cold  

       welded interface [21] 

TEM and Electron Energy Loss Spectroscopy (EELS) analyses were used to study the typical 

irregularity/void formed along the cold-welded interface [37]. The TEM images are shown in 

Figure 2.10. These show the locations that were used for the EELS analyses. The comparison 

of EELS results collected from these locations (across the Au-Ag cold welded interface) is 

presented in Fig. 2.8. This shows that there was a clear increase in both carbon and silver 

peaks in the irregularity/void position (position 2). 

However, only gold or silver peaks were found in the other two locations (Positions 1 and 3). 

These results suggest that a carbon-rich dust particle was trapped in position 2. The dust 

particles are most likely native to clean-room, [34]. The experimental evidence of an “S”-

shape contact is in agreement with earlier work by Cao [34] that considered the effects of 

dust particles on the stamping of organic electronic devices. 
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Figure 2.10: The TEM images showing the locations nearby the cold-welded interface for 

doing the electron energy loss spectroscopy (EELS); Comparison of EELS collected from 

various locations across the Au-Ag cold welded interface show there is a clear increase in 

both carbon and silver peaks in Position 2 [37] 

2.5 Material Transport across Interfaces 

In an effort to understand the possible material transport that can occur during cold welding 

process [38], the areal densities of Au and Ag were obtained using EELs. These were plotted 

against distance within various strip regions across the Au-Ag cold welded interface, as 

shown in Fig. 2.11. Note that although diffusion process could possibly occur in strip 1 and 

strip 2, since Au and Ag are directly in contact with each other, there is no possibility for 

inter diffusion to occur in the region contained within strip 3, in which void is present 

between the Au and Ag surfaces [37]. 
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The widths of the composition slopes in strips 1 and 2 (9.5nm and 7.7nm respectively) are 

also very close to those within strip 3 (7.7nm for either surface). This suggests that the 

compositional profiles (across the cold weld interfaces) are not diffusion. Otherwise, the 

widths of the composition slopes in strips 1 and 2 would be much different from those in strip 

3. Hence, the current widths of the composition slopes are attributed to the effects of the 

intermixing that occur during the cold welding of the Au-Ag interface. 

 

Fig. 2.11: Comparison of EELs collected from various strip regions across the Au-Ag cold 

welded interface [37] 

 2.6 Theory of Adhesion  

Adhesion is the tendency of two dissimilar materials to cling together. It is a result of 

attractive forces which can either be chemical, dispersive, or diffusive in nature.   In chemical 

adhesion, two materials form a compound through ionic, covalent, or hydrogen bonding at 

the interface.  In dispersive adhesion, Van der Waals forces form polar attractions between 
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two molecules while in diffusive adhesion, mobile or soluble molecules travel across the 

interface, that join the two materials together. Hence, the strength of adhesion refers to the 

energy required to break these adhesive bonds, which dependent on both the strength and 

number of bonds that are formed (i.e. contact surface area). 

In order to determine the energy required to separate these dissimilar materials, various 

adhesion models exist (Figure 2.12) which takes into account, the different materials and 

geometric properties of the interacting layers.  The classical Hertzian contact theory [39] 

assumed that there is no adhesion between two elastic spheres in contact. The Johnson-

Kendall-Roberts (JKR) model [40] describes the contact between soft materials with short 

range, strong adhesion forces, and large tip radii. On the other hand, the Derjaguin-Muller-

Toporov (DMT) model [41] applies to adhesion between stiff materials with long range, 

weak adhesion forces, and small tip radii.  

 

Figure 2.12: Interaction forces (per unit area) for (a) Hertz model, (b) JKR model, (c) DMT 

model and (d) actual interaction [43]. 
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In these methods, the adhesion forces can be estimated by the following two limiting cases: 

the Johnson-Kendall-Roberts (JKR) model [40], which applies in the case when the adhesion 

forces are short range compared to the elastic deformation they produce (i.e. compliant 

material with strong adhesion), and the Derjaguin-Muller-Toporov (DMT) model [41], which 

describes the case of long range surface forces with a Hertzian geometry (i.e. stiff materials, 

weak adhesion forces). The Maugis-Dugdale (MD) model is intermediate between the JKR 

and DMT models, [42] which proposes an analytical solution.   

The force-distance relation in the Maugis-Dugdale (MD) model is shown in Figure 2.13 [43], 

which is an analytical solution in the intermediate regime between the JKR and DMT models. 

Maugis [42] used a Dugdale square well potential to approximate the interaction potential in 

reality. In this interaction, a constant adhesive stress (force per unite area) σo acts between 

the surfaces over a range of δt. Thus, the work of adhesion, i.e. adhesion energy, can be 

calculated as;  

                                                                                                             

 

Fig. 2.13: Schematic of Dugdale model used by Maugis [43]. 
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To select the appropriate model, Maugis [39] defined a transition parameter, λ, which is given 

by:    

     (
 

    
)

 
 
                                                                                           

where λ is the adhesion energy per unit area;  

R is the combined radius given by;  

  
    

     
                                                                                                  

 where R1  and R2  are the radii of the two spheres, respectively;  κ  is the combined elastic 

modulus for two spheres in contact, which is given by , 
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 E1 and E2 are the elastic moduli of the two spheres, and ν1, ν2   are the Poisson ratios of the 

two spheres, respectively. By choosing    to match the minimum adhesive stress of a 

Lennard-Jones potential with equilibrium separation distance zo, it follows that            

The JKR model applies when λ > 5, while the DMT model applies when  λ < 0.1. The MD 

model is applicable to the intermediate values of λ. 

In the non-zero adhesion cases, the negative critical load at which the surfaces of two spheres 

separate, when being pulled apart, was defined as pull-off force or adhesion force. For the 

two extreme cases, it is given in JKR and DMT theories by:     
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In the MD model, two equations are needed to relate the contact radius, a, and the contact 

force, F:    
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where â  and  ̂  are two dimensionless parameters defined by:   
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and the parameter m represents the ratio between the contact radius, a, and an outer radius, c, 

when the gap between the sphere surfaces reaches δt , i.e., where the adhesion no longer takes 

place. 

Meanwhile, the above equations are difficult to use, because there is no single expression 

relating only a and F. Equations (2.7) and (2.8) need to be solved simultaneously by letting m 

vary appropriately between limits, which depend upon λ. Furthermore, in the usual case with 

experimental measurements, such as AFM force measurement, the value of λ is an unknown. 

The relation for the pull-off force must be determined through an iterative technique [41]. 

The relation between contact radius a and the contact radius at zero load a0, that was proposed 

by Carpick et al. [43], can be described by a generalized equation 
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  Fad is the general adhesion force. When    , it corresponds exactly to the JKR case, and 

when      , it corresponds exactly to the DMT case. They showed that for intermediate 

cases, for which 0 <   <1, the generalized transition equation corresponds very closely to 

solutions provided by Maugis using the Dugdale model. By curve fitting, they also provided a 

conversion equation from α to λ, i.e. 

          (       )                                                                  

Equation (2.12) was later modified by Pietrement and Troyon [45] through fitting to be 

          (        )                                                         2.13 
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Applying Equation (2.10) to adhesive forces gives;    

    
   

   
                                                                                                

They also determined empirical equation that give direct conversion equations between 

parameters α and Fad by: 

                                                                     2.15 

The AFM force measurement measures Fad. If R and K are known, the adhesion energy can 

be calculated by solving the Equations (2.2), (2.13), (2.14) and (2.15).   

The above studies suggest that the adhesion and contact inside and between each layer of the 

organic electronic devices are crucial to the performance and the lifetime of OLEDs and 

organic electronic structures in general. It has also been suggested by Jeng et al. [46] that the 

surface roughness of the layers in the organic electronic devices influences the injection of 

hole-carriers. Since the injected current is dominated by the tunneling of hole-carriers at low 

bias, increasing the effective contact area at the interfaces lowers the barrier to the hole 

injection in the devices. Hence, there is a need to study the fundamental physics of adhesion 

and contact and their roles in the organic electronic devices. The resulting insights could 

clearly lead to the future design of OLEDs and organic electronic structures with improved 

performance and longer lifetime. 

Zong et al. [47] presented a study of adhesion energies that are relevant to Au-Au 

microswitch contacts at both the nano- and micron-scales. The micronscale adhesion 

measurements were obtained from cantilever beam bending measurements and fracture 

mechanics models. The nanoscale adhesion measurements were achieved by AFM pull-off 
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experiments and adhesion theory models. The adhesion energies obtained for both methods 

were found to be in good agreement. 

Tong et al. [48] also used similar AFM force measurement techniques to measure the 

adhesion forces between materials relevant to organic solar cells and organic light-emitting 

devices. The contact pairs included organic-organic, organic-inorganic, and inorganic-

inorganic interfaces. The measured pull-off forces and surface parameters were then 

incorporated into theoretical models for the estimation of surface energies. The results can be 

used to identify either interfaces with weak adhesion, that need to be modified to reduce the 

chances of failure, or interfaces with strong adhesion, that would be good candidates for 

organic electronic devices. However, the use of such adhesion energies in interfacial contact 

has not been fully explored. There is, therefore, a need to integrate the measurements of 

adhesion energy with interfacial contact models in a way that will improve the performance 

the OLED structures. 
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Chapter 3 

3.0    Analytical and Computational Modeling of Contact and Adhesion 

3.1 Device Architecture 

Organic light emitting diodes (OLEDs) are layered structures that consist of sequential 

organic layers that are stacked between a metallic cathode and an inorganic anode as shown 

in Figure 3.1. The device is usually built on a transparent substrate (such as glass) that finally 

forms the display through which the emitted light is observed.  A thin film of indium tin 

oxide (ITO) is sputtered on the substrate, which forms the anode of the device. ITO is 

frequently used because of its high conductivity and transparency that allow sufficient light to 

be transmitted from the device [1]. On top of the ITO anode, is a thin layer of poly(3, 4-

ethylene dioxythiophene) that is doped with poly(styrenesulfonate) (PEDOT:PSS). This is a 

conducting polymer that is used to facilitate hole injection from the anode into the active 

layer. This material tends to have better hole injection than bare ITO [1]. It is deposited on 

the ITO as hole injection layer (HIL), rather than a stand-alone electrode. The photo-emissive 

active layer of the OLED is deposited on PEDOT:PSS. This is the layer in which electrons 

and holes supplied by the cathode and anode recombine to generate light. One of the common 

materials that are used to form the active layer is poly[2-methoxy-5-(2‟-ethyl-hexyloxy)-p-

phenylenevinylene] (MEH:PPV). This has a molecular weight between 150,000 and 250,000 

[2]. It produces a reddish-orange light with a peak emission around 550 nm. To complete a 

device, gold can be cold-welded on the gold or silver with a pattern (~ 50- 150 nm thick) of 

Au-Au or Au-Ag that forms the cathode layer.    

Under the action of a driving voltage of a few or a coupled of volts, electrons are injected 

from a metal cathode with a low work-function into the electronic state corresponding to the 

lowest unoccupied molecular orbital (LUMO) of a conjugated polymer; holes are injected 
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from a bilayer anode (PEDOT:PSS on ITO) into the electronic state corresponding to the 

highest occupied molecular orbital (HOMO) of a conjugated polymer [1]. Both electrons and 

holes, coming from different electrodes, move from opposite directions towards the 

recombination zone, where they can combine to form excitons. This leads to a population of 

excited states of the emissive polymers that subsequently emits light.  

Cold welding [3] is one of the low cost OLED fabrication processes that can be used to join 

metallic materials. In additive cold welding (as shown in Figure 2.6 in the previous chapter), 

the material that is being transferred is first deposited onto a patterned stamp. This is then 

pressed onto the substrate at a prescribed pressure and temperature. In additive cold welding, 

material that is being transferred from the stamp to the substrate is left behind on the substrate 

when the stamp is lifted.  

 

 

. 

Figure 3.1: Schematic of OLED  
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In this work, published data for the materials that were used in the model OLED structures as 

shown in Figures 3.2 were obtained. These were incorporated into finite element models that 

were used for the simulation of the cold welding technique. The models explored the effects 

of applied pressure on the cold welding structures with dust particles at the interfaces 

between adjacent layers. The results show the influence and significance of pressure on the 

contact and deformation of these layers around dust particles or impurities in the clean room 

environment. The implications of the results are discussed for the fabrication of OLEDs by 

cold welding.  

3.2 Analytical Modeling of Contact and Adhesion  

We model the cold welding process between gold and silver in the presence of dust particle 

as shown in Figure 3.2 a and b. This  is  analogous  to  a  cantilever  deflection  on  a  rigid  

particle that is described in Figure 3.3. This figure shows the elastic deformation of the beam 

around the dust particle. The presence of the dust particle (as shown in Figure 3.2(a)) restricts 

the attractive adhesive forces between the two approaching surfaces. Hence, the adhesive 

forces act initially on the dust-free areas between the approaching surfaces. Furthermore, 

depending on the elastic nature of the dust particle and that of the beam, the beam can bend 

around the dust particle or the dust particle can be flattened completely by the weight of the 

beam [4]. In the current work, it is assumed that the elastic properties of the dust particle fall 

within the requirements of the former circumstance. In other words, the dust particle is 

assumed to be rigid enough to cause bending under uniform pressure. 
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Figure 3.2:  Cold welding in the presence of dust particles. (a) Initial approach of the two 

surfaces to be pressure welded with the dust particle embedded on  the surface of metal 2. (b) 

Metal elastically deforms around the dust particle [4] 

 

Figure 3.3:  The adhesive contact for a cold-welding model consisting of a thin, elastic beam 

and a base 

The differential equation of a beam in this case is given as: 
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Its solution fulfills the boundary conditions:  ( )     ( )      ( )          ( )   . 

This yields the following solutions: 

 ( )  
 

  
(        )                                                                                                                         

  ( )  
 

  
(       )                                                                                                                                                                    

   ( )  
 

  
(      )                                                                                                                          

   ( )  
  

  
(                )                                                                                            

The elastic energy of the beam can be calculated using; 
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 The earlier work by Zong et al [5] has shown that, the total energy of the system is the sum 

of the elastic energy stored in the beam (due to the bending) and the surface energy. 

         
     

    (   )                                                                                                                     

Where   and E are the width and Young‟s Modulus of the beam respectively,   is the 

adhesion energy, I is the second moment of area of the beam and   is the length of the beam 

(Figure 3.3). 
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The single minimum value of the total energy of the system occurs at a corresponding 

equilibrium value of s (for s < ) which can be expressed as: 

   

  
  

       

  
                                                                                                                        

At equilibrium, 
   

  
     

Hence, from equation 4.7, we can write the following expression; 

       
      

 

  
                                                                                                                                 

where the second moment of inertia is:   
   

  
. Substituting the analytical form of I into 

equation 3.11 gives the surface energy at equilibrium as; 

    
 

 

     
 

  
                                                                                                                                             

This implies that; 

           (
 

 

     

 
)

 
 

                                                                                                                

This shows that the void length can be calculated from the dust particle heights. Equation 3.3 

implies that if the geometries and the modulus of the cantilever beam in the structure are 

known, one can determine the adhesion energy. On the other hand, AFM pull-off technique 

can be used to measure adhesion energy, such that void length can be determined.  It can also 

be inferred that, if the length of the beam is smaller than s, it can not “remain stuck” to the 

base. Akande et al. [4] described a simple condition that ensures that the contact is s-shaped 

(and not) for any given dust particle height.  
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This is illustrated as: 

                                                                                                                                                                                   

Hence, the sufficient condition is  

  [  
 

√ 
]                                                                                                                                                                  

Therefore,             or                                                                                                                       

The analysis above can be represented by Figure 3.4 below, where we consider layer of 

length, L, and void length, S, together with contact length Lc. 

 

Figure 3.4: Schematic of Contact and Void lengths  

This implies that: 
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Hence, equations 3.13 and 3.19 were used to investigate the relationships between: (1) the 

contact length and adhesion at different thicknesses, (2) void length and adhesion at different 

moduli, and (3) contact length and adhesion at different moduli. 

3.3 Finite Element Modeling 

This work examines the effects of pressures on the cold welding of metals that are relevant to 

organic light emitting diodes. Finite element simulations of the cold welding process were 

conducted using the ABAQUS software package. ABAQUS CAE 6.12 (teaching edition) was 

used in the simulations. It was used in modeling the cold welding of gold on silver and that of 

silver on gold. The effects of dust particles‟ moduli as well as thickness of the layers on the 

effective contact length were also considered in the simulations.  

The work of Akande et al. [4] has shown the presence of carbon-rich dust particles in the 

clean room environment whose sizes ranges from 0.02 μm to 0.20 μm. Moreau et al. [6] and 

[7] have also shown that dust particles exist in the clean room environment. They include: 

silicon, iron, aluminum, quartz, textile polymer, silicone and photoresist.  The dust particles 

are described by Kim et al. [8] as mostly native to the clean-room. Usually, during the cold 

welding processes, the dust particles are interposed between the stamp and the substrate. 

They, therefore, affect the development of the contact areas between the approaching layers. 

Cao et al. [9] have shown that, in the cold welding processes, soft stamps are expected to 

deform easily around such dust particles at relatively low pressures. Meanwhile, considerably 

higher pressures are needed to deform stiff stamps over similar contact areas.   
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Figure 3.5: Geometry of the cold welding model 

The cylindrical geometry of the devices was simplified using axisymmetric shell geometries. 

A typical geometrical model of the materials is shown in Figure 3.5. This shows a gold-

coated stamp about to be cold welded onto a silver layer in the vicinity of dust particle. The 

dust particle diameter was chosen to be 10 nm. Considering the work of Akande et al. [4], 

which reported carbon-rich dust particle in the interface between gold and silver during cold 

welding, the Young‟s modulus used in the first modeling was 10.2 GPa (Young‟s modulus 

for Carbon). This was used to study the ratio of contact length to the total length as a function 

of the applied pressure. Subsequently, other possible values of moduli were considered, 

which take care of rigid, semi-rigid and compliant dust particles. Likewise, the contact length 

ratio was examined as a function of thickness of the materials to be cold welded.  

Four-node bilinear axisymmetric quadrilateral elements were used in the mesh. The mesh 

was also biased towards the edge of the surfaces that contain the dust particle. This ensures 

that the mesh is dense in the regions near the dust particle and the regions near the surface 
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contact regimes. The meshing was analyzed using plane strain conditions. All the materials 

that were used, were assumed to exhibit isotropic elastic behavior. The Young‟s moduli and 

the Poisson ratio were obtained from the prior studies by Cao et al [9], Bietsch et al [10], 

Soboyejo [11] and Cambridge Engineering Selector (CES) [12].  

 

 

Figure 3.6: Meshing of the geometry  
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The Young‟s moduli and Poisson‟s ratios of the materials used in the simulation were 

summarized in Table 3.1 below: 

Materials Young‟s Modulus E 

(GPa) 

Poisson Ratio, v Reference 

Gold (Au) 82.00 0.42 Ref. [9] [11] & [12] 

Silver (Ag) 76.00 0.40 Ref. [11] & [12] 

Carbon  10.30 0.23 Ref. [12] 

Aluminum (Al) 70.00 0.30 Ref. [10] 

Polyethylene (low 

density) 

0.20 0.30 Ref. [11] & [12] 

 

Table 3.1: Summary of FEA input parameters  

Frictionless contact was assumed between the dust particle and the stamp, and also between 

the dust particle and the substrate. This was done for simplicity and convergence in the finite 

element simulations. However, rough contacts were used for the two approaching layers [2]. 

This was used to cater for adhesive interactions between the substrate and the stamping 

materials. This ensured that there was no relative sliding, after the substrate and the stamping 

materials were brought into contact.   

The axisymmetric boundary condition (BC1) was applied at the symmetry axis and the 

lowest part of the substrate was fixed to have no displacement and rotation (BC2) as shown in 

Figure 3.7 below. Also, the outer edge of the model was fixed to have no lateral movement 

for continuity. Then, the top of the stamp moved downward, as a result uniformly distributed 

pressure that was applied to the uppermost part of the stamp.  
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Figure 3.7: Implementing boundary conditions onto the model 

  

Figure 3.8: Application of uniformly distributed pressure  



50 
 

 

Figure 3.9:  Deformed profile for cold welding of gold on silver at a pressure of 50KPa 

 

 

Figure 3.10: Calculated deformed profile for cold welding of silver on gold at a pressure of 

50KPa 

 

 



51 
 

 

Figure 3.11: Deformed profile of the compliant particle 
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Chapter 4 

Results and Discussion 

4.1 Analytical Results and Discussion 

The results of the analytical modeling discussed in chapter 3 are presented in this section. The 

results    are presented in graphical forms for better appreciation. The plots were obtained and 

plotted through codes written (as shown in appendix) with the Matrix Laboratory software 

(MATLAB, Version R2009b, MathWorks Inc., Natick, Massachusetts, USA). 

4.1.1 Plot of Contact Length as a function of Adhesion Energy for Different Thicknesses  

           (
 

 

     

 
)

 
 

                                                                                                               

                                                                                                                                                 

 
  

 
   

 

 
                                                                                                                                             

Figure 4.1 shows increase in contact length as the adhesion energy increases for the three 

different layer thicknesses under consideration. The contact length, however, is greatest for 

the thin layer and lowest for the thickest layer. The adhesion energy of 30 J/m
2
 for instance, 

corresponds to about 50% contact length in the layer with 150 nm thickness (thickest layer in 

this work). However, the same energy value results to about 80% contact length for layer 

with 50 nm thickness (thin layer).   
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Figure 4.1:  Plot of Contact Length against Adhesion Energy for Different Thicknesses 

 

Figure 4.2:  Plot of Void Length against Adhesion Energy for Different Moduli 
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4.1.2   Plot of Void Length as a function of Adhesion Energy for Different Moduli 

Equation 4.1 was also considered in writing the codes for the above heading. Figure 4.2 

above shows decrease in void length as the adhesion energy increases for the three different 

particles moduli. The moduli, which are: 70 GPa, 10.2 GPa and 0.2 GPa. These represent 

rigid, semi-rigid, and compliant particles, respectively, in this work. The void length, 

however, is greatest in the case of rigid particle, moderate in the semi-rigid particle, and 

lowest in the compliant particle for all values of the adhesion energy.  

4.1.3   Plot of Contact Length as a Function of Adhesion Energy for Different Moduli 

Figure 4.3 below, on the other hand, shows increase in contact length as the adhesion energy 

increases for the three different particles‟ moduli. The contact length is greatest in the 

compliant particle, moderate in the semi-rigid particle, and lowest in the rigid particle for all 

values of the adhesion energy.  

 

Figure 4.3:  Plot of Contact Length against Adhesion Energy for Different Moduli 
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4.2 Finite Element Analyses (FEA) Results and Discussions 

4.2.1 Effects of Pressure on the Contact length 

Figure 3.9 (as shown in chapter 3) shows the typical deformed profiles of a gold-coated 

stamp on a silver coated substrate, while Figure 3.10 shows that of a silver-coated stamp on a 

gold-coated substrate deformed under pressure. The stamps have obviously deformed around 

the dust particles and thereby made contact with the substrates. The performance of the cold 

welding process can be described by the ratio of the contact length, Lc, to the total length, L. 

This is illustrated in Figure 4.4, in which the contact length ratio is plotted against the applied 

pressure, for both gold on silver (Au on Ag) and silver on gold (Ag on Au). The plots (Figure 

4.4) show increase in the contact length (for both Au on Ag and Ag on Au) as the applied 

pressure is increased. However, the contact length ratios reach plateau as the pressures are 

increased above a certain level.  

Furthermore, the contact of silver on gold results in a slightly higher contact length ratio than 

the contact of gold on silver. The minimum pressure required to attain the plateau contact 

length ratios is approximately 220 kPa. This corresponds to about 80% contact length ratio 

for Au on Ag and about 83% contact length ratio for Ag on Au. The contact length ratio 

remains relatively equal in both cases beyond this pressure value. Increase in pressure beyond 

this 220kPa leads to sink-in of the materials which could damage the device. The above 

optimum pressure value recorded in this work is in close agreement with the earlier 

experimental work by Kim et al. [8] who recorded approximately 180 kPa for the critical 

pressure required for cold welding of gold using PDMS.  It is, however, important to note the 

higher contact length ratio of silver compared to that of gold at equal applied pressures. This 

is consistent with the fact that gold is stiffer than silver, based on their respective moduli. 
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Also, Akande et al. [4] have reported a higher adhesive force for Ag on Au than that for Au 

on Ag. These are responsible for the discrepancy in the contact length ratios.  

 

Figure 4.4: Plot of Contact Length ratio against Pressure for Au on Ag and Ag on Au 

4.2.2 Effects of dust particle’s modulus 

The presence of dust particles and their effects on the performance of organic electronics has 

been reported by Akande et al. [4], Kim et al [8] and Cao et al [9]. However, less attention 

has been paid to the effect of dust particle moduli in a way that shows its effect on the 

fabrication and performance of OLEDs devices. Hence, it is important to investigate the 

effects of dust particles moduli that are relevant to the fabrication of organic electronic 

structures. The current work examines a rigid, semi-rigid and compliant dust particle. The 

rigid material examined is aluminum; the semi-rigid is carbon while the compliant material is 

low density polyethylene. These particles have Young‟s moduli of 70 GPa, 10.2 GPa and 0.2 

GPa respectively. The plot (Figure 4.5) below shows that the compliant material with 
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modulus of 0.2 GPa resulted in high levels of contact length ratio, while the rigid particle 

with modulus of 70 GPa has the least level of contact length ratio. The semi-rigid particle on 

the other hand has an intermediate contact length ratio, compared to that of rigid and 

compliant particles. This illustrates the dominant role that the hardest particle plays in the 

contact between the layers during cold welding.  

 

 

Figure 4.5: Plot of Contact Length Ratio against Pressure at Different Moduli 
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for stiffer materials, the effective contacts dependent mainly on the overall stiffness of the 

structure, as suggested by Du et al. [2].    

 

Figure 3.12: Plot of Contact Length against Pressure as a Function of Layer Thickness 
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and adhesion, as shown by both the analytical results in Figures 4.2 and 4.3 and the finite 

element analysis results in Figure 4.5. If the dust particles are stiffer, the layers will wrap 

around them and adhere in regions away from the dust particles. This elastic wrapping of the 

layer can facilitate the formation of voids, which could eventually compromise charge 

transport, performance, and the fabrication yield of organic electronic devices.  

Also, the selection of layer thickness should be done in a way that will improve the contact 

length ratio. Usually, the thicker layer results in a device with increased stiffness and reduced 

contact i.e. increased void length. Conversely, the thinner layer results in a device with 

improved contact and adhesion. Hence, the latter should result in improved electronic 

properties. Further work is needed to determine the optimum film layer thickness with the 

best balance of stiffness and contact for application in organic electronic structure. 
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Chapter 5 

Conclusion and Recommendation 

5.1 Conclusion 

This work presents the results of a combined analytical and computational study of 

the cold welding of Au and Ag thin films that are relevant to stamping processes that 

are being explored for the fabrication of organic electronic structures. The geometries 

of the materials used in this work and their (published) mechanical properties are 

incorporated into the analytical and finite element simulations of the cold welding 

process. These were used to study the effect of pressure, adhesion, particle‟s modulus, 

as well the layer thickness. 

 The result suggests that a required or appropriate pressure is needed to balance the 

cold welding device efficiency and damage of the device. The current work also 

shows that contact length increases with increase in adhesion energy. The thinner 

layer shows greater contact even at lower pressure, with less damage to the device. 

Meanwhile, thinner films are less stable structurally. This implies that an optimized 

film thickness has to be determined.  

Furthermore, the simulations reveal the significance of dust particle modulus as it 

affects the contact length during cold welding. Both the analytical and computational 

models show that the compliant particle results in improved contact length, while the 

rigid particle results in elastic wrapping of the layer which could limit the contact and 

facilitate distribution of voids. This could eventually compromise charge transport, 

performance, and the fabrication yield of organic electronic devices.  
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5.2 Recommendations  

In order to extend and improve the results of this work, the following steps are 

suggested for possible future work:  

1. The possible sink-in that occurs during cold welding should be studied with finite 

element analysis. 

2. The simulations should also be carried out through atomic scale simulations. This 

will facilitate better understanding of the possible intermixing and other processes 

that occur during cold welding at atomic scale. 

3. Experimental work should be carried out to validate the results of the present 

work.  
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Appendices 

A1 Codes for Contact Length against Adhesion at different thicknesses 

clear all  

close all  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
%%%%%%%%%%% Codes for the Contact against Adhesion %%%%% S. A. ADENIJI %%%%    
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  

           
         t1=5.00*10^-8;                  % Thickness of layer 1 
         t2=1.00*10^-7;                  % Thickness of layer 2 
         t3=1.50*10^-7;                  % Thickness of layer 3 
         l=2.0*10^-7;                    % Length of the layer 

          
         E=8.2*10^10;                    % Young's modulus of Au 

         
         h=0.2*10^-8;                    % height of the particle 

         
         b1=((3/2)*t1^3*E*h^2);        % Constant for s-shape (thickness 1) 
         b2=((3/2)*t2^3*E*h^2);        % Constant for s-shape (thickness 2) 
         b3=((3/2)*t3^3*E*h^2);        % Constant for s-shape (thickness 3) 

          
         p=2:1:60;                     % adhesions  
         s1=zeros(1,size(p,2));  
         s2=zeros(1,size(p,2));  
         s3=zeros(1,size(p,2)); 
         for n=1:size(p,2);  
             s1(n)=(b1*(1/p(n)))^(1/4);    % Void's length for s-shape 1  
             s2(n)=(b2*(1/p(n)))^(1/4);    % Void's length for s-shape 2  
             s3(n)=(b3*(1/p(n)))^(1/4);    % Void's length for s-shape 3 
         end  
         %lc=l-s 
         lc1=l-s1;                         % Contact length for s-shape 1  
         lc2=l-s2;                         % Contact length for s-shape 2 
         lc3=l-s3;                         % Contact length for s-shape 3 
         z1=lc1/l;                         % Lengths ratio for s-shape 1 
         z2=lc2/l;                         % Lengths ratio for s-shape 2 
         z3=lc3/l;                         % Lengths ratio for s-shape 3 
         %plot(p,s,'b-'); hold on  
         %plot(p,s1,'r-'); hold on  
         plot(p,z1,'b-'); hold on  
         plot(p,z2,'r-'); hold on  
         plot(p,z3,'g');hold on 
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A2 Codes for Void Length and Contact Length against Adhesion at Different Moduli 

 

clear all; close all  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
%%%% Codes for the void length and contact length against adhesion%%%%%%%  
%%%%%%%%%%%%%%%%%%%%%   S. A. ADENIJI %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

           
         t=5.0*10^-8;           % Thickness of the layer 

        
         l=1.0*10^-7;           % Length of the layer 

          
         E1=7.0*10^10;          % Young's modulus of rigid particle 
         E2=1.02*10^10;         % Young's modulus of semi-rigid particle 
         E3=0.2*10^9;           % Young's modulus of compliant particle 
         h=0.2*10^-8;           % height of the particle 

         
         b1=((3/2)*t^3*E1*h^2); % Constant for s-shape for rigid particle 
         b2=((3/2)*t^3*E2*h^2); % Constant for s-shape for semi-rigid part. 
         b3=((3/2)*t^3*E3*h^2); % Constant for s-shape for compliant part. 

         
         p=1:1:50;              % adhesions  
         s1=zeros(1,size(p,2));  
         s2=zeros(1,size(p,2));  
         s3=zeros(1,size(p,2)); 
         for n=1:size(p,2);  
             s1(n)=(b1*(1/p(n)))^(1/4);     % Void's length for rigid   
             s2(n)=(b2*(1/p(n)))^(1/4);     % Void's length for semi-rigid 
             s3(n)=(b3*(1/p(n)))^(1/4);     % Void's length for compliant 
         end  

          
         %lc=l-s 
         lc1=l-s1;               % Contact length for rigid particle  
         lc2=l-s2;               % Contact length for semi-rigid particle 
         lc3=l-s3;               % Contact length for compliant particle 
         z1=lc1/l;               % Lengths ratio for rigid particle  
         z2=lc2/l;               % Lengths ratio for semi-rigid particle  
         z3=lc3/l;               % Lengths ratio for compliant particle  
         plot(p,s1,'b-'); hold on  
         plot(p,s2,'r-'); hold on 
         plot (p,s3,'g-');hold on 
         %plot(p,z1,'b-'); hold on  
         %plot(p,z2,'r-'); hold on  
         %plot(p,z3,'g-'); hold on 

 

 

 

 

 


