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ABSTRACT 

LOW-TEMPERATURE PROCESSING FOR AEROSOL-JET PRINTED SILVER 

CONTACTS 

 

By 

Atef M. Abu-Ageel 

After 3D printing was commercialized in the early 1990s, the industry experienced huge 

interest from tool developers who capitalized on additive manufacturing and enjoyed noticeable 

growth as a result. Multiple industries are weighing the benefits of 3D printing and what it can 

offer in terms of savings in operations cost and also adding new features to their customers. It is 

predicted that the global 3D market in terms of equipment, materials, software, and services will 

reach $31 billion by 2030 according to industry analysts. 

Electronic devices’ major fabrication element is the creation of conductive structures and 

interconnects utilizing additive or subtractive processes. Most electronic systems are fabricated 

using photolithography, which is a subtractive process that is frequently complex and time-

consuming using expensive clean facilities. Furthermore, this process generates large amounts of 

harmful waste in most cases. 3D inkjet printing techniques for the purpose of fabricating electronic 

devices are less expensive compared to photolithography. 3D printing has recently begun to be 

attractive as a potential technology to supersede lithographic processes for lower-volume and 

rapidly emerging areas. For example, conductive silver inks cover a wide range of markets, 

including organic light emitting diodes, photovoltaics, antennas, ceramic capacitors, radio 

frequency identification, medical devices, and many more.  The high conductivity of metals 

printed using materials like silver or copper inks gives the flexibility to print thinner and longer 

circuit trace lines on complex geometries without compromising overall resistivity values, which 

can result in major cost savings for rapid prototyping and low-volume situations.  



 

 

In this work, silver ink is used to form a contact material that could be used as an ohmic 

metal contact material realized at low processing temperatures for soft electronic material 

applications such as organic light emitting diodes and transparent photovoltaics. The silver ink is 

printed using Aerosol Jet Printing technology and cured using an optical heating pulse system and 

can result in useful metal contacts without exceeding 35°C. The proposed technique does not 

require a cleanroom environment. This makes the proposed method of printing the contacts in 

ambient conditions cost-efficient and easy to implement without significantly sacrificing 

performance when higher temperature processing cannot be used.  
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 INTRODUCTION 

1.1 Motivation 

Over the last two decades a tremendous progress in printing electronic devices has been 

achieved with additive manufacturing. The precision printing highly-conductive metal is a key 

feature for electronic device integration when it comes to the device contact layout, circuit wiring, 

and final system packaging [1]. Curing process conditions have a major effect on the quality of 

the final printed structure. As the printed metal feature sizes approach 10 microns and smaller, and 

the strong possibility of deformation due to the heat applied to cure the material, the curing 

conditions become increasingly challenging and complicated [2]. Cracks or holes can be 

introduced to the thin films within the device with curing temperatures of 150oC or more which 

negatively impacts the active materials along with lowering the final contact conductivity that can 

be achieved [3].  

1.2 Problem Statement 

In order to achieve good ohmic contacts, higher temperature and longer curing time play 

major roles in removing the additives from the ink particles. Most ink-jet printed materials require 

high sintering temperatures in order to solidify and form good contacts. Traditional spin coated 

materials, such as sol-gel materials that can also be inkjet-printed, require sintering temperatures 

above 500oC to form a dense layer free of additives [4] or over 200oC to form conductive silver 

nanoparticle (NP) traces [5]. For device structures that involve organic materials as the active 

electronic parts, it is well-known that a sintering temperature of ~150oC is needed to remove the 

ink additives and show useful conductivity patterns without damaging the active regions. This is 

fundamentally challenging since the metal ink solvents may also be organic or water based, so the 

same curing process can both cure the ink and destroy the devices without great care. This can be 
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achieved using precise annealing, like small laser spot sizes, so the surrounding materials can be 

protected during the curing process. In this work, a fundamentally unexplored approach is 

considered for overcoming the temperature incompatibility of metal ink curing. A pulsed light 

system that is capable of controlling three profiles during the process, i.e. pulse width, intensity 

and frequency has been demonstrated to cure standard printed silver ink contacts at 35oC for 30 

minutes and eliminate the need of using ultraviolet (UV) or laser systems that can present potential 

damage to the active material. The resulting conductivity of the low-temperature cured silver is 

sufficient (> 15%) to be used for a range of applications that do not normally require extremely 

low contact resistances or high power dissipations, e.g., light-emitting diodes. 

Organic materials in such devices like organic light emitting diodes (OLEDs), TPVs, many 

flexible electronics, and electronics on paper to name a few require low temperature thermal 

processing conditions to cure the metal contacts of those devices. The majority of the existing 

curing systems from direct hot plate to UV flashing to laser sintering could affect the performance 

of the active material in those devices. To avoid the high temperature degradation of the active 

material during the sintering process a low thermal budget system is needed to perform this task 

without causing the active material to fail.   

In this thesis, the focus is on an alternative curing process for Aerosol-Jet Printed (AJP) 

silver NP inks which have been previously studied extensively on glass substrates by curing with 

heat in ovens, hot plates, and UV flash methods for comparison. The main drawback of those 

methods is the high temperature (~200oC) that was needed in order to remove the silver ink 

additives in order to achieve good conductivity. As described above, this high sintering 

temperature is not adequate for most organic materials. The goal is to achieve curing at 
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temperatures below 150oC with total sintering times less than 1 hour, as these proposed conditions 

will not affect the active materials in OLED and TPV devices.  

1.3 Literature Review 

Three-dimensional (3D) printing techniques date back to the 1980s. In 1981, Hideo 

Kodama presented one of the earliest examples, a 3D solid polymer model that was hardened using 

UV light [6]. After early demonstrations, 3D printing technology evolved over the years by 

introducing computer-aided design (CAD) software to create 3D models [7] [8] which has enabled 

widespread industrial, commercial, and household printers to become ubiquitous through simple 

software. Specifically of interest to this work, printing using metal particles became practical after 

research groups used the same basic 3D printing concepts to print metal contacts on glass or 

ceramic substrates for small prototype electronic devices. For example, Jang et al. [9] presented a 

crack-free inkjet printed microstructure that can be sintered at high temperature to form reasonable 

conductivity metal and good adhesion to glass substrates. Direct inkjet printing is another method 

that was used to print highly-conductive copper patterns [10] [11].  

AJP is a major technique for printing electronics with fine features [12] and the most 

mature AJP metal deposition processes are for silver ink NPs. High conductivity results [13] with 

large conductivity percentages (>80%) compared with bulk silver have been reported for AJP 

deposited silver under elevated thermal sintering conditions that are often incompatible with 

organic materials, such as organic electronics or substrates. UV flash sintering has been used 

recently in an attempt to mitigate the temperature intolerance issue within the organic substrate 

[14]. Laser sintering has also been deployed as another solution to obtain precise heating around 

the fine features of the electronic device, especially with active organic materials as those devices 

require low-temperature curing although local temperatures can be quite high [15]. Along with 
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oven and laser sintering, chemical sintering methods [16] and high-intensity light pulse systems 

[17] have also been examined as friendly curing systems to organic materials but without 

widespread technological success. The characteristics and properties of various 3D printed 

materials as surveyed in the review article [18] are summarized in Table 1. As with every 

technology, 3D printing techniques have their own advantages as well as drawbacks. Table 2 

summarizes the pros and cons of 3D printing techniques as collected from [19] - [35].
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Table 1 - Summary of the literature survey of 3D printed material characteristics and properties 
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Table 2 - 3D printing literature survey summary of various techniques’ advantages and disadvantages 
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1.4 Proposed Method 

The curing methodology developed for the first time in the context of electronics metal 

contacts in this thesis was inspired by recent advances in fiber optics integration. The objective of 

this investigation was to develop a low temperature (<<150oC) silver ink curing process using a 

programmable controlled-dose pulsed-light source originally developed for automated fiber 

placement, the Heraeus Humm3® System (H3S). The system uses flash lamp sources which are 

comparable to lasers in terms of power but allows better control of programmed energy delivery 

profiles. Precise control can be achieved using energy, duration, and pulse repetition frequency. 

The apparatus is sufficiently agile for focusing heating on target areas which ensures proper 

material uniformity after annealing [36]. Compared with wave infrared (IR) heat guns or laser 

illumination, the broadband (UV to IR) energy transfer results in better adhesion for the printed 

tracks as well as highly uniform films [37]. Again, the H3S has performed favorably against both 

these methods for fiber placement as well so it was anticipated that this would provide a reasonable 

alternative for electronics. None of the previous studies of which we are aware have involved the 

curing of conductive layers, which has been developed during this thesis research.  

To assess our process, we take recent advances in laser sintering as a benchmark, which 

resulted in silver conductivity values of 26% that of bulk Ag in a process compatible with paper 

substrates [38]. We chose this measure because the conductivity is an appreciable fraction of the 

bulk silver value, indicative of results most often seen when the silver NP ink is held at 150°C or 

higher. This sharp conductivity improvement threshold crossing through 150°C has been well-

documented, see, e.g., the temperature dependence shown in [39]. The goal of this thesis is to 

answer two main questions.  One is whether the low temperature optical curing process results in 

conductivity values similar to the state-of-the-art for printed silver ink that has been commonly 



8 

 

processed with thermal curing.  The second is to understand that if reasonable conductivity values 

are repeatedly observed, what is the microstructure and material composition as obtained through 

microscopy and chemical analysis. Both of these objectives where fulfilled and are elaborated in 

this thesis. 

The results of this research demonstrate the light-pulse curing process on AJP deposited 

silver ink as a function of the thickness of the metal under curing conditions that achieve controlled 

temperatures of 35oC for time intervals from 20 to 30 minutes and 100oC for 50 minutes. The 

measured conductivity is compared to that of bulk silver and the material uniformity was 

investigated and documented using cross-sectional scanning electron microscopy (SEM). This 

curing process demonstrates that the silver NP ink material can be cured at very low thermal 

budgets and result in conductive features practical for electronics. This method accurately 

demonstrates the potential of using the H3S or equivalent broadband light source as a new 

approach for fast, low temperature annealing for metal NP conductive inks.  

1.5 Dissertation Organization 

This thesis is organized along the following lines with the common theme of my research 

progression from rudimentary 3D printing to the execution and results of the work outlined in 

Section 1.4.  

Chapter 2 demonstrates important elements of the experimental fabrication and 

characterization techniques used in this research. Those elements are provided to clarify the 

conditions for reproducibility for each contribution in the subsequent chapters.  

Chapter 3 presents my early graduate studies’ work on the design, 3D printing, and 

electronic circuit assembly for a maple-seed robotic flyer (MRF). The main goal of this work was 

a Michigan State University (MSU) / Electrical and Computer Engineering Department initiative 
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to introduce 3D printing concepts to Kindergarten-12 (K-12) students, first year engineering 

students at MSU as well as summer camp participants through the diversity program office (DPO) 

at MSU in order to gauge the student’s interest in the science, technology, engineering and 

mathematics (STEM) concepts. The other goal was to print the circuit metal traces on the rib side 

of the MRF and attach the electronic components using conductive glue and check the resulting 

MRF performance. Another aspect of producing MRFs was microfabrication which can increase 

the repeatability, enable multiple MRF sizes and produce high quantities. Microfabrication of 

MRFs may be part of future work as discussed in Chapter 6. This chapter also demonstrates my 

work on the design and 3D printing of an optical cavity that receives violet/blue light from a 

405nm/445nm laser and emits visible light using a single aperture. The other goal of this work was 

to print the highly reflective mirror in the optical cavity using aluminum NP ink and characterize 

the cavity performance. This work could be part of future work as discussed in Chapter 6.  

Chapter 4 focuses on my initial work on experimenting with AJP metal printing.  I utilized 

the Optomec Aerosol Jet® 5X for the 3D printing of silver ink with the idea of using published 

structures as a guide to understand annealing conditions that would result in useable metal 

structures for radio frequency (RF) applications. The idea was to create CAD files replicating the 

three types of transmission lines that were presented in [40], cure them on a hot plate at 

temperatures between 160oC to 200oC for 20 minutes, measure the material conductivity, test the 

fabricated lines in terms of thickness, sizes, and measure the RF scattering parameters. The goal 

was to gauge if the transmission line material would be sufficiently conductive if sintered for short 

periods of time using a hot plate. The fact that this method did not produce high quality results 

was a motivation for seeking alternative curing methods later in my research. This chapter also 

demonstrates my work on aerosol jet printing on glass substrates as well as flexible substrates for 
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wearable and flexible electronic devices. My contribution to a collaboration among several MSU 

engineers included silver ink printing on glass substrates and liquid crystal polymer (LCP) / 

Kapton foils, curing the devices on a hot plate, and measuring RF scattering parameters. This 

published work proves that we were able to reach 70% of bulk silver conductivity using a hot plate 

as the curing method for long sintering times (~16 hours) and temperatures between 150oC and 

200oC. Despite the fact that we reached high metal conductivity using this method, the conditions 

were clearly not suitable to cure the contacts of devices with organic materials. Overcoming this 

challenge became the final focus of my dissertation research.  

Chapter 5 shows the use of the H3S optical pulse technology to sinter the printed metal 

contacts that could be used for OLED and TPV contacts, and well within thermal tolerances. This 

measured data in Chapter 5 shows that the AJP silver ink contacts can achieve 17% of bulk silver 

conductivity with 20 to 30 minutes of curing time at 35oC, which makes the broadband light 

sources a good candidate for curing the contacts of OLED and TPV devices that can handle up to 

150oC for shorter periods of time without degrading the organic material. We also analyzed the 

stored silver thin films in terms of grain size measurement as well as atomic percent silver oxide 

chemistries using SEM.   

Lastly, Chapter 6 discusses the conclusion and future work of this thesis.  
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 EXPERIMENTAL TECHNIQUES 

Key elements of the experimental fabrication and characterization techniques used in this 

thesis research are provided to clarify the conditions for reproducibility for each contribution in 

the subsequent chapters.  

Section 2.1 describes the Objet Connex350TM printer functionality and the type of material 

that was used to produce the MRF in section 3.2. Section 2.2 discusses the Optomec Aerosol Jet® 

5X printing methodology and the deployment of that technology to 3D print the silver ink tracks 

presented in Chapter 4 and Chapter 5. Section 2.3 clarifies the use of a hot plate to thermally cure 

the silver ink films in Chapter 4 and the H3S system to optically cure the silver ink NP contacts in 

Chapter 5. Section 2.4 presents the conductivity measurement using a Pro-4 system as well as the 

RF transmission lines losses using Agilent network analyzer. These measurements were carried 

out as described in Chapter 4 and Chapter 5. Section 2.5 discusses the physical and materials 

properties in terms of material thickness using NanoMap 500LS, thermogravimetric analysis 

(TGA) using TA Instruments TGA Q500, scanning electron microscopy using JEOL JSM 7500F 

and grain size measurements using the NIH ImageJ package. These measurements and analysis 

appear in Chapter 4 and Chapter 5.  

2.1 3D Printing - General Purpose 

This section provides a brief description of the 3D printer, material and design file software 

for my early work experimenting with 3D printing techniques.  

2.1.1 Objet Connex350™ Printer 

The Objet Connex350™ printer has the ability to print multiple parts simultaneously 

through jet heads. The system is capable of printing parts and assemblies from different materials 

and colors as a single build.  The printer utilizes Objet PolyJet Matrix™ Technology to print digital 
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materials; this concept allows to print certain Shore A values “Hardness Scale Measure” [41] to 

match the values of the intended production materials. This approach allows for quick prototyping 

including testing and molding process simulation [42].  Figure 1 shows the Objet Connex350TM 

printer (a) and the printer parts (b). 

 
(a)                                                                         (b) 

Figure 1 - (a) Objet Connex350TM printer (b) Printer parts  
(Images (a) and (b) reproduced with permission from [43].) 

2.1.2 Ink - 3D Printing Material 

We used VeroWhite Plus as the 3D printing material for the MRF and the optical cavity. 

VeroWhite Plus is a resin material (Opaque PolyJet Resin) that is capable of forming 3D models 

from a base of photosensitive polymer liquid. UV light is used to solidify the liquid one layer at a 

time to form the final product. VeroWhite Plus is used to make smooth and precise 3D objects for 

prototyping purposes [44]. VeroWhite Plus physical properties are shown in Table 3 as collected 

from [45]. 
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Mechanical Properties Metric 

Color/Appearance White 

Tensile Strength 58 MPa 

Elongation at Break 10%-25% 

Modulus of Elasticity 2500 MPa 

Flexural Strength 93 MPa 

Izod Notched Impact 25 J/m 

Shore D Hardness 85 D 

Heat Deflection Temperature 48oC 

Table 3 - VeroWhite Plus physical properties 

2.1.3  Design File Requirement 

The Objet Connex350TM printer utilizes Objet StudioTM software to generate the proper file 

that can be read by the printer. The software has the following features [42]:  

 Simplicity in material selection. 

 Easy separation of parts into sub-assemblies. 

 Slicing of the file on the go. 

 Automatic parts placing on the bed plate. 

 Real time structure support creation. 

The 3D model can be designed using any CAD software and then converted into Standard 

Tessellation Language (STL), Stereolithography Contour (SLC) or objDF file so the printer can 

interpret easily.  According to Stratasys [46], “An objDF file describes both the geometry of a 

single object, the materials and finish required to print it. The objDF file can represent an object 

that is a single STL file, or an object assembled from component STL files”. STL means encoding 

the surface geometry of the object in some sort of tiles fashion like triangles and store the 

information about these triangular geometries. Information can be stored in two ways: American 
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Standard Code for Information Interchange (ASCII) encoding and binary encoding. According to 

Sculpteo [47], “Both types save the components of the unit normal vector to the triangle and the 

coordinates of the vertices”.  Figure 2 shows (a) a 3D part in STL format and depicts the two types 

of STL formats, ASCII format (b) and binary format (c) [48]. 

           
(a)                                             (b)                                          (c) 

Figure 2 - (a) 3D part in STL format, (b) ASCII file format, and (c) Binary file format 
(Images (b) and (c) reproduced with permission from Automated Fabrication by Marshall Burns [48].)  

2.2 3D Printing - Metallic Silver for Electronic Applications 

This section provides a brief description of the metallic 3D printer, silver ink and design 

file requirement for my work on metal inkjet printing.  

2.2.1 Optomec Aerosol Jet® 5X Printer 

The Aerosol Jet process focuses the deposition of the ink on the substrate using 

aerodynamics. The atomizer holds the ink, then it creates a dense mist of material droplets ranging 

from 1 to 5 microns in diameter. The mist is injected into the deposition head and is focused by 

sheath gas that surrounds aerosol mist as an annular ring. As the sheath gas and aerosol combine 

in the nozzle, they accelerate and the mist becomes a tight stream of droplets flowing inside the 

sheath gas. The sheath gas serves the purpose of preventing the material clogging in the nozzle. 

Dry Nitrogen or compressed gas are the two gas choices for the system. Maintaining a distance of 
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2 to 5 mm over the substrate will guarantee focused stream with high velocity for better material 

resolution [49]. Figure 3 shows the Optomec Aerosol Jet® 5X printer (a) and the printer parts (b). 

 
(a)      (b)  

Figure 3 - (a) Aerosol Jet 5X printer (b) Printer parts 
(Image (a) reproduced with permission from [50] and image (b) reproduced with permission from [51].) 

2.2.2 Clariant EXPT Prelect TPS 50G2 Silver Ink 

The TPS 50G2 silver ink is a mixture of silver colloid, CAS No. 7440-22-4, concentration 

30-50 %w/W and Etahnediol (Ethylene Glycol), CAS No. 107-21-1, concentration 10-20 %w/W. 

Density is ca. 1.74 g/cm3 at 20oC. Decomposition temperature is ca. 350oC. The ink viscosity is 

ca. 25 mPas.s at 23oC [52]. The recommended solvents used with this ink are deionized (DI) water 

or Ethylene glycol. The dilution ratio is 1:1, ink: DI water at ambient temperature [53]. 

2.2.3 Design File Requirement 

The printer is controlled using CAD data which is translated into a vector-based tool path. 

This tool permits ink patterning through the two-dimensional (2D) or 3D motion control system 

[49]. The 2D pattern of silver ink can be designed using CAD software such as AutoCAD® or 

SolidWorks®  and the file can be saved as Document EXchange Format (DXF) file. VMTools™ 

is a utility converts the DXF file into a toolpath (PRG) file that can be read by the Aerosol Jet 

Workstation Control (KEWA™) Software. The toolpath generates commands that drive the printer 

during the deposition process to build the desired pattern. The toolpath allows the operator to 
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define the outer edges of an object and then fill the inner area with the material [54]. Figure 4 

shows KEWA™ software during the printing process. 

 
Figure 4 - KEWA™ motion manager software 

2.3 3D Printing - Curing Techniques 

This section provides a brief description of the curing techniques we used for sintering the 

printed metal ink.   

2.3.1 Hot Plate 

We initially utilized IKA hot plate, model number C-MAG HS 7. The system is equipped 

with magnetic stirrer and chemical resistance ceramic heating plate. Heating temperature is 50-

500oC with a turning knob for heat control.   

2.3.2 H3S Basics 

Use of the H3S was central to the original work performed in this thesis. Its combination 

of features offered a new and fundamentally unexplored approach for overcoming the temperature 

incompatibility of metal ink curing by hot plate or laser sintering with polymeric structures that 

require low-temperature processing. The H3S offers optimal heating for automated fiber 
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placement (AFP), a flexible, controllable heat solution for rapid lay-up of thermosets, dry fiber 

and thermoplastics, with three programmable parameters. With sophisticated control, the pulsed 

light source can be used to deliver uniform, highly controllable heat to target area, over a wide 

range of temperatures [55].  

The H3S controls the heat profile using 3 programmable pulse parameters [55]: 

• Pulse Energy - where the system maintains equal time interval between pulses while 

changing pulse energy level; i.e. 3 pulses (low energy) followed by 3 pulses (high 

energy “2 x low energy level”). 

• Pulse Duration - where the system maintains same energy level but changes the pulse 

duration; i.e. shorter pulse time for the first 3 pulses (low pulse duration) followed by 

longer pulse time for the next 3 pulses (high pulse duration). 

• Pulse Frequency - where the system maintains same energy level but changes the pulse 

frequency; i.e. shorter pulse frequency for the first 3 pulses (low pulse frequency) 

followed by longer pulse frequency for the next 3 pulses (high pulse frequency). 

Normal operation is at more than 50Hz, at this frequency the human eye sees a continuous light 

source. Figure 5 shows (a) the H3S and (b) the system components. 

               
(a)                                                                   (b) 

Figure 5 - (a) H3S and (b) System components  
(Images reproduced with permission from [56].) 
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Some of the H3S advantages for this application include [55]: 

 Fast heat/cool, there is no residual lamp heat. 

 Heat time and temperature are equivalent to laser systems.  

 Small responsive head for difficult bends. 

 High level system with 3-parameter heat profile. 

 Fast response control system to AFP head speed. 

 Heat zone size is adjustable. 

 No enclosure required as the system is built with enhanced safety. 

2.4 3D Printed Electronics - Electronic Properties Characterization 

This section provides a brief description of the systems we used to measure the silver ink 

DC conductivity and transmission line losses at RF frequencies.   

2.4.1 Conductivity 

Lucas Labs Pro-4 Four Point Resistivity System, model - Signatone QuadPro Resistivity 

System Pro4-440N with Keithley® 2400 sourcemeter (supply and measure current-voltage in one 

instrument) [57] and Head model - SP4-62180TFS (62.5mil (0.15875cm) spacing between tips, 

180 gram spring pressure, Tungsten Carbide, 5mil radius tip with  standard flying lead termination, 

15inch wire) [58] were used to measure resistivity. Samples conductivity was calculated as the 

inverse of resistivity. Figure 6 shows Pro4-440N configuration (a) probe separation distance (b) 

and measurement result display (c). 
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Figure 6 - (a) Pro4-440N configuration (b) Probe separation distance (c) Measurement 

result display 
(Image (a) reproduced with permission from [57].) 

2.4.2 Transmission Line Measurements 

Agilent N5227A PNA Network Analyzer (for 10MHz - 67 GHz) [59] and VDI WR10-

VNAX extension modules (for 75 - 110 GHz) [60] were used to measure the losses of standard 

transmission lines at RF frequencies. 

2.5 3D Printed Electronics - Physical and Materials Properties Characterization 

This section provides a brief description of the systems we used to measure material 

thickness, determine silver ink contents after curing and check thin film uniformity.  

2.5.1 Surface Profiler 

AEP Technology, Model - NanoMap 500LS 3D Contact Stylus Surface Profilometer (2µm 

diamond stylus tip) was used to measure the material thickness. The profilometer provides the raw 

data and using the software functions we were able to measure the roughness as Ra value 

(calculated as the roughness average of the surfaces measured microscopic peaks and valleys). The 

system has wide vertical range with high accuracy as a result of the dual optical sensor design, up 

to 500µm vertical range with coarse sensor and up to 0.1nm vertical resolution with fine sensor 

[61]. Figure 7 shows the NanoMap 500LS profilometer (a) and a silver ink sample under test (b). 
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(a)                                              (b) 

Figure 7 - (a) NanoMap 500LS profilometer (b) Silver ink sample under test  

2.5.2 Thermogravimetric Analysis  

TA Instruments TGA Q500 was used to conduct the thermal weight-change analysis for 

the inkjet-printed silver ink on glass substrate. The TGA Q500 is able to heat the sample under test 

up to 1000oC. The high-resolution feature offers precise temperature [62]. The system is equipped 

with two mass flow controllers to purge the gas and balance furnace temperature [63]. Figure 8 

shows TA TGA Q500 thermogravimetric analyzer.  

 
Figure 8 - TA TGA Q500 thermogravimetric analyzer  

(Image ©2020 TA Instruments/Waters Corporation reproduced with permission from [64].) 
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2.5.3 Scanning Electron Microscope  

The JEOL JSM 7500F was used to study the physical basis of the silver ink-based film and 

transmission line electronic performance. A nanocrystalline silver morphology was consistently 

demonstrated, whose uniformity, grain size, and stoichiometry were assessed using secondary 

electron imaging (SEI), low-angle backscattered electron (LABE) imaging and x-ray energy 

dispersive spectroscopy (EDS). The JEOL JSM 7500F with a cold field emission emitter at the 

Center for Advanced Microscopy, Michigan State University is designed for the demanding 

applications in the range of 1,000X to 1,000,000X. It is the highest resolution SEM in the State 

of Michigan.  The 7500F is designed for maximum resolution and information extraction by use 

of multiple advanced secondary and backscattered electron detectors, a special energy filter for 

the detected electrons, and electron beam deceleration [65] [66]. Figure 9 shows JEOL JSM-

7500F field emission SEM system (a) and cold cathode FE SEM column cross section (b). 

      
(a)                                                                   (b) 

Figure 9 - (a) JEOL JSM-7500F field emission SEM system (b) JEOL cold cathode FE 

SEM column cross section 
(Images reproduced with permission from [65], Credit: JEOL USA.) 

JEOL JSM-7500F comes with a built-in R-filter allows for freely selection of secondary 

electrons and backscattered electrons by maintaining location of the incident electrons on the 
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center of the electron optics. When a beam of electrons strikes a sample, a variety of electrons are 

produced due to elastic and inelastic scatter.  Figure 10 shows the R-filter (a) spectrum (b). The 

low energy peak on the left is the secondary electrons and the high energy peak on the right is 

the backscattered electrons.  There are a number of electrons that fall outside the peaks (Auger 

electrons, Plasmon losses, etc.). The R-filter consists of 4 electrodes.  By varying the polarity and 

magnitude of the voltages on the electrodes, you can filter the energy level of the electrons that 

make it to the upper detector. The R-filter allow you to mix the signals for secondary and 

backscattered electrons. The greatest use of this filter is on samples that have a slight amount of 

charging.  The "charging" secondary electrons often have a slightly higher energy than do the non-

charging secondary electrons.  By carefully adjusting the filter, you can exclude these high energy 

secondary electrons and in some cases remove the charging artifacts [67]. 

 
(a)                                                                           (b) 

Figure 10 - (a) R-filter selectively detects secondary and backscattered electrons (b) Energy 

ranges selected by the R-filter 
(Images (a) and (b) reproduced with permission from [67], Credit: JEOL USA.)  

2.5.4 Grain Size Measurement  

NIH ImageJ package was used to measure the grain sizes in the SEM images. ImageJ is an 

open source Java image processing and analysis program. The software can be used directly as an 

online applet or can be downloaded on Windows, Apple or Linux operating systems.  The software 
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can read multiple image formats such as Tagged Image File Format (TIFF), Graphics Interchange 

Format (GIF), Joint Photographic Experts Group (JPEG), Bitmap (BMP), Digital Imaging and 

Communications in Medicine (DICOM) and Flexible Image Transport System (FITS). The 

software is able to calculate specific area and pixel value. It measures angles and distances. It also 

comes with other features such as contrast manipulation, sharpening, smoothing, edge detection 

and median filtering [68].  
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 3D PRINTED COMPONENTS AND APPLICATIONS 

3.1 Overview 

This section demonstrates my early work on the design, 3D print and electronic circuit 

assembly for a MRF that led to a publication with the Journal of Education and Training Studies - 

Red Fame [69] and for the design, 3D print and tests of a laser optical cavity that resolves a 

significant problem with LED projectors in a cost-effective manner, this work led to a publication 

with The Society for Information Display (SID) [70]. 

3.2 3D Printing for Education, Research and Entrepreneurship  

There have been many advances in man-made robots and nature-made systems that 

intrigued many researchers to build new concepts that could serve many objectives for educators 

in the outreach and STEM programs [69]. Robots expanded into many applications that serve 

humanity such as humanoid robotic dolls for children with autistic disorder and dance partner [71] 

[72] autonomous underwater robots for marine applications [73] as well as robots searching for 

life on Mars [74]. Some researchers deployed LEGO® MINDSTORMS® as part of the first-year 

curriculum for college students [75]. 

3.2.1 Maple-seed Robotic Flyer  

Engineering systems that were inspired by nature have been deployed in multiple areas of 

great interest to education, technology and outreach programs. Pertinent to this work, controlled 

and non-controlled robotic fliers based on the flying concepts exhibited by of nature-made maple 

seeds have been recently demonstrated [69] [76] - [81]. STEM programs benefit greatly from the 

deployment of the man-made fliers as they focus and encourage critical thinking and inquiry 

approaches among students [82].  
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As shown in Figure 11, MRFs have been designed, fabricated and tested to enhance the 

learning knowledge of the pre-K children, free-will adult learners, underrepresented areas, 

undergraduate and graduate students. The concepts are designed for research-oriented educational 

purposes, entrepreneurship education and cross-functional research. The models of learning 

introduced through the MRF generations are innovate and can increase the students’ interest in 

engaging in one of the STEM programs. Robotics have been used in trans-disciplinary programs 

like mathematics, electronics, chemistry, computer science and material science [83].  

Our work focused on using the MRF to teach STEM concepts (weight-carrying capacity, 

revolutions per minute (RPM), blinking light emitting diode (LED), acceleration, sensing…etc.) 

to K-12 students and also incorporating the concepts in undergraduate engineering course for first 

year students in the college of engineering at Michigan State University. Inkjet-printed MRFs vary 

from simple (1-wing) to (2-wings) to complex (4-wings) that can carry electronic circuit assembly 

(sensors, LEDs, wireless interface, global positioning system (GPS) and battery) [69].  

3.2.2 3D Inkjet-Printed MRF  

We explored the 4-wing inkjet-printed MRF by adding different design options related to 

wireless interfaces, sensors, energy sources (battery vs capacitor) as well as using different 

packaging. The study of different types of MRF opens the door for mass production, starting with 

inkjet-printing of a complete MRF system; i.e. placeholders for control electronics, sensors, and a 

battery. Objet Connex350™; a commercial inkjet printer allows different plastic materials like 

VeroWhite Plus to be used. Design of MRFs with 1-wing (a) and 4-wings (b) are shown in Figure 

11 [69].  
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(a)                   (b) 

Figure 11 - Design of MRFs with (a) 1-wing (b) 4-wings 

The major goal of the 4-wings MRF design is to collect, store, and use data from the nearby 

atmosphere. The information will be stored in memory and can be transmitted over wireless 

fidelity (WiFi) network to a central location for analysis. The current version of the 4-wing was 

built with a temperature sensor and a three-axis acceleration sensor for RPM measurements [84] 

[85], speed of wind, time of flight, atmosphere temperature, along with other parameters. The 

development of MRF with its simple to extremely complex learning disciplines led to modules 

and designs that can be deployed for humanitarian applications in natural disasters areas, i.e. 

detecting wild fires direction spread. The idea of utilizing the MRF was adopted by the University 

of Michigan in collaboration with Michigan State University to study tornados. We are one of the 

first research groups at Michigan State University to publish journal articles utilizing Objet 

Connex350 printer. The concept of MRF was taught in outreach programs for underrepresented 

students at the Information Technology Empowerment Center (ITEC) in Lansing, Michigan along 

with the summer camps of the DPO at MSU and Dr. Dean Asalm’s summer camps [69]. 

3.2.3 3D Print Material  

We utilized Objet Connex 350 printer to print the MRF structure (wing and rib) using 

VeroWhitePlus material. The material is rigid, durable and heat resistance. The material can be 

used for general purpose applications due to its high resolution and opaque white color. VeroWhite 
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Plus has great properties especially if used with the PolyJet process, so models that are produced 

with this material will have smooth contour surfaces that require less post production cleaning [86] 

[45].  

3.2.4 Learners Evaluation 

Questionnaire forms have been used to evaluate the learner’s experience. It was noticeable 

that the college level students were able to digest most of the concepts that were taught during the 

lab. MRF lab learners were broken down into two groups, lab year 1 and lab year 2. The flow of 

activities coupled with the experiment’s design are very important for the learner experience. It 

was noted that well-developed lab experiments that has detailed instructions along with clear goals 

helped in completing the activities in a timely manner. The learning lab questionnaire results are 

summarized in Table 4 [69]. 

No. Question 

Not Satisfied  1    2     3     4      5     6     7     8     9    10  Satisfied 

Average 

Score Lab Year 1 

Average 

Score Lab Year 2 

1.  This experiment was a good learning experience for me 8.35 7.25 

2.  My interest in this experience 8.91 7.47 

3.  The laboratory experiences are well-designed 8.79 8.29 

4.  Overall rating of experiment 8.90 8.01 

5.  Innovation and fun in the experiment 

 

- 8.12 

Table 4 - Learning lab questionnaire results 
(Table reproduced with permission from [69].) 

The feedback from the lab learners came back positive as the average response for each 

question asked scored over 8 as noted above. The interest was very high among the K-12 learners 

as the lab experiments excited their interest and most of them were very engaged. Overall, the 

MRF experiments have valuable techniques that can catch the student’s interest and get him 

motivated even to further enhance the experiment itself and make the MRF unique. The team work 

among the students generated a positive and collaborative environment that will become part for 

the team work mindset in the future [69].  
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3.2.5 Conclusion 

We successfully developed a passive MRF that was equipped with sensory electronics for 

the purpose of engaging K-12 students as well as college students at MSU into STEM concepts. 

The learners showed great interest in learning the concepts proposed through the MRF experiment 

and also led to a fun and collaborative team work among the participants. Since we were successful 

in building the first prototype using off the shelf electronic component, the research will continue 

in the future to utilize microfabrication techniques to mass produce the MRF with different sizes 

and different application purposes. Some future applications could be in humanitarian application 

for fighting fires as well as the deployment in tornados to study their formation and behavior [69].  

It is feasible to inkjet print silver as the conductive tracks on the rib side of the MRF and 

cure the tracks using pulsed light system. The H3S system has the ability to cure the conductive 

tracks at low temperature that doesn’t damage or deform the MRF rib structure. Electronic 

components can then be attached to the rib side using conductive glue. Microfabrication is another 

approach that can be used to mass produce MRFs. This topic will be discussed further in Chapter 

6 as a future work.    

3.3 Phosphor-based Optical Cavity 

We utilized a low-cost commercially available laser to generate visible light for etendue-

limited applications. The major component in the design is a phosphor-based optical cavity that 

receives a 405nm/445nm laser light and converts it into speckle-free green light at a selected 

etendue [70].  

3.3.1 History and Goal  

Despite the fact that LEDs as a visible light source provide better power efficiency and 

have longer lifetime comparing to lamps, they still suffer the high etendue problem that make them 



29 

 

unsuitable for specific projection applications [87]. Commercially available lasers and lamps are 

also not the right choice in terms of cost and performance for mobile applications [88]. The main 

goal of this work was to build a compact laser-driven solid-state light source that can be used for 

etendue-limited application like a pico-projector. In the current market, LEDs and visible lasers 

are the common light sources for pico-projectors. Nonetheless, lasers are costly, and LEDS have 

high etendue values that lead to limited screen brightness. Hence, there is unmet need for a solid-

state light source that can be built with a reasonable cost and meet the desired performance of pico-

projectors [70] as well as the ability to be embedded into portable devices [89]. In 2009, Samsung 

reported speckle suppression for red, green and blue (RGB) using coherent beams in the pico-

projection system [90]. In 2010, Casio developed a similar concept using a hybrid light source, 

they used red and blue LEDs joined with a 445nm laser that is capable of exciting a green phosphor 

layer on a rotating wheel generating green light. Casio system is capable of providing a screen 

brightness between 1,000 lm to 3,500 lm [91]. In 2014, Abu-Ageel et al. [92] reported a high-

power laser-driven light source that uses an array of 445nm violet lasers coupled with an optical 

cavity that generates visible light for specific applications similar to cinema projectors [92]. 

Moreover, other companies such as Panasonic Corporation utilized 405nm lasers to build a high-

power light source that can excite RGB phosphor layers that are deposited on a rotating wheel and 

capable of producing 60W of RGB light utilizing 405nm lasers [93].  

Overall, this work shows the development of a condensed visible solid-state light source 

that is capable of providing sufficient light at a selected etendue for pico-projection uses [70]. 

3.3.2 Optical Cavity Design 

The major part in the proposed solution is a phosphor-based optical cavity that accepts 

violet/blue light from a 405nm±5nm laser and releases visible light using a solo slit. The received 
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light is reprocessed inside the cavity until it is completely immersed by the phosphor layer and 

then re-radiated as visible light at the selected wavelength. Figure 12 shows a cylindrical cavity 

that entails a straight solid light guide (SSLG) with its top surface coated with a highly reflective 

mirror except the slit which will receive violet laser light and transfer it into visible light, a 

phosphor layer printed over a highly reflective mirror at the bottom side of the SSLG, and heat 

dissipation during the light conversion process will be handled using a heat sink attached to the 

mirror. The purpose of having the air gap between bottom side of the SSLG and phosphor layer is 

to ensure that Lambertian light emitted from the phosphor is driven within the SSLG through total 

internal reflection at its non-coated sidewalls [70]. 

 
(a)                                                                      (b) 

Figure 12 - (a) Cross-sectional view and (b) 3D design of the optical cavity  
(Image (a) reproduced with permission from [70].) 

The cavity will convert the violet/blue laser light that is received through the cavity slit into 

visible light through the deposited phosphor layer. As the SSLG directs the light toward the cavity 

slit, the phosphor layer will absorb some of the coherent laser light and allowing incoherent visible 

light transmission. The type of phosphor material that is used for deposition on the cavity walls 

will determine the converted light wavelength. The residual laser light exits the phosphor layer as 

violet/blue light. All light, whether it is converted or non-converted will be directed toward the top 

side of the cavity. As the light strikes the top side of the cavity, a small amount of that light will 

be sent through the slit and the rest will be reflected back toward the phosphor layer by the top 
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side’s mirror. Carefully designed cavity will allow a large portion of violet/blue laser to be 

converted into visible light. This process endures until a large portion of the converted light leaves 

the cavity through its slit. As for the cavity optical efficiency and etendue of converted light, this 

depends totally on the aperture size relative to the cross-sectional area of the SSLG. The optical 

efficiency of the cavity and etendue of converted light depend on the size of the aperture relative 

to the cross-sectional area of the SSLG [70]. Figure 12(b) represents the 3D design of the optical 

cavity. 

The 3D printed cavity was used in the system assembly shown in Figure 13(a), the 

assembly illustrates the light source prototype with a green cavity. The dichroic mirror reflects the 

green light and passes the focused blue beam from the laser array into the cavity [92]. Figure 13(b) 

demonstrates the light source assembly during operation [92]. 

         
(a)                                                                      (b) 

Figure 13 - Light source (a) prototype with a green light optical cavity and (b) assembly 

during operation 
(Images reproduced with permission from [92].) 

3.3.3 System Design using Collimating and Focusing Lenses 

The suggested light source comprises a violet/blue laser, a collimating lens (Figure 14(a)) 

or focusing lens (Figure 14(b)) for the laser beam, a dichroic prism that reflects the laser beam and 

reflects back the converted light, a conical light guide to couple the input/output light and the 
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optical cavity. Silicone gel can be used between the slit of the SSLG and the conical light guide as 

an index matching material [70]. 

          
(a)                                                                        (b) 

Figure 14 - Laser light coupling using (a) collimating and (b) focusing lenses. 
(Images reproduced with permission from [70].) 

Four optical design variations were selected in our design analysis. The design variations 

were studied based on the laser type coupling, whether it is collimated or focused and whether and 

index matching layer is deployed [70]. This results in four combinations: collimated light to air 

(CA), collimated light with index matching (CI), focused light to air (FA), and focused light with 

index matching (FI). 

3.3.4 Performance Analysis 

The resulting phosphor absorption for variation 1 (CA and CI)  and Variation 2 (FA and 

FI) are shown in Figure 15 and Table 5 shows the following assumptions that were considered 

during the analysis [70]:  

• Top coating reflectivity of SSLG is 99.5% broadband. 

• Surface coating of heat sink is 99.5% broadband. 

• Scattering of the green light from the phosphor is Lambertian. 

• All components have no chips with ideal sharp edges.  
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• Absorbance percentages of phosphor are 25%, 50%, or 100% of UV light per pass, 

considering the rest is spread as Lambertian. 

 
Table 5 - Throughput analysis of the optical cavity for four design variations 

(Table reproduced with permission from [70].) 

 

    
(a)                                                                        (b) 

Figure 15 - Phosphor Absorption for (a) Version 1 and (b) Version 2 
(Images reproduced with permission from [70].) 

3.3.5 Discussion and Conclusion 

Speckle in laser projection displays acts as a mask on the original image information which 

can severely degrade the image quality. So reducing the speckle in pico-projection applications is 

highly desirable [94] [95]. Pico-projector screen brightness technology can be enhanced using our 

proposed design as the light source is capable of providing speckle-free visible light at etendue 
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levels much lower than those provided by LED technology. The optical efficiency of the cavity 

was measured at 40%, this value agrees well with the analysis shown above. An efficacy of 20 

lm/W for green light at an etendue of 3 mm2.sr was measured using a 445nm laser. Eu doped 

silicates is the material that we used for the green phosphor, the material emission peak is 530nm 

and its excitation ranges from 200nm to 580nm [70]. For future work on enhancing the optical 

cavity performance, the plan will be to inkjet print the reflective mirror using aluminum NP ink 

on the inner walls of the cavity and characterize the projection system in terms of efficacy and 

etendue. This approach will be explored further in Chapter 6.    
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 METAL AEROSOL JET PRINTING 

The research focus shifted from printed polymer components to printed metal electronics 

due to change of advisor. The new research focus demonstrates the versatility and value of metal 

3D printing. This chapter is composed of two main areas. First, in Sections 4.1-4.7 a background 

investigation of whether using thermal curing for metallic structures on thermally intolerant 

materials is feasible was done by investigating printed silver cured for much shorter times. This 

investigation concluded that it is not practical to overcome thermal limitations through short 

thermal curing at high temperature similar to rapid thermal annealing in semiconductor processing. 

My work included all of the conductivity (DC and RF) measurements and test structures for the 

samples cured at short times. Based upon this result, optical curing becomes the main thrust of the 

thesis. The second part of the chapter starting with Section 4.8 provides the results for high 

conductivity printed silver with aggressive thermal curing, which was published with many co-

authors [13]. I have included these results because they were done in parallel with the short curing 

study and I was actively printing and curing samples that resulted in that published work with 

another student, lead author Marvin Abt. The external corroboration of the conductivity results 

and RF measurements in that paper was the work of the other authors. 

4.1 Motivation 

The late 1990s is considered the beginning of new era in the world of 3D printing with the 

creation of metal 3D printers. Different metal 3D printing techniques using various energy sources 

and optimized materials have been developed for each printing technique in terms of flow rate, 

nozzle fouling, and substrate adhesion. [96]. It is equally important to develop curing techniques 

that work well with each optimized ink material and to recognize that curing imposes another set 
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of key constraints that differ from printing. In this work, we utilized the Optomec Aerosol Jet 5X 

for the 3D printing of silver ink on glass substrates. The concept is to: 

(1) Create CAD files using SolidWorks® that accurately describe the 3-types of transmission 

lines that were presented in [40]. 

(2) Use the Optomec Aerosol Jet 5X for AJP fabrication of the 3-types of transmission lines 

from the CAD files. 

(3) Investigate the short-term cure condition of hot plate at 160oC for 10 minutes and at 200oC 

for another 10 minutes using measurements of transmission and reflection scattering 

coefficients. Material conductivity with thickness and size is also assessed.  

4.2 Three Transmission Line Test Circuits 

In 2014, Professor John Papapolymerou’s group at Georgia Institute of Technology 

presented proof of concept that 3D printed interconnects fabricated using AJP technology can be 

used for multilayer passive microwave circuitry [97] [40]. We designed and printed three types of 

transmission lines similar to those in [40] using AJP at MSU. The goal of this work is to test the 

transmission lines that were cured using a hot plate (160-200oC) for short periods of time (10-20 

minutes) and measure their performance in terms of material conductivity, thickness, feature size 

and the scattering parameters.  

 Type-1a is a coplanar waveguide (CPWG) printed on 1mm glass substrate, and Type-1b is 

a conductor-backed coplanar waveguide (CB-CPW) structure printed on 1mm glass 

substrate.  

 Type-2 is a CPWG printed on a 5x5 mm2 single-crystalline diamond (SCD) wafer. 

 Type-3a is a CPWG printed on a 1 Mil Polyimide Kapton Tape “25.4µm” attached to 1mm 

glass substrate. Type-3b has the same structure as Type-3a. The structure was printed on 
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DuPont Pyralux AC, product code AC182500EM; where the copper thickness is 18µm and 

polyimide thickness is 25µm. We utilized SolidWorks® as the CAD software to design the 

2D model that is readable by the VMTools™ as well as the 3D model that was used for 

simulation. We are one of the first groups at MSU to utilize SolidWorks® in this type of 

design due to its friendly user interface and ability to save the files in multiple formats that 

can be read by any 3D printer.  

4.3 Design and AJP of Silver Ink Squares  

In order to measure the silver ink conductivity after the curing process, 10mm x10mm 

squares were printed using Clariant EXPT Prelect TPS 5OG2 Ag ink. The silver ink viscosity is 

15cP, solvents: Water, Ethylene glycol (CAS# 107-21-1), dilution: 1:1, Ink: DI Water, bath 

temperature: 25oC [53]. The square design was drawn using SolidWorks® by saving the sketch as 

DXF file. VMTools™ was utilized to generate the PRG file that can be read by the Optomec 

Aerosol Jet 5X printer. VMTools™ properties are set as follows: Serpentine Fill: Angle 0o, Enforce 

bounds. Perimeter Fill: Continuous. Trace Width: 25µm (0.025 Units). Min Overlap: 20, Max 

Overlap: 30, Join All Segments, Offset Outline. The nozzle size used was 150µm. Figure 16 shows 

silver ink square sketch (a), VMTools™ properties (b), serpentine fill (c) and 3D printed model on 

glass substrate (d). 

 
Figure 16 - (a) 10mm x 10mm silver ink square sketch (b) VMTools™ properties(c) 10mm x 

10mm serpentine fill (d) 3D printed model on glass substrate 
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The PRG file is then loaded to Aerosol Jet 5X printer using KEWA™ software; The Aerosol 

Jet hardware is controlled through the Knowledge Engineered Workstation Application or 

KEWA™, a group of graphical user interfaces (GUIs) that provide complete on-screen motion 

control, a vision system for alignment and process viewing, and many other tools useful for 

material printing and processing. KEWA™ consists of multiple independent applications, each of 

which can be initialized via the KEWA™ gadget [54].  

The 10mm x 10mm silver ink square was printed in 1 pass with a 100µm nozzle on a glass 

substrate (25 x 75 x 1 mm3) from Globe Scientific Inc. Item # 1328. The distance from the nozzle 

to the substrate was between 2mm – 4mm. The printing stage speed was 2mm/s. The deposition 

was conducted with ultrasonic atomizer (UA); Sheath flow rate (S_MFC) @ 32 standard cubic 

centimeters per minute (sccm) and UA flow rate (UA_MFC) @ 24 sccm. The printing was 

conducted at room temperature. The substrate was sintered at 160oC for 10 min and at 200oC for 

another 10 min.  

4.3.1 Material Thickness and Conductivity Measurements 

The material thickness was measured using NanoMap 500LS System, the step height 

measurement (thickness of silver ink layer) and average roughness (Ra) were found to be 2.91µm 

and 0.0917µm respectively as shown in Figure 17 (a) and (b). 

 
(a)                                                                               (b) 

Figure 17 - Silver ink (a) step height and (b) average roughness (Ra) measurements 
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The material resistance [98] was measured using Pro-4 Four Point Resistivity System 

Figure 18, and it was found to be: 

𝑅 =
𝑉

𝐼
= 15.94Ω                                                                                 (1) 

where R is the resistance in Ω, V is the voltage in volts, and I is the current in Amperes. Power and 

voltage-current measurement were supplied through Keithley® 2400 sourcemeter. Material 

resistance can be calculated using formula (2): 

𝑅 = 𝜌
𝐿

𝐴
= 𝜌

𝐿

𝑊𝑡
                                                                            (2) 

where  is the resistivity in Ω.cm, A is the cross-sectional area in cm2, and L is the length in cm. 

The cross-sectional area can be divided into the width W in cm and the sheet thickness t in cm. By 

combining the resistivity with the thickness, the material resistance can then be calculated using 

formula (3): 

𝑅 =
𝜌

𝑡

𝐿

𝑊
= 𝑅𝑠

𝐿

𝑊
                                                                        (3) 

where 𝑅𝑠 is the sheet resistance in Ω/sq.  

If the material thickness is identified, the bulk resistivity  (Ω·cm) can be calculated by 

multiplying the sheet resistance by the material thickness in cm units as shown in formula (4): 

𝜌 = 𝑅𝑠. 𝑡                                                                                     (4)  

and conductivity can be calculated using formula (5): 

𝜎 =
1

𝜌 
                                                                                (5)  

where  is the conductivity in S/cm and  is the resistivity in Ω. cm.          

https://en.wikipedia.org/wiki/Resistivity
https://en.wikipedia.org/wiki/Ohm
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(a)                         (b)                                                   (c) 

Figure 18 - (a) Pro4 setup, (b) Silver ink material geometry, and (c) SP4 4-point probe head  
(Image (c) reproduced with permission from [58].) 

 Using the value of  = 0.020068Ω. cm and t = 2.91m, the calculated conductivity () is 

49.83S/cm. This value of conductivity is very small considering the sintering time of the sample 

was not long enough, i.e. 20 minutes. 

4.4 Transmission Line (Type-1a) 

Utilizing Clariant TP8 SOG2 Ag ink. A CPWG structure (Figure 19) was printed on 1mm 

glass substrate. VMTools™ properties are set as follows: Serpentine Fill: Angle 0o, Enforce 

Bounds. Perimeter Fill: Continuous. Trace Width: 25µm (0.025 Units). Min Overlap: 30, Max 

Overlap: 40, Join All Segments, Offset Outline. The nozzle size is 150µm. 
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Figure 19 - (a) CPWG sketch (b) CPWG serpentine fill (c) VMTools™ properties (d) 3D 

printed model (e) Feature size measurement 

The distance from the nozzle to the substrate was between 2mm – 4mm. The printing stage 

speed was 2mm/s. The deposition was conducted with UA; sheath flow rate (S_MFC) @ 32 sccm 

and UA flow rate (UA_MFC) @ 24 sccm. The printing was conducted at room temperature. The 

substrate was sintered at 160oC for 10 min and at 200oC for another 10 min.  

4.4.1 Material Thickness Measurement (Type-1a) 

The material thickness was measured using NanoMap 500LS system, the step height 

measurement (thickness of silver ink layer) and Ra were found to be 1.21µm and 0.127µm 

respectively as shown in Figure 20 (a) and (b). 
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(a)                                                                         (b) 

Figure 20 - Type-1a Silver ink (a) step height measurement and (b) average roughness (Ra) 

4.4.2 RF Data Measurement (Type-1a) 

RF measurement were carried out using PNA Network Analyzer - N5227A; the frequency 

range was set from 100MHz to 67GHz.  

 
Figure 21 - Type-1a RF measurement  

Figure 21 shows that the reflection coefficients S11 (input match) and S22 (output match) 

are in the resistive region. As for the transmission coefficients S21 (forward gain or insertion loss) 

and S12 (reverse gain or insertion loss), they are at -0.8dB at 60GHz. These results are due to the 
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high resistivity of the silver ink; i.e. material was not sintered long enough to give better 

conductivity.  

4.5 Transmission Line (Type-1b) 

Utilizing Clariant TP8 SOG2 Ag ink. A CB-CPW structure (Figure 22) was printed on 

1mm glass substrate. CAD conversion utility (VM Tools) properties are set as follows: Serpentine 

Fill: Angle 900, Enforce Bounds. Perimeter Fill: Continuous. Trace Width: 25µm (0.025 Units). 

Min Overlap: 30, Max Overlap: 40, Join All Segments, Offset Outline. The nozzle size is 150µm. 

  
Figure 22 - (a) CB-CPW sketch (b) CB-CPW serpentine fill (c) VMTools™ properties (d) 

3D printed model (e) Feature size measurement 

The distance from the nozzle to the substrate was between 2mm – 4mm. The printing stage 

speed was 2mm/s. The deposition was conducted with UA; sheath flow rate (S_MFC) @ 32 sccm 

and UA flow rate (UA_MFC) @ 24 sccm. The printing was conducted at room temperature. The 

substrate was sintered at 160oC for 10 min and at 200oC for another 10 min. 
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4.5.1 Material Thickness Measurement (Type-1b) 

The material thickness was measured using NanoMap 500LS system, the step height 

measurement (thickness of silver ink layer) and Ra were found to be 1.21µm and 0.127µm 

respectively as shown in Figure 20. 

4.5.2 RF Data Measurement (Type-1b) 

RF measurement were carried out using PNA Network Analyzer - N5227A; the frequency 

range was set from 100MHz to 67GHz. 

 
Figure 23 - Type-1b RF measurement  

Figure 23 shows that the reflection coefficients S11 (input match) and S22 (output match) 

are in the resistive region. As for the transmission coefficients S21 (forward gain or insertion loss) 

and S12 (reverse gain or insertion loss), they are varying from -1.1dB to -0.5dB for frequencies 

between 30GHz to 60GHz. These results are due to the high resistivity of the silver ink; i.e. 

material was not sintered long enough to give better conductivity.  
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4.6 Transmission Line (Type-2) 

In 2017, a combined effort between the Department of Electrical and Computer 

Engineering, Michigan State University and Fraunhofer USA-Center for Coatings and Diamond 

Technologies (CCD) extended this concept to fabrication of a coplanar waveguide (CPW) 

transmission line and monolithic Wilkinson power divider (WPD) printed on SCD substrate using 

AJP [99] [100]. A 3D printed trapezoidal configuration was printed on LCP and (CPW) were 

printed on top of the structure to imitate millimeter-wave packaging. Silver NP ink was used to 

print the CPW. After sintering for 1 hour at 200oC, 40% conductivity of the bulk silver was 

achieved. An Optomec Aerosol Jet 5X printer was used to print the CPW lines on LCP and 

VeroWhite substrates separately. The CPW interconnects generated insertion losses of as low as 

0.49 dB/mm including the trapezoid, and with a loss of 0.38 dB/mm on LCP substrate at 110 GHz. 

The trapezoidal configuration was printed using Objet Connex350 3D printer on LCP [101]. 

4.7 Transmission Line (Type-3) 

Utilizing Clariant TP8 SOG2 Ag ink. A CPWG structure (Figure 24) was printed on 1 Mil 

Polyimide Kapton Tape “25.4µm” attached to 1mm glass substrate and the same structure was 

printed on DuPont Pyralux AC, product code AC182500EM; where the copper thickness is 18µm 

and Polyimide thickness is 25µm. VMTools™ properties are set as follows: Serpentine Fill: Angle 

0o, Enforce Bounds. Perimeter Fill: Continuous. Trace Width: 25µm (0.025 Units). Min Overlap: 

30, Max Overlap: 40, Join All Segments, Offset Outline. The nozzle size is 100µm. 
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Figure 24 - (a) CPWG sketch (b) CPWG serpentine fill (c) VMTools™ properties (d) 3D 

printed model on DuPont AC182500EM (e) 3D printed model on 1mil Kapton tape (f) 

Feature size measurement 

The distance from the nozzle to the substrate was between 2mm – 4mm. The printing stage 

speed was 2mm/s. The deposition was conducted with UA; sheath flow rate (S_MFC) @ 32 sccm 

and UA flow rate (UA_MFC) @ 24 sccm. The printing was conducted at room temperature. The 

two substrates were sintered at 160oC for 10 min and at 200oC for another 10 min. 

4.7.1 Material Thickness Measurement (Type-3) 

The material thickness was measured using NanoMap 500LS system, the step height 

measurement (thickness of silver ink layer) and Ra were found to be 1.21µm and 0.127µm 

respectively as shown in Figure 20. 
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4.7.2 RF Data Measurement (Type-3) 

RF measurement were carried out using PNA Network Analyzer - N5227A; the frequency 

range was set from 100MHz to 67GHz. 

 
Figure 25 - Type-3 RF measurement  

Figure 25 shows that the reflection coefficients S11 (input match) and S22 (output match) 

are in the resistive region. As for the transmission coefficients S21 (forward gain or insertion loss) 

and S12 (reverse gain or insertion loss), they are varying from -1.5dB to -75dB for frequencies 

between 0GHz to 60GHz. These results are due to the high resistivity of the silver ink; i.e. material 

was not sintered long enough to give better conductivity.  

4.8 Highly Conductive Ink for Flexible Electronic Devices  

In this section, we studied aerosol jet printing on flexible substrates for wearable and 

flexible electronic devices. My contribution included silver ink printing on glass substates and 

LCP / Kapton foils, curing the devices on hot plate, measuring scattering parameters, making a 

manual on how to print devices using Optomec Aerosol 5X Jet Printer utilizing ultrasonic and 

pneumatic atomizer as well as making a manual for PNA Network Analyzer - N5227A. This work 

led to a journal publication led by Professor Aljoscha Roch with IEEE Transactions on 
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Components, Packaging and Manufacturing Technology in October 2018 [13] which contained 

some of the results of this work. 

4.8.1 Metal Organic Silver Ink 

Utilizing inkjet printing to print organic metals such as silver ink showed conductivity of 

30-75% of bulk silver. The material was sintered using muffle furnaces and hot plates. Ideal 

sintering temperatures were between 150°C and 200°C [102] [103]. In general, using AJP reported 

lower conductivity compared to inkjet printing. The conductivity was below 40% of bulk silver 

when the material was sintered at temperatures around 200°C [104] [105]. Other research groups 

reported conductivity of 20-40% of bulk Ag after 1 hour of sintering if the Clariant Ag NP ink was 

cured at 200°C in a furnace [104]. This low conductivity could be attributed to the material’s 

uneven deposited surface using AJP [106]. Nonetheless, other inks such as ceramics, composites 

and dielectric polymers were tested using 3D printers [107] - [110]. On the other hand, a major 

problem with printed materials has to do with devices performance. In order to achieve better 

properties of the sintered material, the curing temperature should be within the heat tolerance of 

the flexible polymer substrates. Aerosol jet printers require material viscosity between 1 to 1000 

mPa.s. Hence, a higher load can be printed comparing to inkjet printers as long as the particle 

diameter is below 100 nm. Many materials have been printed using AJP technology, conducting 

polymers such as Poly(3,4-Ethylenedioxythiophene) Polystyrene Sulfonate (PEDOT:PSS) [107] 

[111] as well as silver ink [112] and even materials for UV sensor applications like single-walled 

carbon nanotubes (CNT) [113]. AJP printers are better equipped for printing thin lines, favored by 

printed electronics manufacturers [13] [106].   

In this work, we demonstrated the process of increasing silver ink conductivity. We also 

demonstrated the use of AJP for flexible electronic applications [13]. Lithographic techniques have 
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been always the approach for microwave and RF applications as they require thin lines and fine 

structures; however those techniques are complex and expensive. On the other hand, using a low-

cost and environment-friendly AJP technology serves as an alternative for lithography process 

without sacrificing accuracy [97]. Printing parameters, such as line width, line thickness and 

viscosity can be adjusted using different nozzle sizes and changing material viscosity [106]. We 

printed silver ink on flexible substrates such as Kapton and LCP foils as well as glass slides. Glass 

slides were used to study silver ink conductivity. We investigated silver ink conductivity at low 

sintering temperatures. To achieve good conductivity, binder components have to be removed 

completely while increasing the sintering temperature gradually. Hence, binder components 

removal is a diffusion process which is time consuming and temperature dependent. Consequently, 

16 hours of curing profile was reported. This method accurately demonstrates the potential of 

investigating silver ink conductivity. Lastly, the performance of AJP printed CPW lines were 

tested up to 110 GHZ and the results were compared to the simulated ones. IJP techniques showed 

highly significant losses at the V- band [114]. The AJP lines offer lower losses at VHF that are 

comparable to copper lines [13].  

4.8.2 Experimental Circuit Fabrication 

Optomec Aerosol Jet 5X printer was utilized for printing the silver ink. The printer is 

capable of printing on 3D surfaces as it is equipped with 5 axes. Clariant type: TPS 50G2 silver 

ink was used as the printing material [104]. Dilution ratio was 1 mL of Clariant ink to 2 mL of 

deionized water. We used 25-μm Kapton foil substrate form DuPont, 50-μm LCP foil substrate 

from LCP Rogers Ultralam 3850HT and glass slides. The UA of the Aerosol printer was utilized 

for printing the silver ink. Pro4, the four-point probe from Lucas Labs was used to measure the 

silver ink conductivity. We used the UA of the AJP for printing the diluted ink. Figure 26 shows 
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flexible film (a), foldable film (b) and thin film resistivity measurement of 1.6 using FLUKE 

115 True-RMS multimeter (c). 

 
(a)                                               (b)                                                (c) 

Figure 26 - (a) Flexible film (b) Foldable film (c) Resistivity measurement 
(Images reproduced with permission from [13].) 

Printed layer’s flexibility was performed by printing the lines on Kapton foils and sintering 

them up to 200°C. There was no significant change to the resistivity value that is measured with 

the multimeter after bending the foil around the sharp edges. The resistance value remained at 

1.6. This shows that the sintered ink is highly flexible. Material deposited thickness was around 

1-2μm. A 10 mm x 10 mm silver ink square was printed on glass substrate to measure the electrical 

conductivity as a function of curing time and temperature up to 200°C. Accurate thickness 

measurement was achieved using the profilometer “NanoMap 500LS” from AEP Technology as 

the material was printed on glass substrate. 30% to 50% material overlap of the printed 

transmission lines was applied to the tool path of AJP printer. This overlap assures dense connected 

lines. 150 μm nozzle head was used which guarantees line widths between 20 μm to 40 μm 

depending on the gas flow parameters. AJP maintained atomizer gas flow of 22 - 24 sccm and 

sheath flow of 32 - 34 sccm. The printed samples were cured using hot plate in ambient 

environment, the samples were covered with Petri dish so convection cooling will be reduced. LCP 

transmission lines were sintered up to 160°C while Kapton transmission lines were sintered up to 

200°C. Agilent N5227A PNA Network Analyzer (for 10MHz - 67 GHz) and VDI WR10-VNAX 
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extension modules (for 75 - 110 GHz) were used to measure the transmission lines frequencies 

[13].   

4.8.3 Results and Discussion 

We used TGA measurements to determine Clariant silver ink content and at what 

temperature do the additional ink components evaporate. According to the TGA analysis, large 

amounts of water in the ink evaporated at 100°C as anticipated. A second inflection point was 

noticed between 120°C to160°C. A third broadband appeared around 190°C. We didn’t notice any 

major weight change in the material beyond 160°C. We concluded that the most of the additives 

evaporated using sintering temperatures between 120°C to160°C. Lastly, we established that a 

mass content of 35 wt% of silver ink is in the diluted ink as shown in Figure 27 [13].  

 
Figure 27 - TGA measurement of the Clariant ink diluted with deionized water in dry air 

(Image reproduced with permission from [13].) 

The results of temperature, sintering and conductivity of the printed Ag layers on glass 

slides are shown in Figure 28(a). The values were measured relatively to bulk Ag with 6.3 x 107 
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s/m [115] [116]. Sintering process with a sample on the hot plate, covered with a petri dish to 

reduce convective airflow over the sample surface is shown in Figure 28(b) [13].   

 
(a)                                                         (b) 

Figure 28 - (a) Electrical conductivity of printed and sintered Ag as a function of 

temperature and sintering time (b) 10 x 10 mm silver ink layers sintered on a hot plate.  
(Images reproduced with permission from [13].) 

Clearly, curing temperature and sintering time play major roles in ink conductivity. 

Increasing the temperature beyond 200°C didn’t show any significant increase in conductivity. 

The thickness of the layer was measured every time to record the shrinking of the layer (Figure 

29). The strong shrinking of the layer at 140°C indicates the starting of the sintering process. 

Almost 30% of the layer height was lost by the heat treatment at 140°C. However, the shrinkage 

was found just for the layer height [13].   

 
Figure 29 - Shrinking behavior of the printed Ag layer printed on glass substrate and 

sintered on a hot plate 
(Image reproduced with permission from [13].) 
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Other research groups achieved 20-40% of bulk AG by sintering Clariant ink TPS 50G2 at 

200°C [104]. 60% of electrical conductivity of bulk silver was measured after long hours of 

sintering the sample at 140°C. It was noted that the silver ink was still soft after 1 hour of sintering. 

Better electrical conductivity was measured after increasing the curing temperature slowly beyond 

120°C. Using this technique and increasing the sintering temperature up to 200°C we obtained 

electrical conductivity of 70% of Ag. Nonetheless, the major increase in conductivity started at 

140°C. The measuring experiments were repeated 3 times. We assumed 5%-10% total error of the 

electrical conductivity. Lastly, we printed transmission lines on LCP and Kapton foils. Height 

measurement of the deposited ink was 7μm for Kapton and 16μm for LCP. The printed CPW lines 

widths were selected so that they are well-suited with the RF probe pitch in the laboratory. 25μm-

thick Kapton foil insertion loss for the 30μm and 50μm spacing were 0.55 and 0.94dB/mm at 

110GHz. While the insertion losses for the 50μm on LCP were 0.37 and 0.63dB/mm. Those values 

are similar to 0.38dB/mm for the AJP printed lines on 175μm-thick LCP and they are also 

equivalent to CPW printed with copper traces with 0.088-0.25dB/mm losses on  comparable 

substrates [116] [13]. Figure 30 shows the simulated and the measured insertion and return losses 

for the CPWs on LCP and Kapton foils [13]. 
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Figure 30 - Simulated and measured insertion loss per millimeter and return loss for 

different susbtartes: LCP (a) and Kapton (b) 
(Images reproduced with permission from [13].) 

4.9 Conclusion  

CPWG and CB-CPW represent a type of transmission lines which have multiple 

applications. They are ideal candidates for transmission applications due to their small size, light 

weight and shape. Using Aerosol jet printer, we printed transmission lines using silver ink NPs 

and tested their scattering parameters up to 67GHz. It was demonstrated that three types of 

transmission lines were designed and fabricated using silver ink as the conductive material. 

Measurement of material thickness and sheet resistance of silver ink were carried out using 10mm 

x 10mm square printed on glass substrate, the two values were measured at 2.91µm and 68.96 

Ω/sq respectively. The calculated conductivity () is 49.83S/cm. As for the three transmission 

lines, the material thickness was measured at 1.21µm. we noticed for most of the frequency range 

for S11, S12, S21 and S22 that they were not well matched due to the high resistivity of the silver 
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ink, i.e. material was not sintered long enough to give better conductivity. It is noticed that 

temperature and sintering time play major roles to achieve a working 3D printed transmission line. 

We also investigated the AJP feature size and found out that the system delivered very fine 

features. The need for a different curing method that can sinter the inkjet printed material becomes 

obvious in terms of shorter periods of sintering times and low thermal budget.  

As for the highly conductive ink sintered with a hot plate, the measured conductivity of 

70% of bulk silver is the highest stated electrical conductivity for Aerosol printed electronics with 

sintering temperature of 200°C. This value was achieved with commercially available NP ink 

which is a promising path for printing electronics. Moreover, as this ink proves to be conductive 

at low sintering temperatures, it makes it a good candidate for future applications. Temperatures 

between 120°C and 140°C are good enough to sinter the material by increasing the time. Ink 

additives can be removed at temperatures lower than 140°C if sintered long enough. RF 

transmission lines were printed with silver ink and they showed comparable results relating to 

copper lines. Moreover, other electronic components such as antennas, inductors, resistors and 

sensors can be successfully produced using AJP. This makes AJP technology a promising path 

besides inkjet printing. The TGA analysis proved that ink additives can be removed if the sample 

was sintered at temperatures <140°C, but requires longer time to achieve that goal [13].  

Clearly, using hot plate to cure the material works well with RF devices that are directly 

printed on glass substrate with no other material sandwiched in between. As for sensitive devices 

such as OLEDs and TPVs and due to the existing of organic materials deposited in between the 

substrate and the electrodes, a need for a different curing method is a must as high curing 

temperatures (200oC) for long period of time (16 hours) will damage the organic material. In 
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Chapter 5 we propose a novel optical curing system that can be used to cure the contacts of devices 

that are easily damaged by aggressive thermal processes.  
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 3D PRINTED ELECTRONICS WITH OPTICAL CURING 

The investigations of Chapter 4 clearly demonstrated that both thermal and high-power 

UV curing are not optimal for 3D printed Ag electronics on realistic substrates, especially 

flexible organic substrates. In this chapter, the results of a first-time investigation on the use 

of optical precision curing for 3D printed Ag electronics through the adaptation of a H3S. This 

instrument was made available through collaborative partnership with the University of South 

Carolina/Ronald E. McNAIR Center for Aerospace Innovation and Research.  

My thesis work is a first-time investigation of its usefulness for 3D printed metal 

electronic conductors.  

5.1 3D Printed Silver Ink Test Structures on Glass Substrates 

In order to determine the effectiveness of the H3S for curing the 3D printed silver ink, 10 

samples of 5mm x 5mm Silver Ink (Ag) 3D printed on glass substrates using Optomec Aerosol Jet 

5X Printer composed of 1 layer, 3 layers, 5 layers, 10 layers and 15 layers then flashed using a 

H3S. We used the Ag ink from Clariant Type: TPS 50G2, it is also used in [104]. A 1 mL of the 

Clariant ink was mixed with 2-mL deionized water. As substrates, we used glass slides. We used 

the UA of the Optomec Aerosol 5X printer for printing the diluted ink. 1-printed layer thickness 

is measured to be 1.5m. The nozzle size used during the print was 300m. 

5.2 Optical Pulse Heating Profile and Exposure Time 

We printed 2 samples of each layer thickness and cured the samples using H3S at different 

temperatures and exposure times as shown in Table 6. Exact conditions were as follows: 

 For the 1-layer sample that was cured at 35oC for 20 minutes, the system started at 101V then 

stabilized at ~124V during the curing process to maintain that temperature. For the 1-layer 
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sample that was cured at 100oC for 50 minutes, the system started at 150V then stabilized at 

~138V during the curing process to maintain that temperature.  

 For the 3-layer sample that was cured at 35oC for 20 minutes, the system started at 123V then 

stabilized at ~100V during the curing process to maintain that temperature. For the 3-layer 

sample that was cured at 100oC for 50 minutes, the system started at 160V then stabilized at 

~138V during the curing process to maintain that temperature.  

 For the 5-layer sample and the 10-layers sample that were cured together at 35oC for 30 

minutes, the system started at 115V then stabilized at ~111V during the curing process to 

maintain that temperature. For the 5-layer sample that was cured at 100oC for 50 minutes, the 

system started at 170V then stabilized at ~136V during the curing process to maintain that 

temperature.  

 For the 10-layer sample that was cured at 100oC for 50 minutes, the system started at 150V 

then stabilized at ~136V during the curing process to maintain that temperature.  

 For the 15-layer sample that was cured at 35oC for 30 minutes, the system started at 111V then 

stabilized at ~110V during the curing process to maintain that temperature. For the 15 layers 

sample that was cured at 100oC for 50 minutes, the system started at 150V then stabilizes at 

~135V during the curing process to maintain that temperature. 
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Table 6 - Desired temperature and exposure time for the samples 

5.3 Sample Mounting for Optical Curing in the H3S 

This run was performed with the sample taped to the steel tool. For all runs, a piece of 

cardboard was taped to the steel layup tool to serve as an insulator between the sample and the 

tool. This helps by keeping temperature more constant. Figure 31 demonstrates dual (a) and single 

(b) samples being cured at the same time, while Figure 32 shows the heater crystal is ready and in 

place (a) and heater is ON (b) during the curing process.  

 
(a)                                                                              (b) 

Figure 31 - (a) Dual samples (b) Single sample 
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(a)                                                                             (b) 

Figure 32 - (a) Heater crystal in place (b) Heater ON 

Using the H3S control software, we vary the voltage to get the desired temperature while 

the frequency is set at 60Hz and the pulse duration is set at 2000µs. The sample is between 1inch 

and 2inch far from the crystal. Crystal height and voltage are adjusted to get the desired 

temperature for curing. A k-type thermocouple is used to monitor the temperature. Due to safety 

concerns the system has been tuned without a sample then the system is turned off and the sample 

is placed on stage then cured. There is a momentary ramp up (~1s) to the desired temperature but 

it is almost instant. 

5.4 Sintering Results 

The 10 samples were cured at 35oC for 20-30 minutes (5 samples) and 100oC for 50 minutes 

(5 samples). Table 7 shows the time vs temperature for the cured samples at 35oC while Table 8 

shows the time vs temperature for the cured samples at 100oC.  The selection of low temperatures 

to cure the contacts is to investigate if those temperatures are good enough to make the silver ink 

contacts conductive and also to find low profile temperature to be used when curing OLED and 

TPV devices as they require low curing temperatures below 150oC.  
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Table 7 - Measured sample temperatures during sintering for 20-30 minutes at 35°C 
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Table 8 - Measured sample temperatures during sintering for 50 minutes at 100°C 
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Figure 33(a) shows the time vs temperature for the cured samples to reach 35oC. It is 

noticed that for 1 layer and 3 layers samples the curing time was only for 20 minutes. The time 

needed to activate the initial thermal ramp decreased as the number of layers increased, as 

indicated by the red dashed line in Figure 33(a). An early temperature spike was observed for the 

3-layer sample. Figure 33(b) shows the time vs temperature for the cured samples to reach 100oC. 

An early temperature spike was observed for the 10-layer sample. A similar pattern of reduced 

thermal ramp activation time with increased number of layers was observed, although the time 

differences were less pronounced as indicated by the red dashed line in Figure 33(b). 

   
(a)                                                                         (b) 

Figure 33 - Time vs. temperature to stabilize at (a) 35oC and (b) 100oC 

Figure 33 shows that the H3S heating crystal maintained a sample heating profile that was 

approximately stable throughout the curing process after the initial ramp-up. A general trend of 

reduced time to achieve the desired sample temperature as a function of increasing number of 

sample layers was noted, which may reflect surface heat losses versus volume heating for the 

decreasing ratios of surface to volume as the number of layers increase.  

These results demonstrated that the surface curing temperature was maintained to within a 

control window of ±2°C around 35°C. For our working distance and temperature the peak pulse 

energy of a nominal H3S system flash lamp is rated at 2000J and max average power of 6kW with 

a maximum supply voltage of 400V [117]. The control-stabilized supply voltages during the curing 
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cycles were in the range of 100-140V for all runs. In all cases, our curing process was carried out 

in ambient conditions without vacuum chambers or gas flows to provide a specific environment. 

The linear dependences of thickness and conductivity of the cured Ag provided a first indication 

that the sintered material is of common microstructure from sample to sample and over various 

thicknesses. This uniformity is highly desirable from the perspective of obtaining a repeatable 

process with reasonable yield. Figure 34 shows the cured samples stored in vacuum desiccator. 

 
Figure 34 - Cured samples stored in vacuum desiccator 

5.5 Layer Thickness Measurements 

After sintering the samples, layer thickness measurements were carried out utilizing 

NanoMap 500LS from AEP technology. Figure 35 shows the system (a) and a sample 

measurement result for step height and Ra (b). 

   
(a)                                                                  (b) 

Figure 35 - (a) NanoMap 500LS from AEP Technology (b) Sample measurement result 
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(a)                                                                                   (b) 

Figure 36 - Silver thickness and roughness vs No. of printed layers at (a) 35oC and (b) 

100oC 

Figure 36 shows material thickness and Ra vs number of printed layers, it is obvious that 

the more material added the thicker the layer will be. Also, it is clear that the material roughness 

is within the range of 0.13m to 0.66m which shows that the surface is smooth for all samples 

after sintering at 35oC when compared with the range of 0.16m to 0.55m after sintering at 

100oC. The surface roughness uniformity was a first indication that the contact pads might have 

similar internal structures.  

5.6 Conductivity Measurement 

Following the process of finding the material thickness, the next step was to determine the 

silver ink conductivity. Resistivity measurements were carried out using the method described in 

Section 4.3.1 utilizing a 4-point probe. Results of the conductivity measurements and percentage 

of bulk silver conductivity at 35oC and 100 oC are summarized as shown in Table 9 and Table 10 

for the 10 samples.  
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Table 9 - Conductivity and % of bulk silver conductivity measurement summary at 35oC 

Figure 37 shows material resistivity () and conductivity () vs number of printed layers 

at 35oC. The graph indicates that material conductivity increases with the increase of layers 

thickness. The best fit to the conductivity data was shown to be a linear equation.  Resistivity 

showed a harmonic series behavior “power equation fit”(𝑦 =
0.0002

𝑥1.012 ). 

 
Figure 37 - Resistivity () and conductivity () vs No. of printed layers at 35oC 
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Table 10 - Conductivity and % of bulk silver conductivity measurement summary at 100oC 

Figure 38 shows material resistivity () and conductivity () vs number of printed layers 

at 100oC, it is evident that the thicker the material the lower the resistivity becomes linearly as 

would be expected. Also, the graph proves that the material conductivity increases with the 

increase of layers thickness. Following the curve fitting results, it is clear that the conductivity 

follows a linear equation path while resistivity tends to be a harmonic series “power equation 

fit”(𝑦 =
0.0001

𝑥1.004 ).  

 
Figure 38 - Resistivity () and conductivity () vs No. of printed layers at 100oC 
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5.7 Summary of Fabrication vs Conductivity 

Table 9 and Table 10 confirm that the thicker the material the higher the conductivity. It 

also shows that the H3S optical curing system can be used with organic materials that cannot 

handle higher temperatures for longer periods of time. As noted from the results, we can achieve 

17-18% of bulk silver conductivity with 50 minutes of curing time of 15 layer contact pads. This 

makes the pulsed optical curing method a good candidate for curing the contacts of OLED and 

TPV devices that can handle up to as much as 150oC for shorter periods of time without degrading 

the organic material. We also demonstrated that the conductivity is linear with a slight bow and 

the resistivity is a harmonic series of form 𝑦 =
1

𝑥
 , where x is the conductivity.  

Figure 39 (a) reproduces the graph of % of bulk silver conductivity for best-case thermally 

cured silver ink with ~70% of Ag bulk conductivity that was obtained under long-duration, high-

temperature conditions (a) [13]. Figure 39 (b) shows the graph of % of bulk silver conductivity for 

optically cured samples at 35oC and 100oC with just under 20% of Ag bulk conductivity. Graph 

(b) clearly shows that the two temperature profiles have the same dependence on the material 

thickness. This suggests that low temperature optical curing at 35oC will produce results that are 

as good as those obtained using the 100oC condition. If this result can be further substantiated, it 

will strongly support OLED fabrication using low-temperature optical curing as the method of 

choice.         
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Figure 39 - Conductivity as %-Ag conductivity for (a) Thermally cured (b) Optically cured 

at 35oC and 100oC  
(Image (a) reproduced with permission from [13].) 

5.8 Silver Contact Uniformity Using SEM 

The JEOL JSM-7500F SEM system at Michigan State University was utilized to 

investigate the material properties of the cured silver ink samples. The original goal was to 

accurately measure material thickness and check for material uniformity. A first series of 

investigations, performed in September 2019, demonstrated that all time, temperature and number 

of layers growth conditions produced similar films of nanocrystalline morphology. Subsequent to 

the electrical conductivity investigations, it was decided to perform a second series of SEM 

investigations that included composition analysis by EDS to examine whether residual ink binder 

could account for the lower conductivities observed for the optically versus thermally cured 

contact pads on identical glass substrates shown in Figure 39.  
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EDS was used to assess the film local chemistries by atomic percent in after extended 

storage. Between the first and second SEM investigations, the films were stored in a glass 

desiccator at the Center for Advanced Microscopy under non-vacuum conditions. The samples 

were thus exposed to the standard desiccant, W. A. Hammond Drierite™ (Thermo Fisher 

Scientific, Waltham, MA) for ~20 months.  The chemical composition of Drierite™ is calcium 

sulfate with a cobalt chloride indicator. By accident, additional information was gained about 

required storage conditions for 3D printed silver ink electronics as well as first-time information 

about Ag film composition under optical curing, which influences its electrical conductivity. As 

shown in this chapter, EDS demonstrated that, initially, the films were almost certainly silver oxide 

without any residual binder.  Silver oxide can be used as a powerful precipitating reagent for even 

trace amounts of chlorine [118]. After 20 months storage, silver chloride nanocrystallites also 

formed, although regions of silver oxide nanocrystalline film were still intact. 

This chapter presents a quantitative investigation of film morphologies, grain sizes and 

silver oxide chemistries, concluding with an analysis of the correlation between allowed oxide 

chemistries and electrical conductivity.            

5.9 Sample Preparation for SEM 

The following steps were performed to prepare the silver ink samples for the SEM process: 

• Using diamond scribe, score the middle of the silver ink square on the back side. 

• Dip the substrate in liquid Nitrogen for 1 min to help break the sample smoothly. 

• Fracture the sample. 

• Using Aluminum stubs, mount the samples 900 on the stub using epoxy glue (Figure 

40 (a)). 

• Let the epoxy dry for 12 hours. 
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• Coat the samples with Osmium for 10 to 14 seconds (Figure 40 (b)). 

• Load the samples to JEOL JSM-7500F SEM and check for material uniformity and 

measure material thickens (Figure 40 (c)). 

     

    (a)                                           (b)                                            (c) 

Figure 40 - (a) Samples 2 and 4 mounted on aluminum stub (b) Pure osmium coater Neoc-

AN (c) JEOL JSM-7500F SEM   

5.10 Initial Material Uniformity Investigations with Film Thickness Measurements 

Material uniformity investigations were carried out utilizing JEOL JSM-7500 SEM in 

2019. Film thicknesses for individual images were evaluated at the same time and used to 

corroborate the NanoMap 500 LS profiler results. Figure 41 and Figure 42 show the SEM results 

for the samples sintered at 35oC and 100oC using the light-pulse system. Interestingly, freeze 

fracture using liquid nitrogen to obtain cross-sections proved difficult due to the films’ mechanical 

strength. Artifacts where the films have stretched and curled after breaking may be observed in 

several of the SEM images. 
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(a)                                                      (b) 

Figure 41 - SEM micrographs of cross-sections of printed silver regions after light-pulse 

sintering at 35oC with the number of printed layers and sintering times indicated for each 

row.  Column (a) shows the broad scan of the cross-section samples, including the damage 

from the liquid nitrogen fracture process used for preparation. Column (b) shows that the 

regions of printed silver are uniform across the micron scale. 

1 layer 

20 min 
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(a)                                                    (b) 

Figure 42 - SEM micrographs of cross-sections of printed silver regions after light-pulse 

sintering at 100oC with the number of printed layers and sintering times indicated for each 

row.  Column (a) shows the broad scan of the cross-section samples, including the damage 

from the liquid nitrogen fracture process used for preparation. Column (b) shows that the 

regions of printed silver are uniform across the micron scale. 

 

1 layer 

50 min 
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Comparisons between material thickness measured with the NanoMap 500LS and SEM 

are summarized in Table 11 and plotted together in Figure 43. The SEM results corroborated the 

profiler results. 

 
Table 11 - Material thickness comparison between NanoMap 500LS and SEM 

       
(a)                                                                             (b) 

Figure 43 - Material thickness after (a) 35oC and (b) 100oC curing using NanoMap and 

SEM 

5.11 Summary of Initial Thickness Investigations 

In order to understand the uniformity of the cured Ag, we have performed cross-sectional 

SEM analysis. All sets of the micrographs are shown in Figure 41 and Figure 42. We see several 

features of importance from these. In all cases, there is no striation of the print after curing, which 

indicates that the curing process is happening throughout the thickness of the Ag ink to form a 

continuous layer. This is in contrast to layer by layer curing, for example laser curing in situ with 

printing, which frequently gives rise to clearly defined layers with interfaces between layer prints. 

We also see that the interface with the substrate is clean. This indicates that we are able to cure 

through our thickest layers without creating voids or blisters at the substrate from out-gassing of 
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the ink solvent. This is a direct result of heating from the top surface to maintain curing conditions. 

Long bake processes tend to cause severe issues for thick prints, which is one reason to cure layer 

by layer with either thermal cycles or lasers. The last feature we point out is that the morphology 

of the cured Ag is uniform for all thicknesses and shows no coarse features or visible 

inhomogeneities at this magnification. As part of the SEM study, we also checked specific 

locations for cured Ag thickness as measured during microscopy. Our finding was that our 

profilometer average thickness readings were representative of the thicknesses taken from our 

specific cross-sectional images.  

5.12 Nanocrystalline Morphology and Grain Size Investigation 

In addition to their uniformity, the films displayed an apparent nanocrystalline morphology 

for all curing time and temperature conditions. Using SEM images taken after curing and after 20 

months in storage exposed to air, a grain size investigation was performed to quantify this 

observation. After storage, based on EDS data discussed in detail below, silver chloride 

nanocrystallites also formed although regions of silver oxide nanocrystalline film were still intact. 

The intact silver oxide film regions were used for grain size measurements and compared with 

those evaluated directly after curing. 

Figure 44 shows the SEM measurements for the 1-layer sample sintered at 35oC for 20 

minutes that were carried out for post curing (a) and (c) and for post storage (b) and (d). The yellow 

arrow in (b) marks an intact film region. This region is used for the grain size analysis in the next 

section of this chapter. The grain sizes were collected from the processed images of the other 

samples and that data is compiled in Appendix A. 
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 Figure 44 - Post curing SEM measurement for 1-layer sample sintered at: (a) and (c) 35oC 

for 20 minutes. (b) and (d): Post storage SEM measurement 

Figure 45 shows the SEM measurements for the 1-layer sample sintered at 100oC for 50 

minutes that were carried out for post curing (a) and (c) and for post storage (b) and (d). No intact 

silver oxide film regions were found during the post storage investigations as shown in (d). 
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Figure 45 - Post curing SEM measurement for 1-layer sample sintered at: (a) and (c) 100oC 

for 50 minutes. (b) and (d): Post storage SEM measurement 

Figure 46 shows the SEM measurements for the 3-layer sample sintered at 35oC for 30 

minutes (a) and 3-layer sample sintered at 100oC for 50 minutes (c) that were carried out for post 

curing and for post storage (b), (d) and (e). The image in (e) is included as a good close-up that 

shows the silver oxide nanocrystalline film regions, the larger silver chloride nanocrystallites and 

the glass substrate clearly.  
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Figure 46 - Post curing SEM measurement for 3-layer sample sintered at: (a) 35oC for 30 

minutes (c) 100oC for 50 minutes. (b), (d) and (e): Post storage SEM measurement  

Figure 47 shows the SEM measurements for the 5-layer sample sintered at 35oC for 30 

minutes that were carried out for post curing (a) and (c) and for post storage (b) and (d). Image (d) 

shows the damage to both the film and the substrate due to freeze fracture.  
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Figure 47 - Post curing SEM measurement for 5-layer sample sintered at: (a) and (c) 35oC 

for 30 minutes. (b) and (d): Post storage SEM measurement 

Figure 48 shows the SEM measurements for the 5-layer sample sintered at 100oC for 50 

minutes that were carried out for post curing (a) and (c) and for post storage (b) and (d). Although 

the film is thicker, no differences in morphologies are observed.  
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Figure 48 - Post curing SEM measurement for 5-Layer sample sintered at: (a) and (c) 

100oC for 50 minutes. (b) and (d): Post storage SEM measurement 

Figure 49 shows the SEM measurements for the 10-layer sample sintered at 35oC for 30 

minutes (a) and 10-layer sample sintered at 100oC for 50 minutes (c) that were carried out for post 

curing and for post storage (b) and (d).   
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Figure 49 - Post curing SEM measurement for 10-layer sample sintered at: (a) 35oC for 30 

minutes (c) 100oC for 50 minutes. (b) and (d): Post storage SEM measurement 

Figure 50 shows the SEM measurements for the 15-layer sample: (a) damage due to liquid 

nitrogen fracture and sample sintered at 35oC for 30 minutes (c) that were carried out for post 

curing and for post storage (b) and (d). Film resistance to freeze fracture is again apparent.   
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Figure 50 - Post curing SEM measurement for 15-layer sample: (a) Damage due to liquid 

nitrogen fracture (c) sample sintered at 35oC for 30 minutes. (b) and (d): Post storage SEM 

measurement 

Figure 51 shows the SEM measurements for the 15-layer sample: (a) damage due to liquid 

nitrogen fracture and sample sintered at 100oC for 50 minutes (c) that were carried out for post 

curing and for post storage (b) and (d). Film resistance to freeze fracture is again apparent.   
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Figure 51 - Post curing SEM measurement for 15-layer sample: (a) Damage due to liquid 

nitrogen fracture (c) sample sintered at 100oC for 50 minutes. (b) and (d): Post storage 

SEM measurement 

5.13 Grain Size Analysis 

In this section we demonstrate that the silver oxide nanocrystalline film grain sizes 

remained comparable from post curing to post storage. We utilized NIH ImageJ software [68] to 

measure the grain size in each SEM image with sufficient resolution. This included almost all of 

the post storage images and many of the post curing images.  

5.13.1 Sample Calculation 

A detailed analysis for the 1-Layer sample that was cured at 35oC for 20 minutes is shown 

in this chapter with all other results given in Appendix A.  Table 12 shows the results from 5 grain 
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samples that were measured on the 1-layer silver ink thin film post curing and another 5 grain 

structures as measured after storage. We calculated the average size, standard deviation, and 

standard error of the mean (S.E.M) using the processed images. Figure 52 shows the plotted grain 

dimension data and the processed images used for obtaining the measurements.  

 
(a)                                                                    (b) 

Table 12 - Average, standard deviation and S.E.M calculations for 5 imaged Ag grains in 1-

layer printed Ag (a) post curing and (b) post storage. 

 
(a)                                                (b) 

 
(c)                                                         (d) 

Figure 52 - Measured grain dimensions and the processed SEM images from which they 

were extracted for the 1-layer printed Ag (a,b) post curing and (c,d) after storage, 

respectively. 

As we notice from the two measurements, the difference between the initial curing and 

after storage grain size is quite small (~6nm) which shows that the grain size didn’t change during 
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the storage period of ~20 months. Based on this result, we assume that the film composition 

investigations performed after storage are representative. 

5.13.2 Analysis of Grain Uniformity 

Table 13 shows the conductive volume (Φ𝑠𝑜𝑙𝑖𝑑) for the printed layers that were cured at 

35oC and 100oC. The conductive volume calculations were based on Maxwell’s effective medium 

theory (EMT) due to the high-density silver ink NPs, the conductive volume [119] can be written 

as shown in formula (6): 

𝛷𝑠𝑜𝑙𝑖𝑑 =
3𝜎𝑒𝑓𝑓,𝐸𝑀𝑇

2𝜎𝑚𝑒𝑡𝑎𝑙+𝜎𝑒𝑓𝑓,𝐸𝑀𝑇
                                                (6)  

where 𝜎𝑒𝑓𝑓,𝐸𝑀𝑇 is the effective conductivity silver ink in (S/cm) and 𝜎𝑚𝑒𝑡𝑎𝑙 is the bulk conductivity 

of metallic Ag phase (6.3 x 105 S/cm for silver). 

 
Table 13 - Conductive volume calculations. 

Table 13 clearly shows that the thin films become more silver dense with print 

thickness.  We conclude there is less oxidation in the volume for thicker films. Figure 53 shows a 

graphical representation of the grain size measurement for the post storage samples with S.E.M 

values depicted on the histogram.  
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Figure 53 - Grain size measurement histogram for printed films post storage. 

5.14 Film Composition by EDS Analysis 

EDS was performed in the areas identified by the white boxes in the post storage SEM 

images shown in Figure 44 - Figure 51. The strategy was to take several measurements each of the 

nanocrystalline film regions, larger nanocrystallites, and substrate. These three features proved to 

have distinct chemical identities and stoichiometries. At the experimental accelerating voltages of 

10 kV or above, x-ray penetration into the film cross sections extended ~1-2 𝜇𝑚, and interrogated 

many unit cells’ worth of material. Therefore, these were volume rather than surface 

measurements. 

Figure 54 summarizes the atomic percentages of silver (Ag), oxygen (O), chlorine (Cl), 

silicon (Si) and other elements in the nanocrystalline film regions (a), larger nanocrystallites (b) 

and substrate (c). The nanocrystalline film regions were shown to be Ag-O with an ~1:1 

stoichiometry. ‘Other’ was a mixture of trace elements that did not show any evidence of a strong 

organic (carbon) binder component. This was also the case for the larger nanocrystallites and the 

substrate.  The larger nanocrystallites were shown to be Ag-O-Cl with an ~3:2:1 stoichiometry.  
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The substrate was shown to be unambiguously glass, as expected. The ~1:2 stoichiometry for Si: 

(Oxygen + Other) is consistent with amorphous SiO2 glass plus trace elements.  At this point, we 

can observe the following:  

(1) The morphologies of films and remnant films are nanocrystalline both before and after the 

exposure to chlorine and as a function of layer thickness even before the exposure to 

chlorine.  

(2) The grain size of nanocrystallites in the films have the same mean value both before and 

after the exposure to chlorine and as a function of layer thickness even before the exposure 

to chlorine.  

(3) Based on (1) and (2), we assume that EDS on the remnant films provides accurate 

stoichiometric information about the original as-deposited films, which implies that these 

films are Ag and O. Atomic % stoichiometry shown as average + S.E.M. is close to 1:1 for 

Ag:O.   

(4) We serendipitously gained information about required storage conditions and have 

investigated the formation of silver chloride nanocrystallites whose material composition 

is in an ~3:2:1 ratio of Ag:O:Cl. 

(5) We draw the conclusion that the original hypothesis, that the reduced conductivity 

observed for the optically cured films was caused by organic (carbon) binder retention, has 

been ruled out. We now investigate the hypothesis that the observed conductivity 

differences may be due to differences in boundaries. 
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Figure 54 - (a) Ag-O film (b) Ag-O-Cl Crystallites (c) Glass substrate 

(c)

(a)

(b)
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5.15 Grain Boundary Analysis 

Three key features of the optically cured films that were true for all growth conditions are:  

(1) nanocrystalline films with many grain boundaries, (2) densely packed films, and (3) films that 

contained a significant volumetric oxygen component. One could guess from the nearly equal Ag 

and O distribution in the EDS stoichiometry investigation of the remnant films that the films must 

be Silver(I,III) Oxide (known interchangeably in the literature as AgO and Ag4O4), which is 

moderately conductive. However, this hypothesis cannot reconcile a difference in conductivity per 

curing conditions with the persistently unchanged morphology observed during multiple types of 

investigations. Also, the Clariant product is described as a silver particle ink. If it was primarily a 

silver oxide ink, this would be widely known in the AJP community.  

The ~1:1 Ag:O stoichiometry that was maintained for all layer thicknesses suggests that a 

substantial oxide component was located at the grain boundaries; otherwise the surface oxygen % 

would stay the same while the volume % of Ag increased. This is also consistent with exposure of 

the Ag nanoparticles to a uniform and largely aqueous suspension medium. We therefore 

investigate the consequences of assuming that the observed linear conductivity as a function of 

increasing number of layers results from nanocrystalline silver grains with an oxide at the grain 

boundaries.  

Possible oxides include: Ag2O, Ag2O3, AgO (Ag4O4), and AgO2.  All of these can have a 

cubic crystal structure compatible with the most common form of pure silver. The lattice 

mismatches compared to 2.942 Å  for pure cubic Ag are shown in Table 14 [120]. 
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 MaterialsProject.org ID 

Lattice 

Constant (Å) 

% Mismatch 

Ag mp-124 2.942  

Ag2O mp-353 4.841 0.65 

Ag2O3 mp-11872 5.107 0.74 

AgO (Ag4O4) mp-8222 3.583 0.22 

AgO2 mp-1214896 4.612 0.57 

Table 14 - Lattice mismatch compared to 2.942 Å for pure cubic Ag. 

Due to lattice mismatch, it is unlikely that any oxide forms a uniform coverage. It is 

impossible to say, without further investigation, whether one or multiple oxide forms were 

responsible for the observed Ag-O stoichiometry. Both Ag2O [121] and AgO have appeared in 

silver NP literature. Ag2O will be used in the following discussion.  

From high-resolution SEMs such as the representative images shown in Figure 55, a rough 

estimate for the grain boundary width is given as 10nm. 

 
Figure 55 - Dense nanocrystalline films for growth conditions (a) 35oC for 20 min and (b) 

100oC for 50 min. 

Using a 55nm cube as an example Ag grain size, an electron would encounter a substantial 

change in resistance when moving across an entire Ag grain versus a grain boundary, as shown 

graphically in Figure 56 (a): 
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𝑅𝐴𝑔 =
(𝜌 = 1.59𝑥10−8Ω)(55𝑥10−9𝑚)

(55𝑥10−9𝑚)2
= 0.289 Ω 

𝑅𝑔𝑏 =
(𝜌 = 5.2𝑥10−5Ω)(10𝑥10−9𝑚)

(55𝑥10−9𝑚)2
= 171.9 Ω 

The change in resistance suggests scattering at the grain boundaries. Whether Ag grain 

volume diffusion or diffusion along grain boundaries predominates depends on the diffusion 

lengths in the two materials as well as the physical path distances d and 𝛿, shown graphically in 

Figure 56(b). The diffusion lengths in turn depend on the respective diffusion coefficients D and 

Dgb. However, the mean free path of on electron in Ag is 53nm which is comparable to the average 

grain size of 55nm. The films are densely packed and the space between Ag grains is small, 𝛿 ≪

𝑑. From its much higher resistance, it is less likely that the criteria for diffusion along a grain 

boundary, Dgb > D, is obtained. We therefore conclude that the observed difference in conductivity 

may be due to grain boundary scattering but that conductivity is still likely to be dominated by 

volumetric Ag grain transport.  

 
Figure 56 - (a) An electron traversing an Ag grain versus an Ag2O grain boundary 

experiences an orders of magnitude difference in resistance. (b) Materials and geometric 

properties both influence whether transport is volumetric or along grain boundaries. 
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5.16 Conclusion 

In summary, we have demonstrated that light-flash curing AJP deposited silver ink is a 

strong alternative method to develop a low temperature process that results in useful conductors 

for electronic applications. The uniformity of the material is consistent across the measurements 

from thickness variation and conductivity vs. number of printed layers and SEM cross-sectional 

analysis confirms that trend.  Table 15 shows a comparison between the major technologies that 

are used for curing purposes. It is clear that the H3S has advantages over the other systems in terms 

of control and process parameters. The H3S also has low cost in terms of safety setup and 

ownership [125].  

 
Heat Performance Cost 

 Heat/Cool 

Speed 
Uniformity 

Energy 

Focus 
Control * 

Process 

Parameters ** 
Safety Ownership 

Humm3® High High High High 3 Low Medium 

Laser High High High Medium 1 High High 

Infrared Low Medium Medium Low 1 Low Low 

Hot Gas Medium Low Low Low 1 Medium Low 

* High level 3 parameter thermal control. 

** Humm3® controls the heat profile using 3 programmable pulse parameters: Energy, Duration and Frequency. 

Table 15 - Comparison of curing technologies 
(Table reproduced with permission from [125].) 

In conclusion, we consider this result an encouraging step toward process conditions 

suitable for obtaining silver ink conductive structures and contacts without long duration, high-

temperature conditions. This approach should be a good candidate for printed OLED and TPV 

contacts or flexible electronics on soft substrates. We also conclude that utilizing SEM gives better 
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thickness measurement and also better characterization of the material uniformity after sintering. 

We also conducted an SEM study on the stored silver ink thin films and we concluded that the 

grain size stayed the same over a storage period of ~ 20 months. We also found through EDS 

analysis that the native surface oxide present on printed Ag is AgO that is consistent with common 

Silver(I,III) Oxide that forms on bulk Ag when exposed to air.   
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 CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

  The printing of precision high-conductivity metals has been a foundational technological 

breakthrough for realizing additively manufactured electronics integration from individual device 

contacts to circuits and packaged microsystems. For many applications, the quality of the printed 

metal is a result of a competition between the energetics of sintering metal nanoparticle inks and 

the tolerances of the active device and substrate materials to these sintering conditions. In this 

work, we present a study of pulsed-light curing of silver conductors that results in final 

conductivity values that are competitive with more common processes requiring temperatures of 

150°C or higher. We focus on Aerosol-Jet Printed silver nanoparticle inks which have been studied 

extensively by curing with heat in ovens and hot plates, precision laser sintering, and UV flash 

methods. For low thermal-budget applications involving organic materials as active device 

structures or substrates, it is typical that sintering must reach ~150°C within the silver ink to obtain 

useful conductivity values. This is often done by precision means like laser annealing to protect 

the surrounding materials from the process. The results presented show that a pulsed-light system 

that is able to control the temperature profile through the basic parameters of pulse width, intensity, 

and repetition rate can be used to develop curing conditions at 35°C in less than one hour without 

the potential damage from UV light or the need for laser systems. The low temperature curing 

process results are compared to results from the same system at 100°C.  

The objective of this investigation was to develop a low temperature silver ink curing 

process using a programmable controlled-dose pulsed-light source originally developed for 

automated fiber placement, the H3S system. The system uses flash lamp sources which are 

comparable to lasers in terms of power but allows better control of programmed energy delivery 
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profiles. Precise control can be achieved using energy, duration, and pulse repetition frequency. 

The apparatus is sufficiently agile for focusing heating on target areas which ensures proper 

material uniformity after annealing [36]. Compared with wave IR or laser illumination, the 

broadband (UV to IR) energy transfer results in better adhesion for the printed tracks as well as 

highly uniform films [37] and the H3S has performed favorably against both these methods for 

fiber placement as well. None of the previous studies have involved the curing of conductive 

layers, which has been developed here. 

In this work, we demonstrate the light-pulse curing process on AJP deposited silver ink as 

a function of the thickness of the metal under curing conditions that achieve controlled 

temperatures of 35oC for time intervals from 20 to 30 minutes and 100oC for 50 minutes. The 

measured conductivity is compared to that of bulk silver and the material uniformity observed 

using cross-sectional SEM. This curing process demonstrates that the material can be cured at very 

low thermal budgets and result in conductive features practical for electronics. This method 

accurately demonstrates the potential of using H3S system as a new approach for fast, low 

temperature annealing for metal nanoparticle conductive inks. 

This thesis demonstrated the progress of utilizing 3D printers in printing high frequency 

waveguides, contacts for OLED devices and meshes (grids) for TPVs using silver ink by printing 

the layers using Optomec Aerosol 5X inkjet printer. 3D printing method was deployed to print 

silver ink contacts that can be used with OLED and TPVs devices. We used a H3S precision optical 

heating system to cure the silver ink. As noted from the curing results, we can achieve 18% of bulk 

silver conductivity with 50 minutes of curing time at 100oC, this makes controlled optical pulse 

curing a good candidate for curing the contacts of OLED and TPV devices that can handle up to 

150oC for shorter periods of time without degrading the organic material. To guarantee working 
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devices after optical pulse curing, the H3S or equivalent system has to be available locally as part 

of the device fabrication process flow in an uninterrupted fabrication cycle.  

Our work involved an SEM study on the silver ink thin films after a storage period of 20 

months, we concluded that the grain size did not change over time. We also conducted 

stoichiometry analysis using EDS methodology and found out that the native surface oxide present 

on printed silver ink is AgO which is consistent with common Silver(I,III) Oxide that forms on 

bulk Ag when exposed to air.   

6.2 Future Work 

Section 6.2.1 discusses the ability of manufacturing MRFs using fabrication processes by 

making different sizes that can be deployed into tornados. The small sizes of those fabricated 

MRFs are expected to endure the inner forces of the tornado and capable of providing sensory data 

for a better understanding of the tornado formation. 

Section 6.2.2 presents an approach to 3D print the reflective mirror of an optical cavity 

using AJP which is expected to increase the efficiency of the optical cavity due to the uniformity 

of the deposited film after curing by the H3S system.  

Section 6.2.3 shows a proposed method of printing the OLED device using AJP and curing 

the contacts using H3S. The proposed method is expected to cut cost as the whole process can be 

moved out of the cleanroom and carried out in a normal lab environment under ambient conditions.  

Section 6.2.4 discusses different methods of curing silver ink; microwave radiation is one 

of those methods as it can be carried out under ambient conditions with temperatures below 110oC 

for shorter periods of time. Rapid thermal Process (RTP) is another approach as long as the system 

initial temperature is maintained below 150oC. As for the modified silver ink using poly vinyl 

acetate (PVAc) approach, it is noticed that adding PVAc as an additive to the Ag solution could 
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result in higher conductivity as the printed tracks can be cured using H3S at temperatures below 

140oC which is compatible with most OLED devices.   

6.2.1 MRF Microfabrication 

The ability to mass produce MRFs is feasible utilizing microfabrication techniques so 

electronic circuit assembly time can be reduced and in turn the yield will be higher. Etching 

techniques to selectively remove silicon from substrates have been widely used in the fabrication 

of sensors and actuators [126], this approach can be used to build MRF with integrated 

microcontroller and sensors. Thickness and size of the MRF’s rib and wing can be determined 

using chemical or electrochemical etch stop techniques [127] [128]. Surface micromachining on 

silicon-on-insulator (SOI) technique can be used to manufacture the MRF as well [129] [130]. 

6.2.2 Inkjet Printing of Optical Cavity Reflective Mirror 

Recently, Yao et al. [131] presented printing technology of polymer suspended-mirror 

devices on a ferrule of optical fiber connector. Other groups presented micro lenses fabricated 

using inkjet printer [132]. Our suggested approach will be to cut the cylindrical mirror holder in 

two halves, print the aluminum NPs ink on each half using AJP and cure the material using pulsed 

optical curing. The two parts will be glued together to test the optical cavity performance.  

6.2.3 Future Inkjet Printed OLED Structure 

Cellphone industry using OLED technology dominated the market revenue in 2020 with 

78% market share. On the other hand, TVs with OLED technology came second with 17% of the 

total market in the same year. Despite being 17% of the market revenue, OLED TVs are still having 

a big portion of the display area with 43% share. Wearable devices became third with 2% of the 

total OLED display market value and 0.3% by area in the year 2020. Other factors to be considered 
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when choosing a wearable device are: how thin, how flexible and its appearance comparing to 

liquid crystal display (LCD) technology [133]. 

 In this section we highlight the process to fabricate OLED devices utilizing the inkjet 

printing process. The proposed process below shows the steps of fabricating OLED devices using 

the AJP. We suggest a flow for 3D printing of the structure as shown below (a-k):  

(a) The electron transport layer (ETL): Tris (8-hydroxyquinoline) aluminum (III) (Alq3). 

(b) Solvent for ETL: Dimethylformamide (DMF). 

(c) Mixing process: 20mg of ETL in 1mL of DMF, mixed in a beaker using ultrasonic for 

40 minutes at room temperature. 

(d) The hole transport layer (HTL): N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-

4,4′-diamine (NPD). 

(e) Solvent for HTL: Chloroform (CHCL3). 

(f) Mixing process: 20mg of HTL in 1mL of Chloroform, mixed in a beaker using 

ultrasonic for 1.5 - 2 hours at 30OC. 

(g) The ETL and HTL can be printed as one pass (layer ~1-2µm thickness) using the UA 

of the AJP with the following print parameters:  

(h) Trace Width: 72µm (0.07 Units).  

(i) Min Overlap: 40, Max Overlap: 60 (Join All Segments, Offset Outline, Auto Radius 

Fill (Radius: 0.005).  

(j) The nozzle size is 100µm. 

(k) Sintering: After printing each layer, the substrate will be sintered on a hot plate, we 

anticipate that the HTL solvent will be evaporating at 60OC if sintered for 30 minutes 

and the ETL solvent will be evaporating at 80OC if sintered for 30 minutes. 
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Material Thicknesses Targets for Proposed Design: 

• HTL = 60nm 

• ETL = 60nm 

• Al or Ag = 100nm 

We expect the device efficiency for the 3D printed OLED to be lower than the regular 

OLEDs that are fabricated with vacuum thermal evaporation (VTE) process. One factor that could 

be responsible for this effect is that the devices are fabricated in air, thereby causing some 

degradation of the device performance. We anticipate Alq3 which is the ETL material to emit light 

at 530nm wavelength, which is the green light visible spectrum. Figure 57 shows the proposed 3D 

printed OLED device structure. 

 
Figure 57 - Proposed 3D print OLED device structure  

6.2.4 Other Methods of Curing Silver Ink 

6.2.4.1 Flash Sintering using Microwave Radiation 

OLED organic material cannot be sintered beyond 150OC; doing so will degrade the 

heterojunction material which could lead to a nonfunctional device. Therefore, other techniques 
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have to be used in order to facilitate fast and selective heating of materials.  It has been shown that 

it is possible to create conductive printed features with microwave radiation within 3-4 minutes, 

with conductivity of 5% of the bulk silver value [134].  

For the inkjet-printed silver ink to be conductive, a thermal process (sintering) is required 

to remove the organic binder that is present around the ink NPs. In 2009, Perelaer et al. 

demonstrated that flash microwave sintering of inkjet-printed devices is doable. The process 

depends on antenna total area, pre-curing time and line geometry. Metallic probes were used to 

print silver ink lines on top of them and directly cured in an oven for 1-5 minutes at 110OC. This 

short thermal curing evaporated the ink solvents. 1 W microwave power was used to sinter metal 

antenna for 1 second, this time was sufficient to obtain silver ink conductivity. Initial resistance of 

the pre-cured ink lines plays a major role in the degree of sintering for short exposure periods. 

Moreover, if the line width is increased, this will enhance the initial conductivity due to the 

enhancement in energy absorption because of the surface area increase. Tracks showed 

conductivities of 10% to 34% of theoretical bulk silver value after microwave flash curing. These 

conductivities are higher than the ones achieved using conventional methods [135].  

Based on the work of Perelaer et al., one possibility is to print multiple silver ink squares 

(15mm x 15mm) with 1 layer (1-2m thickness) and sinter them using flash microwave concept 

with different time intervals and measure conductivity after each set interval, as a result, the 

interval that gives the best conductivity will be used for sintering the contacts of the OLED devices 

bearing in mind temperature of the device doesn’t exceed the organic material temperature 

threshold. This would require a new system that MSU does not presently possess and cannot be 

achieved through adapting a commercial kitchen appliance microwave oven which operates at 
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~1000X the power level and does not have precision timing control to the sub-second level for 

adjustment. 

6.2.4.2 Rapid Thermal Process  

Another method to cure silver ink at temperatures between 200OC to 975OC can be 

accomplished using RTP. Jetfirst 100 and 150 RTP which are available at University of Michigan 

- Lurie Nanofabrication Facility (LNF) and they are capable of carrying out the curing process. 

The Jetfirst RTP 100 and RTP 150 are equipped with table-top, lamp-heated RTP tools used 

for annealing, dopant and silicide drive-in and general thermal processing tools. The tools are 

planned with very low thermal mass in a cold chamber so rapid heating and cooling are possible 

through the chamber walls. The tools are built for heating up temperatures starting from 200°C up 

to 975°C with rise times up to 15°C/sec with short dwell times (<10-15mins) at maximum 

temperature. The chamber interior consists of a bank of halogen lamps that are fixated at a 100mm 

wafer.   The wafer is thermally isolated as its pins are mounted on glass to thermally isolate it from 

the walls of the chamber. Gas is introduced to the chamber through multiple small holes. 

Temperature is monitored using thermocouple that is connected to the wafer [136].  

The main issue with this method is the initial temperature of 200°C, which is higher than 

what the organic material can tolerate without being damaged. Working with other RTP vendors 

that have systems with initial temperature of 150°C or below could be a solution to the sintering 

problem.  

6.2.4.3 Modified Silver Ink using Poly Vinyl Acetate  

In 2020, a team from Huazhong University of Science and Technology led by Junjie Li, 

proposed PVAc  modified Ag complex ink that enhanced the foldability and conductivity of the 

https://lnf-wiki.eecs.umich.edu/wiki/Annealing
https://lnf-wiki.eecs.umich.edu/wiki/index.php?title=Dopant&action=edit&redlink=1
https://lnf-wiki.eecs.umich.edu/wiki/index.php?title=Silicide_drive-in&action=edit&redlink=1
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Ag patterns after quick sintering at low temperatures. The Ag-P complex ink was prepared by 

using the following materials [137]: 

• Silver oxalate as Ag precursor. 

• 1,2-Diaminopropane as complexing reagent. 

• Methanol as organic solvent. 

• Iso-propanol as organic solvent. 

• A small amount of PVAc as binding agent.  

Ag patterns were formed at low sintering temperatures of 140oC to 200oC within 2 minutes. 

Improvement in conductivity noticed after adding PVAc to the Ag patterns which resulted in better 

microstructure morphology, great density, higher smoothness and better uniformity. 5.17cm 

resistivity of the sintered pattern (Ag-P complex ink) was reached at 180oC. This value of 

resistivity is about 3 times higher than that of bulk Ag. Folding test didn’t affect the material 

conductivity which makes PVAc a good material for wearable devices. The measured conductivity 

of sintered Ag complex ink and sintered Ag-P complex ink at 200oC were 3.34x104S/cm and 

10.9x104 S/cm, respectively [137]. Following the ink recipes explained in [137] to prepare the ink 

solution, the ink can be loaded to the UA on the AJP and printed on glass substrate as 15mm x 

15mm square then sintered in a tubular furnace for 2 min in an ambient atmosphere. The tubular 

furnace needs to be preheated and stabilized to 150oC before sintering. This method can be applied 

to curing the silver ink contacts of OLED as well as the TPV contacts by maintaining a sintering 

temperature below 150oC. 
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GRAIN SIZE IMAGE ANALYSIS MEASUREMENTS - RAW DATA 

Data shown below represents the grain size measurements using NIH ImageJ software, 

average, standard deviation and S.E.M calculations for the 10 samples of silver ink that were 

inkjet-printed on glass substrate and cured using H3S system. 

1. Sample 1: 

 
Table 16 - Grain size measurement for 1-layer sintered at 35oC for 20 minutes - September 

2019 
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2. Sample 2: 

 
Table 17 - Grain size measurement for 1-layer sintered at 35oC for 20 minutes - after 

storage 
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3. Sample 3: 

 
Table 18 - Grain size measurement for sample 3 - after storage 

 
Table 19 - Average, standard deviation and S.E.M calculations for sample 3 
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(a) 

 
                 (b) 

Figure 58 - Sample 3 (a) Grain vs length (nm) (b) Processed image  
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4. Sample 4: 

 
Table 20 - Grain size measurement for sample 4 - after storage 

 
Table 21 - Average, standard deviation and S.E.M calculations for sample 4 
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(a) 

 
                 (b) 

Figure 59 - Sample 4 (a) Grain vs length (nm) (b) Processed image 
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5. Sample 5: 

  

Table 22 - Grain size measurement for sample 5 - after storage 

 
Table 23 - Average, standard deviation and S.E.M calculations for sample 5 
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(a) 

 
                 (b) 

Figure 60 - Sample 5 (a) Grain vs length (nm) (b) Processed image 
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6. Sample 6: 

 

Table 24 - Grain size measurement for sample 6 - after storage 

 
Table 25 - Average, standard deviation and S.E.M calculations for sample 6 
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(a) 

 
                 (b) 

Figure 61 - Sample 6 (a) Grain vs length (nm) (b) Processed image 
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7. Sample 7: 

 
Table 26 - Grain size measurement for sample 7 - after storage 
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Table 27 - Average, standard deviation and S.E.M calculations for sample 7 

 

 (a) 

 
                 (b) 

Figure 62 - Sample 7 (a) Grain vs length (nm) (b) Processed image 
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8. Sample 8: 

 
Table 28 - Grain size measurement for sample 8 - after storage 

 
Table 29 - Average, standard deviation and S.E.M calculations for sample 8 
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(a) 

 
                 (b) 

Figure 63 - Sample 8 (a) Grain vs length (nm) (b) Processed image 
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9. Post Curing and Post Storage Samples Summary: 

 
Table 30 - Samples post curing and post storage summary 
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