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ROBERT C. ROBERTS 
 

 
 

The field of microelectromechanical systems (MEMS) was born out of the 

integrated circuit (IC) industry by adapting semiconductor materials and their associated 

processing techniques to realize sensors and actuators which rely, in part, upon the 

mechanical characteristics of materials originally developed for their electrical properties. 

Unfortunately, semiconductor fabrication facilities can also act as a hindrance for MEMS 

development, as the per-unit cost of the methods and materials used are extremely high 

for small production volumes. Just as the original MEMS researchers found inspiration in 

the IC industry, one only needs to look at recent advances in printed electronics for 

potential opportunities in MEMS. Inkjet printing, due to its selective nature, represents 

one form of additive manufacturing with potential to enable microsystems manufacturing. 

The realization of microelectromechanical systems using additive inkjet printing requires 

a fundamentally different approach when compared to conventional subtractive 

microfabrication techniques. 

One promising precursor ink for the development of gold microsystems consists of 

hexanethiol-encapsulated gold nanoparticles (Au-NP) suspended in α-terpineol. This Au-



xix 

NP ink requires post-deposition thermal steps which drive off the organic encapsulant 

material, and subsequently sinters the nanoparticles into a coherent conductive gold film. 

This dissertation develops the techniques and processes required to fabricate sintered 

inkjet printed gold films suitable for microelectromechanical systems. 

A custom inkjet deposition system has been realized for the controlled patterning of 

Au-NP ink. The electrical and mechanical characteristics of printed gold films under 

varied sintering conditions are measured in order to gain insight to the appropriate 

sintering and deposition conditions necessary for printed microsystems.  To enable 

multilayer devices, an aerosol deposited dielectric is studied for use in printed MEMS 

applications. Sintered gold films can exhibit process-dependent properties as shown by 

measurements of the temperature coefficient of resistance (TCR) for different printed 

films.  A prototype jet-deposited gold microfabrication process is presented and 

demonstrated through the development of printed gold passive RF devices, demonstrating 

the viability of inkjet printed hexanethiol-encapsulated gold nanoparticle ink as a 

candidate precursor for gold microelectromechanical systems. 
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1. Inkjet Printing 

1.1 – Motivation: Why Printed MEMS?  
 

The field of microelectromechanical systems (MEMS) was born out the integrated 

circuit (IC) industry by adapting semiconductor materials and their associated processing 

techniques to realize sensors and actuators which rely, in part, upon the mechanical 

characteristics of materials originally developed for their electrical properties. The 

microfabrication techniques adapted by MEMS researchers greatly reduced the minimum 

repeatable feature size realizable for sensors and actuators, and offered the potential for 

the rapid scaling of manufacturing using semiconductor fabrication facilities. These 

attributes, among others, allowed for the creation of several disruptive technologies and 

the MEMS field had grown into a $6.9 billion industry by 2009 [1]. 

Unfortunately, semiconductor fabrication facilities can also act as a hindrance for 

MEMS development, as the per-unit cost of the methods and materials used are 

extremely high for small production volumes. As a result, only a handful of MEMS 

markets currently offer the demand necessary for cost effective commercialization, 

namely the automotive, cellular telecommunications, and video display industries. This 

hurdle poses a great challenge for MEMS practitioners, as it limits the number of 

potential markets, and necessitates high volumes to achieve profitability.  Therefore, 

alternative microfabrication techniques which can lower production costs are needed, as 

this will enable the commercialization of MEMS devices at smaller production volumes 

and open up many new opportunities. 

Just as the original MEMS researchers found inspiration in the IC industry, one only 

needs to look at recent advances in electronic manufacturing for potential opportunities in 
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MEMS. The field of printed electronics has emerged to greatly lower the production cost 

of electronics for lower performance applications such as displays and RFID tags [2, 3].  

Printed electronics are manufactured using one or more printing techniques (inkjet, 

screen printing, gravure, flexography, etc.) which selectively deposit conducting, 

insulating, and semiconducting materials onto a substrate into patterned structures and 

devices [4].  Furthermore, printing-based deposition is typically performed at ambient or 

mildly elevated temperatures, enabling the use of low-cost flexible polymeric substrates. 

These attributes of printed electronics greatly lower fabrication costs, making them 

highly attractive for many electronics applications. This is supported by the fact that the 

printed electronics field is rapidly expanding and is expected to grow from $200 million 

in 2010, to almost $2 billion by 2015 [5].  

Inkjet printing, due to its selective nature, represents one form of additive 

manufacturing. The term additive manufacturing refers to a manufacturing process or 

processes which selectively form raw material into a final product or component. In 

contrast, many traditional machining techniques are forms of subtractive manufacturing. 

With subtractive techniques, manufacturing begins from an oversized volume of bulk 

material and portions of the bulk are subsequently removed to form the final product. For 

complex products, 90% of the starting material may end up as waste, greatly increasing 

manufacturing costs [6].   

One popular additive manufacturing technique for macroscale mechanical 

components is fused deposition modeling (FDM) which sequentially fuses patterned 

molten polymer layers together to form three dimensional structures [7]. This technique 

is commonly referred to as rapid prototyping or 3-D printing, as it allows a user to 
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quickly go from computerized design file to completed mechanical component. Another 

technique, selective laser sintering (SLS) can be used to directly form metal and ceramic 

structures from a computer model by successively sintering patterned layers together 

from a precursor material via laser [8]. With both techniques, the raw material used in 

manufacturing is minimized, reducing associated material costs. Further, as products are 

manufactured directly from a computer model, designs can be rapidly customized to meet 

evolving market needs without expensive retooling [6]. 

Recently, there has been keen interest in the United States to revitalize its 

manufacturing capabilities in order to remain competitive globally. As a result, The 

President’s Council of Advisors on Science and Technology (PCAST) has issued a report 

recommending this be accomplished though innovations in advanced manufacturing, 

which they define as [9]: 

…a family of activities that (a) depend on the use and coordination of information, 

automation, computation, software, sensing, and networking, and/or (b) make use 

of cutting edge materials and emerging capabilities enabled by the physical and 

biological sciences, for example nanotechnology, chemistry, and biology. This 

involves both new ways to manufacture existing products, and especially the 

manufacture of new products emerging from new advanced technologies. 

The recommendation from PCAST squarely places additive manufacturing as an 

attractive potential paradigm to ensure future manufacturing innovation in the United 

States. Further refinement and maturation of technologies such as selective laser sintering 

and fused deposition modeling will create new manufacturing capabilities with the 

potential to reduce costs and increase manufacturing agility for macroscale mechanical 
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products.  

While the field of microelectromechanical systems currently enjoys a more than $6.9 

billion market using conventional techniques, manufacturing costs have driven many 

facilities overseas. Just as there is a need to pursue innovation in advanced manufacturing 

for mechanical components, alternative microfabrication technologies should be 

developed to reduce costs and increase agility to ensure domestic relevance in the 

manufacturing of MEMS.  Therefore, the advancement of inkjet printed fabrication for 

microelectromechanical systems is a prime opportunity to ensure further manufacturing 

innovation in the United States.  

Just as the traditional MEMS designers took inspiration from the materials and 

techniques developed for the IC industry, the field of printed MEMS needs only to 

examine the growing area of printed electronics [10]. The emerging materials and 

processes from the printed electronics industry offer great potential for MEMS to 

similarly lower cost. Many MEMS devices rely solely upon surface micromachining, 

depreciating the importance of the substrate, making them well suited for migration over 

to an inkjet printed manufacturing scheme. Furthermore, as printed electronic devices 

continue to grow in popularity and complexity, so will the need for compatible sensors 

and actuators in order to meet consumer demand for low-cost complex electronic systems.  

Just as required by conventional MEMS, in order to realize printed microfabricated 

devices as a viable advanced additive manufacturing technology, further study of the 

electromechanical properties of printed electronic materials is necessary to enable viable 

printed MEMS design and fabrication. 
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1.2 – Subtractive versus Additive Manufacturing for MEMS  
 

The realization of microelectromechanical systems using additive inkjet printing 

requires a fundamentally different approach when compared to conventional subtractive 

microfabrication techniques. Conventional MEMS microfabrication uses processes such 

as sputtering, chemical vapor deposition (CVD), and oxidation to form a conformal layer 

of material onto a substrate [11, 12]. A masking material is then applied onto the 

conformal layer and patterned using lithography. Next, the masked substrate is exposed 

to either a dry or wet chemical etchant, which selectively removes any material not 

protected by the masking layer.  The masking material is then removed as the process is 

repeated for successive layers of material. Figure 1 illustrates the cross-sectional view of 

a simple MEMS cantilever structure fabricated using both conventional subtractive 

methods and additive inkjet printing to demonstrate the stark contrast between the two 

manufacturing paradigms.  

With conventional manufacturing, a conformal sacrificial material (red) is 

deposited onto a substrate and then a masking material (blue) is lithographically patterned 

onto it.  The sacrificial material is then etched, removing any material not protected by 

the mask. After etching, the mask is removed and the process repeats for a second device 

layer (gold). Here, a second mask is required to apply a different pattern before the 

device layer is etched.  Once the device layer is patterned, the second mask is also 

removed from the device.   Finally, the sacrificial layer is etched away yielding a 

conventionally microfabricated cantilever beam. This subtractive process requires nine 

process steps and two lithographic masks. A cantilever-based hydrogen gas sensor 

fabricated using conventional micromachining techniques is detailed in Appendix A. 
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Figure 1 - Subtractive versus Additive manufacturing: Prototype MEMS cantilever 

process flow. 
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device layer material (black) is selectively deposited onto the substrate.   This material 

must also be processed (black  gold) to render desirable material properties.  Finally, 

the patterned sacrificial material is etched away to yield an inkjet-printed cantilever 

structure.  As inkjet printing is entirely digitally computer controlled, no lithographic 

masks are required during manufacturing. Figure 1 also demonstrates that vastly different 

precursor materials may be needed to build printed microfabricated structures. The 

success of inkjet printing as a microfabrication technology hinges, in part, on the 

formulation of jettable inks which can be transformed into usable electrical and 

mechanical materials. Before exploring candidate inks for microfabrication, however, it 

is important to understand the inkjet printing process in more detail. 

 

1.3 – Inkjet Printing Basics  
 

For the purposes of this document, the generic term inkjet printing refers specifically 

to drop-on-demand inkjet printing technology. Drop-on-demand printing offers many 

advantages over competing printing techniques as an ink droplet is only generated when 

needed for deposition. This results in far less wasted ink and allows for motion 

synchronized droplet deposition, desirable traits for developing microfabricated devices.  

In inkjet printing an ink is dispensed from a print head, which contains one or more 

print nozzles, each individually computer controlled to dispense an ink droplet on 

command. The print head is typically mounted onto some form of robotic motion stage, 

enabling the printing of patterned structures. For large substrates, such as paper, the print 

head is often made to raster scan across the substrate while the substrate feeds underneath 

the print head. A simpler approach suitable for small substrates is to fix the print head 

while moving the substrate underneath. This fixed approach is used herein, as it greatly 
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simplifies operation. 

There are two types of drop-on-demand inkjet print heads found commercially; 

thermal and piezoelectric [13]. Thermal inkjet utilizes a brief thermal spike which causes 

a portion of the ink solvent to vaporize, generating a bubble which ejects ink out of an 

adjacent nozzle.  While lower cost, thermal inkjet heads offer less control over droplet 

ejection, and expose the ink to repeated thermal spikes, making them undesirable for 

temperature sensitive nanoparticle based inks. 

On the other hand, piezoelectric inkjet heads eject ink by applying a voltage to a 

piezoelectric material, which typically deforms the ink channel, forcing said ink out of 

the nozzle.   This method is preferable for our application for two reasons. First, the ink 

does not experience heating, which could degrade the nanoparticles and cause nozzle 

clogging. Second, complex voltage waveforms can be applied to the piezoelectric 

material, giving far greater control of ink ejection, resulting in higher quality droplet 

ejection [14]. A piezoelectric print head is used in this work, and is detailed in Chapter 3. 

 
1.4 – Central Hypothesis  
 

A precursor ink consisting of hexanethiol-encapsulated gold nanoparticles (Au-NPs) 

suspended in α-terpineol has been identified from the printed electronics literature as a 

candidate printed gold MEMS structural material. This Au-NP ink requires post-

deposition thermal steps which drive off the organic encapsulant, and subsequently 

sinters the nanoparticles into a conductive gold film. This dissertation develops the 

techniques and processes required to form this Au-NP precursor ink into gold films 

suitable for microelectromechanical systems development. While thin-film printed 

structures using this Au-NP ink have been demonstrated in the literature as conductors 
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for electronics, no research has been found on the process conditions required to yield 

continuous gold films with suitable electrical and mechanical characteristics for 

microfabricated sensors and actuators. It is hypothesized that the physical and mechanical 

properties of the Au-NP based gold films are dependent on the post-deposition thermal 

steps, and that care must be taken to yield structurally reliable and repeatable gold films 

for MEMS. Therefore, it is necessary to develop suitable deposition and sintering 

parameters for hexanethiol-encapsulated gold nanoparticle inks which yield coherent 

gold films suitable for printed microsystems.  

This will be accomplished by first synthesizing the Au-NP ink and building a suitable 

inkjet deposition system. After finding stable jetting parameters, the electrical and 

mechanical characteristics of gold films formed under varied sintering conditions will be 

measured and compared in order to gain insight to the appropriate sintering and 

deposition conditions necessary for printed microsystems.  A complementary dielectric 

material must be identified and developed to complement the gold film. Compatibility 

with the Au-NP sintering process must be demonstrated as this material will enable 

multiple the isolated metal layers often required in MEMS. Finally, a prototype 

hexanethiol-encapsulated gold nanoparticle inkjet microfabrication process must be 

developed and demonstrated through the realization of functional printed microsystems, 

to validate the suitability of the sintered gold films towards, and enable future 

development of inkjet-printed gold microelectromechanical systems. 

 
1.5 – Organization of Document 
 

The remainder of this document is organized to guide the reader through the many 

aspects of inkjet printed gold microsystems explored in this research. Chapter 2 first 
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provides a literature review of relevant topics to contextualize this work and identify the 

current state of the art. Chapter 3 then introduces the hexanethiol gold nanoparticle ink 

and custom inkjet deposition system developed for this work, along with the process 

development performed to enable stable jet printing of the Au-NP formulation. A novel 

aerosol-based high-temperature enamel is introduced in Chapter 4 for use as a structural 

dielectric material and to act as substrate pretreatment for printed metal MEMS. Chapter 

5 explores the sintering of hexanethiol gold inks and examines the electrical and physical 

characteristics of the resulting gold films as they related to sintering conditions. Sintered 

gold films on Corning 0215 glass were found to be interesting microstructures and the 

temperature coefficient of resistance (TCR) of this film is explored in Chapter 6 toward 

printed gold temperature sensors. Now that suitable process conditions have been 

identified to enable printed gold microstructures on enamel, Chapter 7 presents a 

prototype printed gold MEMS fabrication process using shadow-masked aerosol 

dielectric layers. This fabrication process is demonstrated through the realization of 

passive radio frequency (RF) components towards more complex microelectromechanical 

systems.    Finally, Chapter 8 gives concluding comments on this work and lays out 

future work which should be performed to advance the area of inkjet-printed 

microelectromechanical systems. 
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2. Review of the Literature 

This chapter presents a literature survey on the two important topics with 

relevance to this dissertation.  A survey of the small but growing field of inkjet printed 

MEMS is presented to show the state of the art in printed MEMS process techniques. 

Next, the published literature pertaining to alkanethiol-encapsulated gold nanoparticles as 

they pertain to use as an ink for electronic or electromechanical structures is examined to 

contextualize the current understanding of the process techniques and resulting material 

properties of the resulting gold films.  

 

2.1 – Inkjet Printed MEMS 
 

To date, most inkjet-printed microstructures are simple polymeric [1, 2] or metal [3] 

arrays for use in manufacturing of larger components. The inkjet printing of solder 

droplets has been developed for microelectronic manufacturing [4]. Inkjet printing is 

popular for the deposition of functional materials and has been used to realize solid state 

sensors such as aqueous ammonia sensors [5], or gold chemiresistors [6]. 

 The vast majority of more complex inkjet-patterned microfabricated metal structures 

are for conductors in printed electronics such as the work performed by C.M. Hong at 

Princeton, who developed a copper nanoparticle deposition process [7,8,9]. Silver has 

been studied extensively for printed electronics [10, 11], and its use has been 

incorporated in polymer MEMS switches [12]. Gold has recently proven popular for 

metal patterning of printed conductors, such as the work to build all-printed RFID tags by 

Subramanian et al; this will be expanded upon in the next section [13]. 

Fuller et al. first demonstrated the concept of inkjet-printed metal MEMS when they 
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used colloidal gold and silver inks to fabricate a variety of microfabricated structures in 

2002 [14]. They deposited their metals at 300ºC and used poly-methyl-methacrylate 

(PMMA) as a sacrificial material, and a polyketone resin as an insulator. Using these 

materials they demonstrated a planar resonant inductive coil, and an electrostatic drive 

motor. The first inkjet printed MEMS actuators were presented in the form of both 

vertical and horizontal gold “heatuators” which deformed as current passed through them. 

More recently, Lam, et al. have demonstrated cantilevers and a pinwheel 

accelerometer proof mass using inkjet-printed colloidal silver ink and a laser trimming 

process [15]. In their work, they performed point-force deflection measurements of their 

microcantilevers using a Tencor P-10 profilometer to extract the Young’s modulus using 

both a PMMA sacrificial material [15], and an amorphous silicon sacrificial layer [16].  

Cruz et al. have also reported development of a hot wire anemometer fabricated using 

inkjet-printed nanoparticle ink with a minimum line width of 100µm [17]. Silver 

nanoparticle-based ink has also be used by Duoss et al. in the fabrication of wire bonds 

and 3D antennas with 10µm resolution using a micro-extrusion-based “direct write” 

process [18].  

The use of alkanethiol-encapsulated gold inks for microfabrication has also been 

reported. Demko et al. have used gold nanoparticle ink to form high resolution, high 

aspect ratio microstructures via micromolding techniques [19].  Also, inkjet printing of 

hexanethiol-encapsulated gold nanoparticles to form high aspect structures has been 

demonstrated by Ko et al. [20]. In this work, out-of-plane pillars and bridges were 

formed by repeatedly printing in one location to slowly accumulate a material, much like 

stalagmite formation in geology. 
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As this survey shows, there is a great deal of opportunity in the advancement of inkjet 

printed metal MEMS. Current work is at the fundamental level, producing basic 

structures in order to gain the necessary processing expertise to produce more complex 

geometries. Work by Lam et al. is focusing on developing silver nanoparticles for 

microfabrication, making it complimentary to the work proposed herein. In the next 

section, a survey of thiol-encapsulated gold nanoparticles is presented to examine what 

has been done with this material previously. 

 

2.2 – Thiol-Encapsulated Gold Nanoparticles  

 

Thiol-encapsulated gold nanoparticles have proven very popular for a variety of 

applications, especially in the areas of medicine and biology where they have been used 

as fluorescent biological markers for applications such as protein detection [21]. This is 

due to the fact that Au-NPs do not oxidize, can be synthesized with a controlled size, as 

explored by Maye et al. [22], and are encapsulated with a thiol group monolayer. This 

organic thiol group can then be functionalized in order to perform specific functions, and 

enables the gold to be made into colloidal suspensions [23]. Two interesting biological 

applications of gold nanoparticles include contrast enhancement for magnetic resonance 

imaging [24], and for destroying tumors via hyperthermia [25].  

Thiol-encapsulated gold nanoparticles also enable gold to sinter well below the 

melting point of bulk gold [26], making it an attractive material for inkjet printing. While 

several techniques exist to synthesize gold nanoparticles [21], Hostetler et al. 

demonstrated the synthesis process which has proven popular for thiol-encapsulated gold 

nanoparticles used for printed electronics [27]. 
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As mentioned previously, Fuller et al. demonstrated the use of thiol-encapsulated Au-

NPs to form proof-of-concept MEMS structures [14]. More recently, the use of thiol-

encapsulated gold nanoparticles has been of great interest from Vivek Subramanian’s 

group at the University of California at Berkeley, as part of their efforts to develop ultra-

low-cost electronics and RFID tags [13, 28]. Molesa et al. developed a custom inkjet 

printer system and synthesized alkyd thiol-encapsulated gold nanoparticle ink using 

toluene and α-terpineol solvents [29]. Toluene has a higher volatility, enabling smaller 

feature sizes, but also results in potential nozzle clogging issues. Work with the Au-NP 

ink was quickly refined as Huang et al. reported on the sintering conditions required to 

turn gold nanoparticles with a variety of thiol groups in air and dry nitrogen into 

conductive gold thin films for printed electronics and RFID applications [30]. This work 

focuses only on very thin films suitable for conductive electronics. Soltman et al. studied 

the inkjet printing deposition parameters in order to realize smooth lines for printed 

electronics using the Au-NP ink [31]. Redinger et al. then used the gold nanoparticle ink 

to realize printed RFID tags using polyimide dielectric [32]. In their efforts they have 

found that printed gold is not as conductive as bulk gold, and have explored printing 

copper and silver nanoparticles as an alternative to gold to lower sheet resistance [33]. In 

an effort to lower the sheet resistance, Chung et al. explored the resistivity of gold metal 

films using a laser sintering process [34]. 

Gold pillars and bridges have been demonstrated using hexanethiol-encapsulated Au-

NP ink [20]. The use of microfluidic molding techniques by Demko et al. [19] allows for 

high fidelity fabrication, but concern has been expressed that there are sintering issues 

with the high aspect ratios structures, as a gold film forms on the outside of the structure 
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first, preventing the sublimation of all organic material at the core [35]. 

While the conductivity of gold films printed from hexanethiol-encapsulated gold 

nanoparticle films has been reported previously [14, 19, 30, 34], this research has 

primarily focused on thin films for printed electronics applications. No instances of the 

mechanical properties of inkjet-printed gold films were found in the literature. As the 

mechanical properties of a material are of great importance for MEMS fabrication, this 

presents an important area of study in order to advance the field of inkjet printed MEMS 

using alkanethiol-encapsulated gold nanoparticle ink. 
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3. Jet Printed Gold Nanoparticle  Ink 

 

This chapter details the necessary materials, tools, and processes to realize gold 

nanoparticle films patterned via inkjet printing.   First, a background on hexanethiol-

encapsulated gold ink is presented and ink synthesis described. Next, the custom inkjet 

deposition system built for this work is detailed. Finally, process development to 

determine suitable jetting and motion parameters is presented which yield patterned jet-

printed gold nanoparticle lines usable for microsystems development.  Chapter 5 will 

extend this work to explore the post-deposition techniques required to yield gold films 

suitable for printed microsystems.  

 
3.1 – Gold Nanoparticle Ink Formulation 

 

The key technology which enables low-temperature printed metal 

micromachining is the presence of metal-bearing liquid precursors (i.e. metal inks) 

suitable for jet deposition. Metal ink development is an active area of research seeking to 

produce low-cost conductors for applications such as organic electronics [1]. Unlike 

conventional metal deposition techniques, which deposit the desired material directly 

onto the surface, many metal inks are based on metal nanoparticles encapsulated with an 

organic modifier. The organic modifier is necessary to enable nanoparticle solubility in a 

carrier solvent for deposition. For printed electronics, material cost and film resistivity 

are critical parameters, so both copper (Cu) and silver (Ag) inks have been studied due to 

their favorable electronic properties [2,3,4].  The most popular metal ink found in the 

literature is silver nanoparticle based, as it is commercially available from manufacturers 

including the Cabot Corporation [5]. For MEMS, one drawback of copper and silver is 
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that these materials readily oxidize, affecting device performance [6]. Further, the use of 

a metal ink which forms a stable oxide may require more post-deposition processing 

steps to yield a highly-conductive metal film [7]. 

Gold (Au) is an attractive metal for MEMS fabrication as it does not oxidize 

under ambient conditions [8]. Therefore, developing a gold ink for printed MEMS 

deposition is of great interest. Alkanethiol-encapsulated gold nanoparticles are an 

attractive material for use as gold inks currently under development for printed 

electronics [9, 10, 11]. Alkanethiol ligands form an organic self-assembled monolayer 

(SAM) around a gold core in order to enable formation of a stable colloidal suspension in 

a carrier solvent. Further, changing the synthesis concentration and molecular length of 

the alkanethiol SAM has been shown to change nanoparticle size and metal sintering 

temperature [12]. These parameters are important for tuning the ink to enable proper 

inkjet dispensing. 

Due to the large surface area to volume ratio, gold nanoparticles sinter at 

temperatures well below that the melting point of bulk gold [13], and have been shown to 

sinter below 200ºC for hexanethiol-encapsulated nanoparticles [12]. This low sintering 

temperature, coupled with the lack of a metal oxide to complicate processing, makes 

alkanethiol-encapsulated gold nanoparticles attractive for printing gold microstructures. 

However, to realize the continuous gold film, post-deposition steps are required to 

drive off solvents, decompose encapsulating organics, and sinter the gold nanoparticles 

together. For alkanethiol-encapsulated gold nanoparticles, this post-processing can be 

accomplished simply by heating the deposited ink in air as shown in Figure 2 and 

described below.   
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Figure 2 – Gold Ink Curing Process:  solvent (blue), alkanethiol-encapsulate (black). 

 

First, (Step A) the alkanethiol-encapsulated gold nanoparticles are suspended in a 

carrier solvent and inkjet deposited onto a substrate. If possible, the substrate is heated 

below the sintering temperature of the nanoparticles to aid in solvent evaporation. Next, 

(Step B) the carrier solvent is allowed to evaporate, leaving only the encapsulated gold 

nanoparticles. The temperature is increased (Step C), causing the alkanethiol-

encapsulated SAM to sublimate. Finally (Step D), once the SAM has sublimated, the gold 

nanoparticles sinter together into a continuous gold film. In the literature, this sintering 

process is typically measured visually or by a large decrease in film resistance [14]. Once 

this change occurs, sintering is then stopped. Visually, the printed film transforms from 

black in color to gold in color as the organic SAMs sublimate.  This visual change has 

been shown to correspond to a rapid decrease in film resistance as the gold nanoparticles 

come into contact and sinter into a more coherent microstructure [15]. Observing this 

process, it becomes apparent that sintering conditions will have an influence on the 

properties of the resulting gold film. The influence these sintering conditions play on the 

resulting gold films is presented in Chapter 5.  

 
3.2 – Gold Nanoparticle Ink Synthesis 
 

A previously selected gold ink formulation was selected to minimize chemistry 

process development. Gold nanoparticles encapsulated with hexanethiol ligands have 
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been used in the literature for inkjet printed electronics and exhibit favorable jetting 

performance and sintering temperatures of 200ºC or better [1, 10, 14, 15, 16]. These 

nanoparticles are then suspended in a heavy alcohol, α-terpineol, to form a precursor ink. 

α-terpineol is desirable as a solvent due to its low volatility which helps prevent inkjet 

nozzle clogging during deposition. Published gold ink recipes suspend hexanethiol gold 

nanoparticles to a concentration of 10-15% by weight ratio in α-terpineol to form a 

jettable ink [14, 15, 16]. 

Hexanethiol-encapsulated gold nanoparticles have been successfully synthesized 

using the two-phase Brust synthesis [17] as described by Huang et al., with one minor 

addition [12]. After drying the nanoparticles in a rotary evaporator and suspending them 

in ethanol, the solution was placed in a freezer overnight to allow the nanoparticles to 

agglomerate in order to increase yield during the final drying step.  Without this step, it 

was not possible to extract the gold nanoparticles from solution using the prescribed 

vacuum filtering method.  A complete nanoparticle synthesis description is found in 

Appendix B.  All precursors chemicals used were laboratory grade or better. Aside from 

the gold source, hydrogen tetrachloroaurate(III) hydrate (99.9% pure, Strem Chemicals, 

Newburyport, MA), precursors were sourced from Acros Organics and consisted of 1-

hexanethiol (97%), tetraoctylammonium bromide (98%), and sodium borohydride (98%).   

All solvents used during this research were sourced from Fisher Scientific. Once dried 

using vacuum filtration, the gold nanoparticles were immediately suspended in α-

terpineol (97%+ Acros Organics) by weight in an air-tight container to form the precursor 

ink. The container was agitated vigorously for 5 minutes to ensure that all nanoparticles 

were suspended in solvent before each use. Initial studies with a 60µm diameter nozzle 
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was used with 10% by weight nanoparticle inks, but this was increased to 15% by weight 

to improve printing performance with the 30µm nozzle, to improve resolution, used for 

the majority of this research.  Work using 10% by weight nanoparticle ink is summarized 

in the literature [18]..   An image of the hexanethiol-encapsulated gold nanoparticle ink 

used in this work is shown in Figure 3. 

 

 

Figure 3 - Synthesized gold nanoparticle ink used in this work. 

 

3.3 - A Prototype Research Inkjet Deposition System  
 

Once a promising metal ink had been identified for the development of inkjet printed 

microelectromechanical systems, a complementary deposition system was needed for 

process development. Commercially available consumer-grade inkjet printers are not well 

suited for this work for many reasons. The inkjet heads have high variability and are 

constructed with low-cost materials suitable for the water-based inks used for document 

printing. These materials do not stand up to the harsh solvents used for metal nanoparticle 

ink development.  Further, the motion systems are designed for low cost and typically 

raster scan the inkjet head across the substrate as the substrate is fed by rollers. This 
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results in reduced motion repeatability and higher droplet placement errors. Additionally, 

the consumer inkjet printer industry has developed a business model where the printer is 

sold at a subsidized cost and profit is made from the sale of ink.  As a result, at least one 

manufacturer (Epson), has built-in protections against the use of “counterfeit” ink, such 

as those used for this work. These limitations make the use of a consumer-grade inkjet 

printer infeasible, so a custom inkjet deposition system was developed for this work. 

To simplify the design, an X-Y motion stage was selected with a laterally fixed 

deposition head.  This enables stationary optics to be used and simplifies wire/tubing 

routing during development. The deposition system used in this work was built with the 

following attributes which are further detailed in the following sections. 

 Three axis motion system with sufficient travel to handle an 100mm wafer with a 

resolution of 5µm 

 Ability to heat the substrate platen and ink reservoir 

 Camera for observing ink droplets. 

 Resilient low-dead volume ink reservoir to minimize ink waste. 

 Full control over all print head and motion parameters for maximum flexibility. 

 Compact footprint for enclosure in a glove-box or other environmental chamber 

The custom inkjet deposition system has been constructed for this work and is shown in 

Figure 4.  The system can be decomposed into two major components: the motion system, 

and the deposition system.  The next sections will now detail these components of the 

inkjet deposition system used throughout this research for the development of jet-printed 

gold microelectromechanical systems. 
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Figure 4 - Custom inkjet deposition system to be used in this research. 

 
3.3.1 - Motion System Overview 
 

The motion system is constructed from a heavily-modified Wentworth AWP1050 

automatic wafer probe station due to its attributes and ready availability. This system 

provides a 6-inch diameter vacuum chuck on an X-Y motion stage with six inches of 

travel on each axis.  The use of a motion control system designed for microelectronics 

ensures that all mechanical tolerances are suitable for micromachining purposes.  Further, 

the rigid microscope mount of the system provides an ideal location to affix the print 

head to the system. The compact footprint of the AWP1050 is desirable for this 

application as the system can be placed in a fume hood to provide ventilation when using 

potentially harmful solvents and inks.  
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Motion Control Configuration 

While the Wentworth AWP1050 provides an excellent base as a research-grade 

motion system for inkjet deposition, three key modifications were performed to further 

enhance its capabilities for this work. First, the stock stepper motor drivers have been 

removed and replaced with modern microstepping motor drivers (Part: IM483-PB1, 

Intelligent Motion Systems, Inc) in order to increase the motion resolution of the system 

to ±5µm. Second, a high-resolution Z-axis was added to the microscope mount to provide 

automated print head placement during operation.  The Z-axis allows for precise control 

of the print head-to-substrate distance during printing and also allows the system to 

rapidly move the print head away from the hot platen after operation. An Aerotech, Inc 

linear stage (Model: ATS-302M) was selected for this task and mounted vertically using 

a commercial adapter (Aerotech HDT3M) to provide a Z-axis resolution of 1µm or better. 

Finally, the control system of the AWP1050 was removed and the stepper drivers were 

connected directly to a Linux control PC via the parallel port to enable complex motion 

control. 

Heated Platen 

One critical capability of a research-grade inkjet deposition system is to provide 

temperature regulation of the vacuum platen for samples. The ability to heat substrates 

and hold them at an elevated temperature is important in order to control print resolution 

by evaporating carrier solvents at an increased rate. Unfortunately, the stock vacuum 

platen provided on the AWP1050 is an unheated anodized aluminum plate, so 

modification was required.  

The stock platen was removed and a T-type thermocouple (Omega Engineering Inc.) 
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was embedded into the aluminum platen to provide temperature feedback. A four inch 

diameter polyimide heater (Part: KHR-4/5-P, Omega Engineering Inc.) was then affixed 

to the bottom of the platen using the included pressure sensitive adhesive. A PID 

temperature controller (Part: PXR3, Fuji Electric) was then connected between the heater 

and the thermocouple to provide closed-loop control. The temperature controller was 

tuned and provides substrate heating up to 150ºC with a variation of ±3ºC.  The 

maximum platen temperature is limited by the pressure sensitive adhesive supplied with 

the heating element for mounting. 

Motion Control Software 

The final piece of the motion control system is the software to translate digital 

geometry files into coordinated motion. A commercially available solution was sought to 

minimize development time. A free software package, the Enhanced Machine Controller 

(EMC2), was identified and utilized in this work. EMC2 is an open-source machine 

control program originally developed by the National Institute of Standards and 

Technology (NIST) for driving computer numerically controlled (CNC) machining 

equipment such as milling machines, drill presses, and lathes [19]. The EMC2 software 

package reads in a digital path file written using G-Code commands, an industry standard, 

and translates the commands into corresponding motion paths. EMC2 was selected for 

this purpose as existing CNC software tool paths exist which can take a 3-D CAD model 

and generate an appropriate G-Code file for manufacturing. The use of EMC2 allows for 

rapid modifications to the motion system to accommodate the inkjet print heads, and 

provide simple motion path generation.  A screenshot of EMC2 graphical user interface is 

shown in Figure 5. The interface gives the user manual control over all aspects of the 
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system and provides a real-time graphical representation of the file as it is executed, both 

highly desirable features for development applications. 

 

Figure 5 - Screenshot of the EMC2 User Interface 

 
 

3.3.2 –Custom Jet Deposition System 
 

The drop-on-demand inkjet print nozzles selected for this work are a commercially 

available piezoelectric system from MicroFab Technologies, Inc. in Plano, TX. The print 

nozzle is constructed from a borosilicate glass capillary tube, which is drawn to a point 

and back-polished to the desired nozzle diameter. Initial studies used a 60μm diameter 

nozzle (Model: MJ-AL-01-060), while a majority of work was performed using a 30μm 

diameter nozzle (Model: MJ-AL-01-030) to achieve smaller minimum features. An 

annular lead zirconate titanate (PZT) piezoelectric crystal is adhered to the glass capillary 

and then the nozzle is mounted into a stainless steel housing which interfaces to an ink 

reservoir via a Luer Lock fitting. A mesh filter (5.0μm pore size) is installed between the 

nozzle and Luer Lock fitting to minimize nozzle clogging. The use of a Luer Lock fitting 

enables a small medical-grade syringe to be used as an ink reservoir, creating small dead 
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volumes and enabling the use of harsh solvents for deposition. The print nozzle and ink 

reservoir then mount in a heated aluminum enclosure forming the print head. Air pressure 

and vacuum are plumbed to the ink reservoir to facilitate unclogging of the print nozzle 

and to control the ink meniscus shape. The print head was mounted onto the Z-Axis of 

the motion system along with a video camera to enable real-time print nozzle monitoring 

during all phases of operation as shown in Figure 6. The print nozzle is driven by a 

piezoelectric waveform generator and amplifier (Jetdrive
TM

 III, MicroFab Technologies) 

which is controlled via computer over an RS-232 serial connection. 

 

Figure 6 - Placement details of important deposition subcomponents. 

 

Stroboscopic Camera System 

A digital video camera (Sentech STC-400HOL) and LED light source are mounted 

orthogonal to the print nozzle with a 200mm focal distance, enabling real-time 

monitoring the print nozzle during deposition as demonstrated in Figure 7. High-speed 

imaging is achieved by pulsing, or strobing, the LED backlight with a controlled delayed 

from the droplet triggering pulse. The delayed illumination captures the droplet state at 

that time after initiation of droplet formation. The camera is of critical importance for 

development as ink jetting size, velocity, and stability can be monitored in an effort to 

optimize the print nozzle drive waveforms. Further, the camera enables the detection of 
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ink clogs in real-time and facilitates nozzle cleaning. The camera system is directly 

interfaced with the print nozzle control software. 

 

Figure 7 – Stroboscopic camera image showing droplet formation and flight. 

 

Print Nozzle Control Software 

MicroFab Technologies produces their JetServer
TM

 software to complement their 

drop-on-demand print heads and waveform generator.  JetServer
TM

 provides full control 

over the drive waveform shape and repetition rate through a single convenient graphical 

user interface as illustrated in Figure 8. The software supports three types of drive 

waveforms: bipolar, sinusoidal, and arbitrary.  

The software interfaces with the stroboscopic camera to provide two important 

functionalities.  The first is the ability to sweep the strobe LED delay for the camera 

strobe in order to visualize droplet development and trajectory on the camera. This is 

important for identifying suitable drive parameters for fluid jetting. Additionally, the 

JetServer
TM

 software interfaces with the third party Aphelion
TM

 image processing 

software package to quantify droplet size, trajectory, and velocity from stroboscopic 

camera images.  These parameters are critical to assess the resolution and stability of the 
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jetted droplet, respectively.    

 
 

Figure 8 - MicroFab JetServer
TM

 Graphical User Interface 

   

The JetServer
TM

 software package also allows the user to either use an internal or 

external electrical triggering pulse, where a user selectable number of droplets can be 

ejected for each trigger event. The external trigger accepts a 5V TTL signal from EMC2 

the enable coordinated motion and deposition operations. 

 

3.4- Stable Jetting of Hexanethiol Gold Nanoparticle Ink  
 

Process development was performed to establish stable droplet generation of 

hexanethiol-encapsulated gold nanoparticles suspended in α-terpineol. These jetting 

parameters have been studied extensively and depend upon the geometry of the nozzle 

and ink properties including viscosity, surface tension, and acoustic velocity [20, 21, 22]. 

 A bipolar drive waveform is commonly employed for droplet generation and was 

selected for jetting development [23].  This type of drive waveform consists of a positive 

voltage pulse to eject a droplet, followed by a negative voltage pulse to cancel out 
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residual pressure waves in the inkjet nozzle to prevent the formation of secondary 

“satellite” droplets [24, 25]. The formation of satellite droplets results in ink deposition at 

undesired locations, a phenomenon detrimental for the implementation of printed 

microsystems. 

 

Figure 9 - Prototypical bipolar drive waveform for a piezoelectric print nozzle 

 

A prototype bipolar voltage waveform used to drive a Microfab piezoelectric print 

nozzle is shown in Figure 9. During trise, a positive voltage is applied to the PZT crystal 

causing it to expand, which generates a pressure wave in the ink inside the nozzle cavity.  

This voltage is maintained for time tdwell to allow the pressure wave to propagate through 

the nozzle.   The voltage is then decreased over time tfall, which contracts the print nozzle, 

ejecting a droplet of ink. In this bipolar configuration, the voltage swings negative during 

tfall, and the nozzle is held in a contracted state for time techo, before returning to the 

starting position during time tfrise.  As mentioned previously, this echo pulse is used to 

cancel out pressure waves in the inkjet nozzle to counteract satellite formation. Table 1 

trise tdwell tfall techo tfrise 

V0 

V1 

V2 

Time 
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details the waveform parameters used in this work which were found to generate a stable 

stream of consistent ink droplets.  Waveform generation was performed at a 1 kHz rate to 

allow easy drop visualization and this droplet generation rate was reduced to 20 Hz 

during operation. 

Table 1 - Au-NP Ink Jetting Parameters 

Parameter 
60μm nozzle, 

10%wt Au-NP ink 

30μm nozzle 

15%wt Au-NP ink 

V0 0 V 0 V 

trise 5 μs 2 μs 

tdwell 24 μs 5 μs 

V1 15 V 30 V 

tfall 24 μs 2 μs 

techo 24 μs 5 μs 

V2 -15 V -30 V 

tfrise 5 μs 2μs 

Tmax 40°C 35°C 

rate 1kHz, 20Hz 1kHz, 20Hz 

 

One important parameter to characterize for these deposition parameters is the 

maximum temperature the ink can reach before stable droplet jetting ceases. As the 

deposition system utilizes a heated substrate platen capable of 140°C, the print head will 

experience convective heating during operation. The inkjet nozzle is maintained at a 

1mm gap during deposition, and the aluminum nozzle housing contains an integrated 

thermocouple.  Passive heating of the print head was monitored during operation and the 

maximum operating temperature (Tmax) of each jetting recipe is listed on Table 1. 

 

3.5 – Substrate Selection 
 

Once stable jetting parameters were established, identifying an appropriate 

substrate for development is required. When selecting a substrate for inkjet printed 
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applications, several material properties should be considered to ensure success.  As 

material is patterned via a liquid ink, the wettability of the underlying substrate plays an 

important role in how ink behaves during deposition.  One measure of the wettability of a 

material is by quantifying the contact angle a liquid droplet forms at the solid/liquid/gas 

interface [26]. Additionally, as several thermal processing steps are required to evaporate 

solvents and sinter nanoparticles together, the coefficient of thermal expansion (CTE) is 

of critical importance. If the CTE of the substrate is sufficiently large, temperature 

changes may cause discontinuities in printed films, or stresses and deformations may 

form in devices after cooling.  Also, the maximum stable temperature of a material is 

important to ensure the substrate material can handle the temperatures necessary for 

thermal process steps.  

 For this study, two rigid and two flexible substrates were selected for 

investigation and a few of their properties are listed in Table 2. The goal of this 

experiment was to examine the visual differences of inkjet-deposited gold nanoparticles 

in order to select a substrate for further development. Soda lime glass (Corning 0215) 

was selected due to its excellent wetting properties, low-cost, and ready availability as the 

primary development substrate in this research.   Alumina (625µm thick, non-porous, 

McMaster-Carr), owing to its excellent thermal, chemical, and mechanical properties, is 

of interest as a substrate for metrology studies of sintered gold films.  Polyimide film 

(125µm thick, McMaster-Carr) is a high-temperature polymer which has proven popular 

as a low-cost substrate for flexible electronics [10].   Finally, parylene-C (25µm thick) 

was investigated selected as it is a popular polymer in microelectronics applications 

which is able to be conformally coated onto arbitrary substrates at low-temperatures [27]. 
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All as-received substrates were first cleaned in ethanol and dried using clean dry air. 

Flexible substrates were attached to a clean Corning 0215 glass slide using polyimide 

tape to minimize film stresses and ease handling. 

Table 2 - Investigated Substrate Material Properties 

Material CTE 

(ppm/°C) 

Max Temp (°C) Contact Angle 

H20 @ 20°C 

References 

Parylene-C 35 290 (melts) 99±5° [27], [28] 

Corning 0215  8.9 724 (softens)
 

39±4° [29], [30] 

Polyimide 20 520  

(decomposes) 

82° [31], [32] 

Alumina 8.2 1700  

(max usable) 

- [33] 

 

 

All samples were positioned onto the platen, and then heated to 130ºC and allowed to 

stabilize for 10 minutes. After heating, one sample was aligned under the printhead and a 

print nozzle to substrate spacing 1 millimeter established.    The 60μm diameter nozzle 

was installed in the system and filled with a 10% (by weight) hexanethiol-encapsulated 

gold ink in α-terpineol. A 20Hz bipolar waveform using timing parameters of 

5/24/10/24/5μs at ± 15V was then used to print a test pattern.   This process was repeated 

for the remaining substrates, with all other parameters being held constant. The patterned 

substrates were then imaged using optical microscopy (Karl Suss PM-5). The resulting 

patterns are shown in Figure 10. 
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(a) Corning 0215 Soda Lime Glass 

 
(b) Polyimide Film 

 
(c) Alumina 

 
 (d) Parylene-C 

 

Figure 10 - Patterned Au-NP (10% wt) ink on various substrates. 

 

Examining the test specimens, it is immediately apparent that substrate properties 

have a major impact on the resulting inkjet printed gold line quality under identical 

deposition conditions.  The soda lime glass substrate produced smooth structures with a 

line width of 90μm. The alumina substrate produced the poorest quality features, with the 

printed lines spreading significantly. Both polymeric substrates produced wavy lines 

requiring further optimization to yield usable micro-scale printed features. This 

investigation demonstrates a strong dependence on substrate surface properties and 

1mm 
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means that deposition parameters may require tuning for each substrate material. As the 

objective of this research is to study sintered gold films deposited via inkjet printing, one 

candidate substrate was selected for further development. Due the results of this study, 

ease of handling, and the small CTE of Corning 0215 soda lime glass, it was selected as 

the primary substrate for further development towards jet printed gold 

microelectromechanical systems. 

 

3.6 – Droplet Resolution versus Platen Temperature 
 

Selecting an operating temperature for the substrate during deposition is another key a 

parameter which influences printed line quality and resolution. Upon droplet impact, it is 

desirable to rapidly evaporate the carrier solvent to prevent spreading and minimize the 

“coffee ring” effect [34]. α-terpineol with low-volatility and a boiling temperature of 

219°C requires an elevated substrate temperature to maximize printed resolution. An 

elevated platen temperature also increases the heating rate of the inkjet head during 

operation, so an appropriate platen temperature must be determined.  

For this study two different substrate materials were examined to quantify printer 

droplet resolution versus substrate temperature. The first substrate is clean dry Corning 

0215 soda lime glass slide, the standard substrate for this work.  The second substrate is a 

clean Corning 0215 slide coated with a 25μm layer of an aerosol deposited high-

temperature dielectric enamel (Rust-Oleum #248941) which is detailed further in the next 

chapter.   The dielectric enamel was spray deposited onto a soda lime glass substrate, air 

dried for 10 minutes, and then hot plate cured at 250°C cure for 1 hour. 

 The 30μm nozzle was installed onto the print head loaded with a 15% (by weight) 

Au-NP in α-terpineol ink formulation. The print head was programmed to produce a 
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bipolar waveform using timing parameters of 2/5/2/5/2μs at ±30V for deposition.  The 

ink temperature was monitored during deposition maintained at 30°C during all 

deposition procedures.   Starting from room temperature (RT, ~20°C), a 3 by 3 grid of 

single ink droplets was deposited onto each substrate.  The platen temperature was then 

increased and allowed to stabilize for 10 minutes before deposition is repeated. This 

process was performed up to the maximum platen temperature of 140°C.  The droplet 

diameters were then measured using optical microscopy (±3μm uncertainly) and are 

shown in Figure 11. 
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Figure 11 - Jetted Droplet Diameter versus Platen Temperature 

 

For the bare Corning 0215 substrate, the average droplet diameter did not show a 

significant change with increasing platen temperatures in the conditions studied. The 

droplet shapes on Corning 0215 were highly irregular, as shown in the diameter 

variability, suggesting that significant spreading occurs upon droplet impact.  This is 
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likely due to the hydrophilic nature of glass.   In contrast the high-temperature spray 

enamel substrate demonstrated increasing droplet resolution with increasing platen 

temperature. Starting at 100°C, the shape of the droplets became quite round in nature, 

creating high quality droplets suitable for microfabrication.  At 140°C, deposited Au-NPs 

on enamel exhibited smallest droplet sizes with controlled shape and high uniformity, 

making this temperature the best choice for high resolution features.   If a slightly large 

line width is suitable, the platen temperature can be reduced to as low as 100°C while 

forming uniformly shaped nanoparticle features on the substrate. 

 
3.7 – Summary 
 

This chapter presented hexanethiol-encapsulated gold nanoparticles and their 

subsequent suspension (10-15%wt) in α-terpineol to form a jet printable gold ink. A 

custom inkjet deposition has been presented with sufficient resolution and control for the 

development of printed microsystems.  Using a commercially purchased piezoelectric 

inkjet nozzle, stable jetting parameters were found for the Au-NP inks studied in this 

work.   Test structures were next patterned onto soda lime glass (Corning 0215), alumina, 

polyimide, and parylene-C substrates, which demonstrate an influence of substrate 

properties on the resulting patterned Au-NP films.  Corning 0215 glass was then selected 

as a primary substrate for this research due to favorable patterning results, low-cost, and 

ease of use.  To quantify the dependence of substrate platen temperature of droplet 

resolution, Au-NP droplets were patterned onto test substrates for temperatures ranging 

from 20°C to 140°C. Measurements were performed on a Corning 0215 soda lime glass 

substrate, as well as a spray deposited dielectric enamel, detailed in the next chapter.  For 

Corning 0215, the droplet resolution did not trend strongly with temperature and droplet 
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shapes remained irregular in all measurements. A printed clamped-clamped bridge 

structure on glass is shown in Figure 12. In contrast, the high-temperature enamel showed 

increasing resolution with temperature and droplets become uniform and repeatable about 

100°C, with a maximum droplet resolution at 140°C.  Figure 13 demonstrates the line 

quality of Au-NPs (15%wt) printed at 140°C on the dielectric enamel using standard print 

parameters. 

 

Figure 12 – Partially sintered (10%wt) 500μm long clamp-clamped bridge structures on 

Corning 0215 soda lime glass. 

 

Figure 13 – As-deposited Au-NP ink (15% wt) patterned onto high-temperature enamel at 

140°C platen temperature which demonstrates smooth repeatable line widths. 

1mm 
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4. Aerosol-Deposited Dielectric 
Enamel 

 

This chapter explores the use of aerosol deposited enamel as a surface coating and 

dielectric material for inkjet printed microsystems. Identifying a suitable dielectric 

structural material to complement the conducting structural material is critical for the 

realization of multilevel geometries found in microelectronics and MEMS devices. For 

conventional silicon-based MEMS structures, silicon dioxide and silicon nitride typically 

serve this role, allowing for the fabrication of complex three-dimensional structures [1, 2]. 

To identify a promising candidate structural dielectric material for inkjet printed 

microsystems, several material properties should be considered with respect to its thermal, 

chemical and electrical properties.   Foremost, the material must be an excellent 

insulating material with usable dielectric characteristics for the development of printed 

electronic systems. The material must be thermally compatible with the process 

temperatures and durations required for device manufacturing.  As hexanethiol-

encapsulated gold nanoparticles sinter in the 150-230°C range, the dielectric material 

must be stable to these temperatures.   The material must also be stable when exposed to 

the potentially volatile carrier solvents present during inkjet deposition to which the 

dielectric material will be exposed during the deposition of subsequent layers.  Finally, 

the most attractive dielectric materials for inkjet printed applications will be dielectric 

materials which have the potential to themselves be selectively deposited via inkjet 

printing. 
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Additionally, as was shown in Chapter 3, the properties of the underlying substrate 

have noticeable effects on the resulting inkjet printed gold nanoparticle features for a 

given deposition recipe. This proves problematic, as process development and 

optimization may be required to realize equivalent inkjet printed microsystems on each 

different substrate. One potential solution to this issue is the introduction of a dielectric 

surface coating to provide consistent surface properties for inkjet deposition and to isolate 

the bulk substrate from the device itself.  This is common practice in conventional 

microelectromechanical systems, where silicon nitride is often used to electrically isolate 

the devices from the bulk silicon substrate [3]. Towards this aim, a dielectric material 

with attributes sufficient for inkjet printing, but additionally able to perform as a 

conformal surface coating of the the bulk substrate is desirable for inkjet printed MEMS 

applications.  

Spin coating is commonly employed for the uniform coating of polymeric materials 

for microsystems applications [4]. Unfortunately, the nature of this technique limits its 

applicability to substrates which are discrete in nature, rigid, and relatively flat.  As inkjet 

printed microsystems are of interest for large-area flexible substrates, a dielectric 

deposition via spin-coating may prove impractical as substrate size is increased.    

Spray coating is a technique widely used in the surface finish and adhesive industries 

to conformally coat surfaces of arbitrary size on topology [5]. The automobile industry, 

for example, uses spray coating to deposit several layers of primer and paint as a surface 

finish for their products using robotics [6]. On a smaller scale, aerosol-based spray 

coatings (e.g. spray paint) are widely used for industrial and consumer applications [7]. In 

fact, several manufacturers market aerosol-based photoresists for microelectronics 
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applications such as SU-8 Microspray
TM

 from Microchem, Inc [8].  Additionally, as the 

surface finish of paint is a critical parameter, many commercially available aerosol-based 

surface coatings have been engineered to provide consistent surface finishes on a variety 

of underlying substrates [9, 10, 11].  The promise of conformal deposition with consistent 

surface properties on arbitrary substrates makes aerosol deposited materials attractive for 

substrate isolation of inkjet printed microelectromechanical systems and warrant further 

exploration. 

While there are a multitude of commercial aerosol-based surface finishes on the 

market from dozens of manufacturers, many formulations cannot handle the aggressive 

temperatures and solvents present during inkjet printing [12]. One candidate aerosol-

based surface finish is a high-temperature enamel formulated for aftermarket automotive 

engine applications. Manufactured by the Rust-Oleum Corporation and marketed as 

Engine Enamel (Part: 248941, Chevy Orange), this glossy surface finish is reported to be 

stable for temperatures up to 260°C (500°F) while resisting degradation when exposed to 

hydrocarbons such as octane [13].  While the competitive nature of surface coating 

market means that the exact surface coating chemical formulation is proprietary, 

information can be gleaned from published information of resins with similar 

characteristics [14]. The enamel is formed from 13.7 – 27.4% solids by weight blend of 

proprietary modified alkyd resin dissolved in a ketone/aromatic solvent mixture 

containing toluene, xylene and acetone [15]. Generally, the curing of coatings using 

modified alkyd resins occurs in two stages. First, the volatile carrier solvents evaporate 

forming a dry film, and then the alkyd chains oxidize, cross-linking together to form a 

resilient finish. [14, 16].  This oxidation process may require a chemical catalyst or 
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elevated temperature. For the Rust-Oleum enamel identified for study, curing may be 

performed at elevated or ambient temperatures [13]. The remaining portion of this 

chapter will explore the necessary process techniques and pertinent material properties of 

this high-temperature enamel towards its use as an aerosol dielectric surface coating and 

structural material for inkjet printed microsystems. 

  

4.1 – Deposition and Curing Conditions  
 

To explore aerosol deposited enamel as a structural dielectric, a baseline 

deposition process was required to yield an enamel substrate suitable for inkjet printing. 

Deposition of the enamel was performed in an open-top container (450mm W by 610mm 

L by 305mm H) located in a fume hood to provide adequate ventilation. Highly-

absorbent low-particle wipers (Texwipe BetaWipe TX2009) were used to line the bottom 

of the spray box to minimize substrate contamination during spray deposition. Enamel 

deposition followed guidelines from the manufacturer’s recommendations found in the 

Technical Data Sheet and were performed in the following manner [13].  

 First, the substrate is cleaned and dried before placement in the center of the box. 

For the soda lime glass (Corning 0215) used throughout this work, the as-received 

glass is cleaned in acetone and ethanol, then dried using compressed-dry air.  

 The aerosol can is then shaken vigorously for 2 minutes to fully homogenize the 

enamel resins and organic solvents. 

 From a distance of 300mm, the aerosol can is actuated and then swept across the 

substrate at a rate of approximately twelve inches per second. Using this 

technique, five successive passes are performed.  For Corning 0215 glass, this 

technique yields a visually smooth and uniform surface coating. 
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 The enamel is allowed to air dry at room temperature for 10 minutes before being 

transferred onto a hot plate at 250°C to fully cure for one hour. 

This technique consistently yielded enamel films suitable for inkjet printing and is 

used throughout this work.  The thickness of the resulting films was measured several 

times and varied between 15 and 20µm. During experiments it was observed that 

exposing the enamel to temperature of 250°C in air for several hours or more caused the 

film color to darken. However, the change does not appear to affect the enamel’s 

properties for gold films deposited onto them, as measured by the resulting inkjet printed 

line widths. 

 

4.2 – Stability in Solvents 
 

Once deposition and curing techniques were established the enamel was tested in 

a variety of solvents it may encounter during inkjet printing to verify compatibility of the 

material. Enamel samples were prepared by spray coating and curing a uniform layer 

using the technique described in the previous section onto clean Corning 0215 soda lime 

glass slides.  The enamel coated substrates were then scored and snapped into 

approximately 1cm
2
 samples.  A collection of solvents encountered during printing were 

procured and are listed in Table 3, along with the resulting observations.  All solvents 

were laboratory grade (Fisher Scientific) with the exception of the xylene (Klean-strip, 

consumer grade) and the α-terpineol (Aldrich Chemical, 90% technical grade). Technical 

grade α-terpineol was selected for this experiment as the lower purity mixture is liquid at 

room temperature. 20mL of each solvent was poured into a small glass beaker, the 

sample submerged, and was covered to prevent solvent evaporation. All tests were kept at 

room temperature (20°C) throughout the duration of the experiment.  The samples were 
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monitored regularly for signs of degradation. Samples were immersed for a minimum of 

24 hours before being removed and allowed to air dry. As the enamel resin was originally 

dissolved in toluene and xylene in the spray can, samples were further immersed for up to 

one week and then removed from solvent and allowed to air dry.   The soaked samples 

were then visually inspected and compared to an untreated control samples.  As shown in 

Table 3, apparent degradation was only observed for the enamel in toluene after extensive 

immersion. For inkjet printing applications, the enamel will normally only be exposed to 

solvent for short durations, so the results suggest that the cured enamel is suitably robust 

for the application at hand.  

 

Table 3 - Enamel Immersion Observations for Various Solvents 

Chemical Duration Observations 

α-Terpineol (90%) 24 hours No observable change. 

Isopropanol 24 hours No observable change. 

Methanol 24 hours No observable change. 

Acetone 24 hours No observable change. 

Methyl Ethyl Ketone 24 hours No observable change. 

Xylene 168 hours No observable change. 

Toluene 72 hours No observable change. 

Toluene 168 hours Toluene discolored, enamel surface dull 

 

 

4.3 – Reactive Ion Etching of Spray-coated Enamel 
 

While the stability of the cross-linked enamel immersed in solvent is highly 

desirable for inkjet printed microelectromechanical systems, there may be applications 

when it is desirable to patterned or remove the enamel from a device.  Reactive Ion 

Etching (RIE) is a popular dry-etching technique for the removal of both inorganic and 

organic materials by ionizing gases using radio frequency (RF) energy that in turn react 

with the material to be etched [2].  To explore the use of RIE etching for the patterning 
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and removal of the cross-linked enamel, a baseline etch recipe needs to be identified for 

comparison.  One cross-linked polymer commonly used in microelectromechanical 

systems is polydimethylsiloxane (PDMS), which is popular for fluidic applications [17].  

Dry etching of this material has been explored extensively in the literature [18, 19, 20, 

21]. For purposes of establishing a baseline process to which the results can be compared 

to that of PDMS, the etch conditions published by S.R. Oh were selected for this reactive 

ion etch study [21]. 

 

4.3.1 – Experimental Procedure 
 

All etches were performed in a March CS-1701 clam-shell RIE etcher using a 

600W 13.56MHz RF generator (ENI Model# ACG-6B).  The RIE etch tool is plumbed 

with a closed-loop water chiller (Thermo-Scientific ThermoFlex9000) which cools both 

the top and bottom electrode of the etch chamber. For all experiments the power was 

maintained at 100W and the chamber pressure was maintained at 300mTorr.  The 

temperature of the closed-loop chiller was set to 55°F to minimize heating effects on the 

sample during etching. Oxygen (O2), and ultra-high-purity grade tetrafluoromethane 

(CF4), both from Airgas Inc., were supplied to the RIE tool for these experiments. 

Enamel coated soda lime glass samples were prepared using the standard 

procedure outlined in this chapter.   After curing for one hour at 250°C, the samples were 

allowed to cool before the substrate was scored and snapped into small samples. 1 mil 

thick polyimide tape (DuPont Kapton
TM

) was next placed over a portion of each sample 

to mask part of the enamel to provide an etch step for measurement. 

During each etch run, the sample was placed on a 100mm polished bare <100> 

silicon wafer to isolate the sample from the chuck of the RIE reactor. The total gas flow 
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rate was maintained as close to 20sccm while maintaining the desired flow ratio as 

described by Oh [21]. Any deviations from 20sccm were due to limitations of the March 

CS-1701 gas flow control to maintain the desired gas ratio.   Each sample was etched for 

15 minutes and then removed from the RIE tool. A delay of 15 minutes between 

successful runs was used to allow any components of the etch tool to return to baseline 

conditions.    

Etched samples were then placed in an ultrasonic bath in deionized water for 10 

minutes (discussed below) to remove surface particles prior to measurement.  After 

sonication, the samples were dried using compressed dry air and the polyimide masks 

removed.   Step height measurements were performed using a KLA Tencor P-2 Stylus 

Profilometer with a contact force of 10 mg.  Three step-height measurements were taken 

for each sample to provide an indication of etch uniformity. 

 

4.3.2 - Results 
 

Results of the reactive ion etch experiments are shown in Table 4 and images of the 

corresponding samples are illustrated in Figure 15. After etching, samples were observed 

to turn white where exposed to the etch process (Figure 14). Inspection of thee etched 

samples revealed the white to be a particulate residue from the etch process.   A 10 

minute soak in deionized water under ultrasonic agitation removes the particulate residue.   

After agitation, the etch rate calculated using etched step height show that the highest 

etch rate for a CF4:O2 flow ratio of 1:1. Each sample was measured four times and an 

average step height computed. Table 5 compares the etch rate of the enamel in this study 

to that of Oh’s findings for PDMS for comparison [21].  While, PDMS also exhibited a 

maximum etch rate under a 1:1, the etch rate behavior for the enamel vary significantly 
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for varied gas flows is comparison. As the percentage of CF4 is increased, the RIE enamel 

etch rate decreases steadily, indicating that oxygen may play an important role and should 

be explored further. 

 

 

Figure 14 – 1:1 CF4:O2 RIE etched enamel showing polyimide mask and discoloration of 

where red has bleached white. 

 

 

Table 4 - Enamel RIE Etch Rate for varied CF4:O2 flow ratios 

Sample 
Number 

Etch 
Rate (µm 

min-1) 

Flow Ratio 
of CF4:O2 

Avg Step for 
15min etch 

(µm) 

CF4 Flow 
Rate 

(sccm) 

O2 Flow 
Rate 

(sccm) 

1 0.25 All O2 3.78 ± 0.21 0 20 

2 0.52 1:1 7.85 ± 0.15 10 10 

3 0.25 2:1 3.72 ± 0.25 12 6 

4 0.18 3:1 2.71 ± 0.06 15 5 

5 0.13 4:1 1.95 ± 0.02 16 4 

6 0.09 5:1 1.28 ± 0.07 15 3 

7 0.07 6:1 1.09 ± 0.13 18 3 

8 0.07 7:1 1.00 ± 0.04 14 2 

9 0.05 8:1 0.80 ± 0.05 16 2 

10 0.00 All CF4 Roughened 20 0 
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Table 5 - RIE Etch Rates of Enamel and PDMS under varied CF4:O2 flow ratios 

Flow Ratio of 
CF4:O2 

Enamel Etch 
Rate (µm min-1) 

PDMS Etch Rate 
from [21] (µm min-1) 

All O2 0.25 0.1 

1:1 0.52 1 

2:1 0.25 0.9 

3:1 0.18 0.85 

4:1 0.13 0.65 

5:1 0.09 0.6 

6:1 0.07 0.65 

7:1 0.07 0.9 

8:1 0.05 0.9 

All CF4 0.00 0.4 

 

 

 

Figure 15 - Image of reactive ion etched enamel samples. Label corresponds to sample 

number in Table 4. 

For all samples, the surface finish was roughened due to the etch process, 

changing its wetting properties. This phenomenon is illustrated in Figure 16, where a 

deionized water droplet was placed on the enamel etched for 15 minutes in pure oxygen. 

The etched enamel appears much more hydrophilic as the water beaded up onto this 

portion of the sample while retreated from the as-cured enamel. This observation 

 

 

#1 #2 #3 #4 #5 

#9 
#6 

#7 #8 #10 
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indicates that the enamel surface properties can be modified using RIE oxygen plasma, an 

important phenomenon for the microfabrication of other polymers including PDMS [17]. 

 

 
 

Figure 16 – De-ionized water on oxygen RIE etched enamel surface. 

 
4.4 – Relative Permittivity Measurements  
 

Understanding the dielectric properties of the cross-linked enamel is important for 

its use as a microelectronic material for applications including electronics and 

microelectromechanical systems [22]. The dielectric constant of a material can be 

expressed at the relative permittivity ( r ) of a material, which is a unit-less constant 

relating the dielectric constant of a material to the permittivity of free space ( 0  = 8.854 x 

10
-12

 F/m) [23, 24]. One simple technique to measure the relative permittivity of a 

dielectric is to construct a simple parallel plate capacitor [23, 24, 25].  A parallel plate 

capacitor consists of two parallel conducting plates of area A   separated by a dielectric 

material of thickness d . As long as the area of the capacitor A  is much greater than the 

dielectric thickness d , the fringing fields formed along the edges of the capacitor can be 
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ignored [24, 26]. By neglecting these fringing field effects, the capacitance of the 

structure can expressed as: 

  0 r

A
C

d
   

 

This can be rewritten to solve for r  such that the equation becomes: 

    

0

r

d
C

A




 
  

 
 

 

Using this relation, the capacitance can be measured for a dielectric material of known 

thickness placed between two conductors of known area and the unknown relative 

permittivity computed.   

Quantifying r  for the high-temperature enamel under study is critical as this 

property will influence the electrostatic characteristics of structures realized herein. Once 

measured, the relative permittivity can be used for the design of the electrostatic 

structures realized in later chapters. 

 

 4.4.1 –  Experimental Procedure 
 

Measurement of the relative permittivity of the high-temperature enamel was 

performed on parallel-plate capacitors realized via a simple 3-layer shadow-mask 

patterning process. The area of the capacitors is nominally 10 mm by 10 mm to ease in 

capacitive measurements and minimize fringing field effects. Shadow masks were cut 

from a 125 µm thick polyester film (3M part CG3700) using a CO2 laser system 

(Versalaser Inc.). The two shadow masks for the top and bottom conductive plates are 

identical and each consist of a 10 mm by 10 mm square plate patterned with a 750µm 

wide, 4.5mm trace terminated with a 1.5mm by 1.5mm square pad on one side to 
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facilitate probing. The third shadow mask, used for the dielectric layer, consists of a 

13mm by 18.5mm rectangle to minimize the edge effects of the shadow mask on the 

capacitance. 

Fabrication begins by cleaning as-received soda lime glass slides (Corning 0215) 

in acetone and ethanol before drying them using compressed air. The bottom shadow 

mask was then aligned to the substrate and affixed with polyimide tape. A 250nm thick 

layer of gold was then sputtered onto the substrate using a Cressington 108 sputtering 

system.   After deposition, the shadow mask was removed and the gold thickness was 

verified using a KLA Tencor P-2 profilometer.   

The dielectric layer shadow was next aligned and affixed with polyimide tape. 

Deposition of the aerosol enamel followed the procedure outlined in section 1 of this 

chapter with one modification.  After spray coating the capacitors, the enamel was 

allowed to air dry for 10 minutes. The polyester shadow mask was then removed from the 

sample.    The device was then placed onto a hotplate and cured at 250ºC for one hour as 

per the standard procedure.   Removal of the mask was necessary due to thermal 

limitations of the polyester film and to ensure the shadow mask does not adhere to the 

underlying substrate.  Once cured, the samples were allowed to cool to room temperature 

and the dielectric film thickness was verified by stylus profilometry. 

Finally, the top electrode shadow mask was aligned and affixed to the substrate.   

A 250nm gold layer was sputtered under the same conditions as the bottom gold plate.   

After deposition, the shadow mask was removed, film thickness verified, yielding a 

parallel plate capacitor for measurement.  
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Lateral dimensions of the fabricated capacitors were measured using optical 

microscopy, and film thickness via stylus profilometry, to account for process variations 

and alignment issues.   Electrical measurements were performed by probing the capacitor 

pads on a standard probe station (Karl Suss PM5).   The performance of the parallel-plate 

capacitors were subsequently characterized using an Agilent E4980A LCR meter, and the 

effective permittivity and dissipation factor of the enamel computed for multiple 

frequencies. 

 
4.4.2 – Measurement Results 
 

An Agilent E4980A LCR meter was calibrated and measured against a known 

standard to verify proper configuration prior to performing measurements [27]. The 

quality factor Q as well as the capacitance and associated resistance were taken for both 

the series and parallel capacitance models for comparison on the unknown enamel 

dielectric for analysis at multiple frequencies as shown on  

Table 6.  The capacitance value and capacitor dimensions were subsequently used 

to compute the relative permittivity of the cross-linked enamel for all measured 

frequencies. The dissipation factor D of the dielectric (Q
-1

) was similarly computed. 

 

Table 6 - Parallel Plate Capacitor Measurements at 1Vpp 

Property 
Measurement Frequency  

1kHz 100kHz 1MHz 2MHz 

Cseries (pF) 175.7 171.9 173.2 180.9 

Rseries (Ω) 5.9k 106 40 17 

Q 152 87 23 26 

D 0.007 0.011 0.043 0.038 

Cparallel (pF) 175.7 171.9 172.9 180.6 

Rparallel (Ω) 138M 807k 21k 11k 

Computed εr 3.1 3.0 3.1 3.2 
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4.5 – Summary 
 

In this chapter, a high-temperature dielectric enamel has been introduced for use with 

inkjet printed gold microelectromechanical systems. Suitable deposition and curing 

conditions were identified which yield a surface suitable for the subsequent deposition of 

hexanethiol gold nanoparticles immersed in α-terpineol. Films spray deposited from an 

aerosol precursor onto Corning 0215 glass were robust when immersed into many 

solvents useful for inkjet printing applications. An initial reactive ion etch study was 

performed which yielded a maximum etch rate of 0.53 µm min
-1

 using oxygen and 

tetrafluoromethane etch gases. RIE etching incompletely removed all components of the 

enamel, leaving behind particles which could be subsequently removed in ultrasonically 

agitated water. Parallel plate capacitors were realized using the high-temperature enamel 

and these capacitors were characterized using an Agilent E4980A LCR meter in order to 

determine the relative permittivity of the cross-linked films and varied between 3.0-3.2 

for frequencies between 1kHz-2MHz. These characteristics are compared with two 

common polymers for electronics in Table 7.  

Table 7 – Dielectric Properties of Polymers for Electronics 

Material Dielectric 

Constant 

Dissipation 

Factor 

Reference 

Parylene-C  
 

3.10 -1kHz 

2.95 - 1MHz 
 

0.019 -1kHz 

0.013 - 1MHz 

[28] 

Polyimide 

 

3.4 -1kHz 

 

0.0018 -1kHz 

 

[29] 

Enamel 

(This work) 

3.10 -1kHz 

3.10 - 1MHz 
0.007 -1kHz 

0.043 - 1MHz 

- 
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Overall, the measured characteristics of the high-temperature enamel suggest it is an 

attractive dielectric material for the development of inkjet printed 

microelectromechanical systems. Further, as the enamel can be spray coated from an 

aerosol precursor, the material offers further utility as a surface pretreatment to 

homogenize the surface properties of different base substrate materials in order to 

simplify the development of inkjet printed MEMS process conditions. 
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5. Sintered Gold Nanoparticle Films 

 

This chapter explores the characteristics of inkjet patterned gold films deposited as 

hexanethiol-encapsulated gold nanoparticles and subjected to post-deposition thermal 

sintering processes. Recall from Chapter 2, that post-deposition thermal steps are used to 

evaporate the carrier solvent, sublimate the hexanethiol organic encapsulant, and sinter 

the nanoparticles into a coherent gold structure. The moderate heating of hexanethiol 

gold nanoparticles in air on a hotplate has been demonstrated as an effective means to 

render conductive gold films for printed electronics applications [1] and the electrical 

properties of Au-NPs have been characterized for printed films for electronics [2]. 

Other techniques including laser sintering [3], gaseous sintering in NO2 [4], and UV 

irradiation [5] have also been demonstrated as a means for generating conductive gold 

nanoparticle films. However, these techniques require additional equipment of varying 

degrees of cost and complexity over a simple hotplate sintering process. As a heated 

platen is already required for gold nanoparticle deposition, the development of a sintering 

technique using a hotplate allows for straightforward sintering integration for the 

realization of complex inkjet printed microstructures.  

In this chapter, properties of sintered gold films will be explored on both Corning 

0215 soda lime glass and the aerosol deposited high-temperature dielectric material 

introduced in the previous chapter. Section 3.5 observed that resolution jet deposited Au-

NPs depended on the underlying substrate, so it is of interest to study additional 

properties on both of these materials to garner an understanding of the electrical and 

physical properties of the resulting gold films after sintering. 



P a g e  | 55 

 

Monitoring either the resistivity or the color of Au-NP films is the traditional method 

to determine sufficient sintering duration, and sintering is typically ceased shortly after a 

gold colored conductive film develops [2, 6]. In this chapter, the sintering process of 

inkjet printed hexanethiol gold nanoparticle films will be monitored electrically to watch 

resistive behavior during sintering under multiple sintering temperatures and film 

thickness, as well as on multiple substrates. The sintered gold films will be imaged using 

scanning electron microscopy to gain insight on the microstructure of the material as a 

result of differed sintering conditions.   As the stiffness of a material is a useful design 

parameter for the design of MEMS, the gold films are studied using nanoindentation to 

gain an understanding of the evolution and stability of the stiffness for differed sintering 

durations. As this research seeks to develop a jet printed manufacturing process for the 

realization of gold microelectromechanical systems, understanding the evolution of the 

mechanical properties of printed gold films is critical.  The measurements of the electrical, 

mechanical, and microstructures properties as a function of sintering conditions can be 

correlated to determine suitable deposition and thermal sintering conditions towards the 

realization of printed gold MEMS. 

 
5.1 – Resistivity versus Sintering Conditions 
 

This section explores the evolution of the resistivity of inkjet printed hexanethiol-

encapsulated gold nanoparticles as a function of film thickness, sintering temperature, 

sintering duration, and substrate material.  Understanding the evolution of the resulting 

gold films as a function of these parameters will enable the selection of an appropriate 

sintering condition or conditions for printed microfabrication. 
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5.1.1 – Resistivity versus thickness  
 

While the sintering conditions necessary to sublime the organic precursor and sinter 

the nanoparticles together in order to yield conductive gold has been studied extensively 

by Huang et al. [1] for single printed layers, the sintering time for varied thicknesses has 

not been reported and is of interest for structural applications, as multiple layers of ink 

may be necessary. This study explores the conductivity of multiple thicknesses of printed 

gold nanoparticles over the course of a 60 minute sintering process. 

Hexanethiol-encapsulated nanoparticle ink (10%wt, 60µm diameter nozzle) wires 

were printed between two 25µm thick silver epoxy (Chemtronics CW2400) pads spaced 

10 mm apart on clean soda lime glass slides (Corning 0215). These wires were fabricated 

with one, two, and three deposition layers (printing passes) to vary the initial thickness. 

After deposition, the films were left on the printer at 130°C for 10 minutes to evaporate 

the α-terpineol solvent. The as-deposited films were then placed on a 200°C hotplate in 

air, and the film resistance between two adjacent silver pads was measured regularly 

using an Agilent 34401A digital multimeter until a total sintering time of 60 minutes was 

reached.  After annealing, a Dektak 3030ST stylus profilometer was used to measure film 

thickness and cross section profile. Conductivity measurements of the printed wires are 

shown in Figure 17.  

Line widths for the wires were 88, 101, and 103μm for one, two, and three passes of 

the printer, respectively. Initially, the resistance of the films was beyond the range of the 

multimeter, but dropped to ~55MΩ-cm after 1 minute of annealing. The resistance of all 

three films remained above 20MΩ-cm before rapidly decreasing, as expected from the 

literature. 
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Figure 17 - Film resistance versus sintering time. Initial film resistance was measured to 

be >20MΩ-cm prior to the large resistance drops observed which indicate the onset of 

gold sintering. 

For a single pass, the resistance drop occurred after 11 minutes, which agrees well 

with Fuller et al, [6]. The thicker films took measurably longer, with the resistance 

change occurring at 15 minutes for two passes, and 21 minutes for the three pass thick 

wire.  Measurements were continued for 1 hour, and a slight drop in resistance was 

recorded, until final resistances of 18.3, 12.7, and 13.6 Ω-cm were measured for the one, 

two, and three layer thick films.  After sintering, the film thicknesses were measured and 

estimated to be 340nm, 599, and 839nm for the one, two, and three layer films.   

The observed increase in time before the onset of sintering for different film 

thicknesses is likely due to the increased time required to sublimate the hexanethiol SAM 

from the nanoparticles. As such, thicker films will likely require longer minimum 

sintering times in order to yield conductive films.  It should also be noted that the 

resistance continues to drop slightly as sintering is continued for a full hour. This appears 
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to indicate that changes in the gold structure are still occurring, which may be affecting 

its mechanical properties. 

   

5.1.2 – Resistivity versus Sintering Temperature 
 

The effect of sintering temperature was next studied over a range of temperatures 

high enough to induce sintering, but low enough to be useful for printing on polymeric 

materials. Using the minimum sintering temperature necessary to yield suitable gold 

films is desirable in order to maximum the number of materials which are thermally 

compatible with the Au-NP deposition process. Also, a reduction in sintering temperature 

will reduce stresses imparted on the fabricated devices layers due to coefficient of 

thermal expansion (CTE) mismatches between the materials used in manufacturing. 

An improved 4-point resistivity measurement was used for this experiment and is 

detailed in Section 6.1.  Clean soda lime glass sides (Corning 0215) were prepared and 

patterned with the “H” test structure used in this technique.  The test structure consists of 

two parallel 250nm thick sputtered gold traces measuring 600µm wide by 10mm long, 

spaced 900µm from one another and terminated with silver epoxy pads at each end.  The 

sputtered hexanethiol-encapsulated gold nanoparticles (15%wt in α-terpineol) were 

deposited using a 30µm diameter nozzle in two passes orthogonally across the sputtered 

gold traces to form a Au-NP bridge.   The as-deposited Au-NP ink was then placed on a 

hotplate in air at 140°C to allow solvent evaporation and 4 point resistivity measurements 

were started at a sample rate of 1Hz. After 10 minutes the hot plate was ramped to the 

final sintering temperature (150, 175, 200, or 225°C) and the resistivity was recorded for 

a total of 2 hours in air.  This process was then repeated for each of the remaining 

samples.  Results of these measurements are plotted in Figure 18. At first, the film is 
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highly resistive but this decreases as the hexanethiol sublimes, allowing adjacent gold 

nanoparticles to come into contact and conduct.  As the organics leave the film a sharp 

decrease in resistance is observed as the gold forms a conductive structure and sinters 

together.  

 

 
Figure 18 - Resistance versus time of Au-NP films sintered at different temperatures on 

Corning 0215 glass, 

 

As the sintering temperature is decreased, the necessary time required for the 

sintering process to occur increases.  Resistivity decreases 2 minute and 3 minutes after 

the hot plate is increased for 200°C and 225°C, respectively.  At 175°C, an addition 15 

minutes is required, while it takes an hour for the nanoparticles to undergo sintering at 

150°C.  The resistance of the film sintered at 150°C remains an order of magnitude 

higher than other films, indicating that the resulting film may not have reached the same 

level of change as the other gold films.  It is also observed that the 175°C film 
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demonstrates a second plateau layer, which can also be slightly observed for the 200°C 

sample. It is hypothesized that this plateau is the region where the organic encapsulant 

material has sublimed and the Au nanoparticles are beginning to sinter together into a 

more conductive gold film.  This experiment indicates that sintering can be performed at 

lower temperatures, but a longer duration is required to yield conductive gold films. 

 
5.1.3 – Film Resistivity for Extended Sintering Durations 
 

After the dramatic decrease in resistivity with the onset of sintering, the resistivity 

of the film appears relatively stable for lengthened sintering durations. As the 

development of printed microelectromechanical systems will require the deposition of 

multiple device layers, printed gold films may experience long durations of elevated 

temperature during the microfabrication process. To explore the long-term changes in 

resistance, the 200°C sample from the previous study was left on the hotplate and 

monitored for a total sintering time of 345 minutes in air.   Results of the measurement 

are shown in Figure 19.  The resistance of the film continues to decrease, ultimately 

decreasing by a factor of two compared to the line resistance at 15 minutes before 

stabilizing.  This measurement indicates that the sintered nanoparticle films may still be 

evolving immediately after the large resistivity change, so an extended sintering step may 

be required such that all films in a complex printed device will have similar properties. 
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Figure 19 - 200°C Au-NP on glass resistance showing continued long term evolution of 

resistance to a total sintering duration of 345 minutes. 

 

5.1.4 – Resistivity for Different Substrate Materials  
 

The resistivity behavior during sintering was next explored for films deposited 

identically onto two different substrates. Two substrates were patterned with the “H” 

shaped test structures described in Section 6.l; clean soda lime glass (Corning 0215), and 

the high-temperature enamel, prepared according to Chapter 5. The test structures each 

consist of two 250nm thick sputtered gold traces, each 600µm apart, and spaced 900µm 

from one another. Hexanethiol-encapsulated gold nanoparticles (15%wt in α-terpineol) 

were deposited using a 30µm diameter nozzle in two passes orthogonally across the 

sputtered gold traces to form a Au-NP bridge.   The as-deposited Au-NP ink was then 

placed on a hotplate in air at 140°C to allow solvent evaporation and 4 point resistivity 

measurements were started at a sample rate of 1Hz. After 10 minutes the hot plate was 

ramped to the final sintering temperature of 200°C and the resistivity was recorded for a 
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total of 30 minutes in air.  The process was then repeated for the second sample and the 

results are plotted in Figure 20 and Figure 21. The gold nanoparticles printed onto enamel 

exhibit a sharp drop at the 12 minute mark with less time spent at the second plateau.  

The gold nanoparticles on Corning 0215 glass take much longer to reach the first large 

resistance drop and then remained at a second plateau for several seconds before 

proceeding to a low resistance value.  This data suggests that the substrate plays a role in 

the necessary sintering conditions.    To more fully understand these materials, these 

samples will be imaged using scanning electron microscopy in the next section. 
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Figure 20 - Resistance evolution of Au-NP lines printed on different substrates at 200°C. 
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Figure 21 - Zoomed view of resistance transition period for Au-NP lines printed on 

different substrates sintered at 200°C 

 
 
5.2 – Microstructure versus Sintering Conditions 
 

As the nanoparticle sintering process is driven by the thermal energy provided by 

the hotplate, the resulting gold films may have different microstructural characteristics 

due to process temperature variation.  In order to gain an understanding of this resulting 

microstructure, imaging of the samples was performed using scanning electron 

microscopy (Hitachi S-4500). Sintered gold samples prepared on both Corning 0215 

glass and high-temperature enamel are explored. 
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5.2.1 – Microstructure of Sintered Au-NPs on Corning 0215 Glass 
 

The films prepared on Corning 0215 glass for the resistivity versus sintering 

temperature measurements (section 5.1.2) were all sintered for a full 24 hour period at 

their respective temperature to normalize the sintering duration of each sample. Samples 

of gold sintered at 150°C, 175°C, 200°C, and 225°C were then imaged as shown in 

Figure 22 and Figure 23 under increasing magnification.  Samples were not sputter 

coated before measurement to enable their reuse in further measurements. 

 While all films studied are electrically continuous, imaging reveals that their 

sintered characteristics are far from the simple solid beam of ink originally deposited 

onto the glass substrate. The sintering process has changed all gold films into a highly 

porous material. The film with the smallest pore size observed was the sample sintered at 

175°C.  

The mechanisms of sintering and coalescence of gold nanoparticles films has 

been studied extensively [7-14].  These observations match the description put forth by 

Eggersdorfer et al., who explain that during the sintering process, gold nanoparticles 

undergo a transformation to reduce free energy through multiple mechanisms [15].  In 

doing so, the gold nanostructures transform into “fractal-like” shapes, which can be 

readily observed in the repeating pores observed in all sintered films imaged in this study. 

From an engineering standpoint, while these gold films form conductive gold 

films, their porous nature makes them highly undesirable for use as a mechanical or 

structural material. On the 225°C sample, the printing system did not shut off the nozzle 

immediately at the end of the printing run, resulting in a large pool of ink at the end of the 

line.  Upon further inspection of this region ( Figure 24 and Figure 25 ), the sintered gold 
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formed into a more dense gold film suitable for microfabrication applications. The 

printed Au-NP inks undergo measurable volume contraction as the organic encapsulant 

sublimed, the as-printed film which appeared solid prior to sintering had insufficient gold 

nanoparticles to form into a dense printed gold layer. To develop printed Au-NP on 

Corning 0215 films into a suitable material for printed MEMS, further process 

development is needed to deposit sufficiently thick films to yield dense gold structures. 

 The soda lime glass substrate may play an important role in the results of this 

study. Conventional gold films exhibit poor adhesion when deposited onto glass and 

require the use of a thin adhesion promoting seed layer such as titanium or chromium 

deposition. Au-NP films deposited onto a glass substrate with an adhesion promoter 

should be explored to see if the morphology of the sintered gold films can be improved.  

One candidate material shown to adhere readily to Corning 0215 glass is the aerosol 

deposition enamel introduced in the previous chapter and is imaged in the next section. 
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SEM Images of Au Bridges on Corning 0215 Glass Sintered at Varied Temperatures 

150ºC 

  

175ºC 

  

200ºC 

  

225ºC 

  

Figure 22 - SEM Images of Sintered Au-NPs on Corning 0215 Glass after 24 hours at 

varied temperatures (1 of 2). 
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SEM Images of Au Bridges on Corning 0215 Glass Sintered at Varied Temperatures 

150ºC 

  

175ºC 

  

200ºC 

  

225ºC 

  

Figure 23 - SEM Images of Sintered Au-NPs on Corning 0215 Glass after 24 hours at 

varied temperatures (2 of 2). 
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Figure 24 - Thick sintered gold film sintered at 225°C. 

 

 

 
 

Figure 25 – Close-up of thick sintered gold film sintered at 225°C. 
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5.2.1 – Microstructure of Sintered Au-NPs on Enamel 
 

As the aerosol deposited enamel introduced in chapter 4 is of interest as a surface 

treatment and dielectric material for inkjet deposited MEMS, sintered gold films 

deposited onto it were examined.  Hexanethiol-encapsulated gold nanoparticles were 

synthesized and suspended in α-terpineol (15%wt) forming the ink which was 

subsequently loaded into an inkjet head with a 30μm diameter piezoelectric nozzle. The 

print-head was driven with a 20Hz bipolar waveform (Chapter 3) using 2/5/2/5/2μs 

timing parameters at ±30V. Each gold layer in the processed film is patterned through 

two successive passes onto a 140°C platen yielding a film thickness of 1.9μm and a line 

width of 80±10μm. The motion velocity of the printer was set to overlap two consecutive 

droplets by 50%. After deposition the bottom gold structures were held at 140°C for 30 

minutes to fully drive off solvent and then ramped to 200°C and held for 60 minutes in 

air to sinter the Au-NPs into a gold film. Scanning electron microscopy images of the 

resulting sintered Au-NP film on enamel are shown in Figure 26. (a) Shows a trace 

deposited onto an 18μm thick dielectric material which was cured on a hotplate for 1 hour 

at 60°C prior to Au-NP deposition. The holes in (a) appear to be vents formed to exhaust 

solvent vapors.  (b)-(d) are SEM images of increased magnification on (a) to highlight the 

structure of the sintered gold film. (e)-(f) show the porous edges found along the length 

of the printed feature on (a). (g) shows a portion of the sintered gold film which was 

deposited on enamel which was cured for 1 hour at 250°C.  This films lacks the vents 

found in (a) and appears dense on the surface as shown in (h).   Sintering of Au-NPs on 

aerosol enamel generates a film which is promising candidate material for the realization 

of inkjet printed gold MEMS and its properties should be further characterized. 
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Figure 26 - SEM images of sintered Au-NP on enamel. Refer to text on previous page for 

details. 

(a) 
(b) 

(h) 

(f) 

(e) 

(d) (c) 

(g) 
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5.3 – Stiffness versus Sintering Conditions  
 

In order to gain an understanding on the evolution of the mechanical characteristics of 

gold films realized by sintering hexanethiol-encapsulated gold nanoparticles, initial 

stiffness studies of sintered Au-NP films are detailed in Appendix C. There, continuous 

stiffness measurement (CSM) nanoindentation measurements are detailed for sintered 

gold films patterned onto <100> silicon and dielectric enamel substrates then sintered for 

multiple durations of up to an hour. These measurements indicate a trend of increasing 

stiffness of the sintered Au-NP films as the sintering duration is extended beyond the 

onset of sintering. This trend follows that of the film resistance during sintering. It is 

advisable to sinter gold nanoparticles for an extended period of time beyond the onset of 

sintering as observed by a color or conductivity changes as is currently suggested in the 

literature in order to minimize material variation due to subsequent temperature process 

steps. Accordingly, an extended sintering duration of one hour at 200°C is selected for 

further development.   

 

5.4 – Summary 
 

This chapter has explored the characteristics of gold films realized from an inkjet 

deposited hexanethiol-encapsulated Au-NP ink and sintered on a hotplate in air.  

Resistance measurements of gold films of different thicknesses, sintered at different 

temperatures, and on different substrates were performed, revealing that all of these 

parameters affect the resistance profile during the sintering process.   Additionally, this 

chapter extended the sintering duration to find that the resistance of the gold film 

continues to change well after the rapid change in resistivity due to the onset of sintering 

is observed. Initial CSM nanoindentation measurements were performed revealing a 
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trend of increasing stiffness of sintered gold which continues for beyond the onset of 

sintering. 

 The microstructure of sintered gold films was examine using scanning electron 

microscopy which reveal vastly different films defending on substrate type for given 

parameters.  The high-temperature enamel yielded a coherent looking gold structure, 

while gold printed on Corning 0215 soda lime glass formed highly porous 

microstructures.  The highly porous film that resulted under these conditions is not 

suitable for MEMS structural materials, but its properties will be explored in the next 

chapter.  The gold on enamel microstructure presents a promising set of process materials 

and conditions useful for the realization of inkjet printed gold microsystems. 
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6. TCR of Printed Au Thin Films 

 

This chapter presents the thermoresistive characteristics of hexanethiol-encapsulated 

gold nanoparticles (NPs) inkjet printed onto both Corning 0215 soda lime glass and high-

temperature enamel.  Printed gold films differ from other common semiconductor and 

MEMS deposition techniques in that they are formed from metallorganic nanoparticle 

having undergone thermal steps to sublimate organics and induce NP sintering. The 

resulting films can have microstructure which differs greatly from other metal deposition 

techniques, giving rise to unique material characteristics. Exploiting the unique properties 

of sintered NP films may enable new sensors and actuators, making it of keen interest for 

the field of printed microsystems.  

Resistive sensors using alkanethiol-encapsulated gold nanoparticles have been widely 

studied in the literature for unsintered gold films.  The encapsulated nanoparticles have 

shown promise as chemical sensors for both liquid and gaseous species [1, 2, 3]. Leung et 

al. also demonstrated that thin strands of unsintered gold nanoparticles are useful for 

temperature sensing [4]. A drawback of these devices is that the organic encapsulant 

breaks down over time, degrading sensor performance. While unsintered gold 

nanoparticles have shown utility for resistive sensing, no examples of sintered gold 

nanoparticle films were found in the literature, further motivating the need for a 

measurement of the thermoresistive response towards inkjet printed sintered gold sensors. 
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6.1 – 4-Point Measurement Configuration 
 

Four-point, or Kelvin probe, resistance measurements are commonly employed to 

minimize measurement error due to the resistivity of the test setup. In this technique, a 

current source is used to energize the sample while a voltage meter measures the voltage 

drop across a known geometry. As the voltage meter draws very little current, errors such 

as spreading and contact resistance are minimized [5].  In conventional subtractive 

microfabrication, a collinear probe is commonly used to measure the four-point sheet 

resistance on just deposited materials prior to lithographic patterning [6].  For inkjet 

printed microfabrication, accurate measurement of film resistance is of high importance.  

However, for printed applications, the use of a conventional collinear Kelvin probe may 

prove challenging. Microfabricated cross structures have been realized for four-point 

measurements as an alternative to a collinear probe [7, 8]. Simple microfabricated bridge 

structures have also been developed for the measurement of sheet resistance [8, 9]. For 

inkjet printing, a simple bridge structure can be formed through the deposition of a 

straight line. To interface with this bridge for measurement, a test structure is needed to 

allow measurement using a 4-point bridge morphology. 

A microfabricated “H” test structure has been developed which readily allows for 

4-point measurements bridges formed of inkjet deposited films.  Shown in Figure 27, the 

test structure consists of two parallel sputtered gold traces terminated with a pad on each 

end. The ink under study is then printed across the parallel traces, bridging the connection.  

The four pads can then be electrically connected to an ohmmeter or multiple source 

measurement units to perform four point measurements across the bridging material. 
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Figure 27 – “H” test structure for 4-point measurement of inkjet printed films. Instrument 

connections and printed device shown. The printed gold sample is the thin wire bisecting 

the sputtered gold traces in the center of the image. 

 

 

Both a full and a simplified circuit model of the test structure are displayed in 

Figure 28 for measuring the resistance of a printed bridge (RDUT). On each leg of the test 

structure there is an associated resistance due to the sputtered trace (RAu), the metal pad 

(Rpad), and the connecting electrical probe (Rprobe). For each leg of the test structure, these 

three resistances can be lumped into a single resistor representing the total resistance of 

that measurement probe. A current source can then be applied across one side of the 

bridge to energize the circuit while a voltmeter measures the voltage drop across RDUT  in 

order to measure bridge resistance.  
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R Au - V + 

R Au - V - 

R Au - I + 
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R probe - V + 

R probe - V - 
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R pad - V + 

R pad - V - 

R pad - I + 

R pad - I - 
R DUT 

R V + 

R V - 

R I + 

R I - 
  
 

Figure 28 - Circuit models of “H “test structure (a) full model  (b) lumped model. 

 

“H” test structures were fabricated on soda lime glass (Corning 0215) or similar 

substrate by sputtering a 250nm thick layer of gold through a laser-cut polyimide tape 

shadow mask. The sputtered gold lines were 10 mm long by 600μm wide with 2.5mm by 

2.5mm square pads on each end. The gap between the two gold lines, and therefore the 

length of an orthogonally printed bridge was nominally 1mm.  The pads were coated with 

silver epoxy and cured for 1 hour at 250°C to enhance their robustness. 

As resistance measurements were to be performed on a hot plate, a robust probing 

method was required to accommodate thermal expansion and uneven pad thickness. A 

compliant four-point probe was realized to reliably contact the “H” test structure on an 

arbitrary planar surface.   The probe is fabricated using four spring loaded “pogo” pins, 

commonly used for microelectronics testing.  The pogo pins used have a 1.4mm rounded 

tip and 6.3mm of linear travel, allowing for a reliable electrical connection to underlying 

pads during testing.  The probe is mounted onto a boom arm to enable rapid positioning 

over a hotplate. Figure 29 shows the complete test setup with the spring loaded probe 

detailed in the two insets on the figure. 

(a) (b) 
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Resistive measurements using the test structure and probe were performed using a 

Keithley 2000 digital multimeter interfaced over GPIB to a laptop running Labview
TM

 for 

data logging and control.  A digital hot plate (Thermo Scientific Cimarec HP131225) 

provides temperature control of the sample under test. 

 

    

  

Keithley  

2000 
  

Multimeter 
  

Hotplate 
  

Control 
  

PC 
  

 

Figure 29 - Four-point resistance measurement setup over a hotplate. Insets show spring-

loaded pogo-pin jig extended (L) and during operation (R). 

 

6.2 – TCR Measurement Procedure 
 

For this experiment, the thermoresistive response of inkjet printed Au bridges 

sintered under different temperature regimes was measured. 4-point resistance 

measurements were performed on a hotplate to characterize the thermoresistive response 

of the resulting microstructures between 25ºC and 150ºC.  “H” test structures were 
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produced on two substrates: bare soda lime glass (Corning 0215) and high-temperature 

enamel, prepared using the standard procedure from Chapter 4. The “H” test structures 

were then patterned by sputtering a 250nm thick layer of gold through a laser-cut 

polyimide tape shadow mask of the dimensions described previously. The gap between 

the two gold lines was nominally 1mm.  The pads were coated with silver epoxy and 

cured for 1 hour at 250°C. 

Hexanethiol-encapsulated gold nanoparticles ink (15%wt in α-terpineol) was jet 

deposited using standard parameters to form a bridge across the test structures using two 

passes onto a 140°C platen. The as-printed devices were then pre-baked at 140°C for 10 

minutes, and the hotplate was subsequently ramped to the final sintering temperature and 

held for 24 hours to sinter the Au NPs. The sintering temperature was fixed between 

175°C and 225°C for different samples.  

4-point resistive measurements were performed on each sample individual using 

the system described in Section 7.1.   First, the sample was loaded onto the hotplate 

(Thermo Scientific Cimarec HP131225) and the spring-loaded probe was lowered onto 

the sample, making secure contact with the pads on the “H” test structure. Data 

acquisition (Labview
TM

, National Instruments) was initiated at a 1Hz sample rate to 

record 4-point resistance measurements of the samples using a Keithley 2000 multimeter.  

After 10 minutes under ambient conditions the hot plate was ramped sequentially to 50°C, 

100°C, and 150°C and held for 10 minutes at each temperature.  After 10 minutes the hot 

plate was turned off and allowed to cool to ambient conditions. 
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6.3 – TCR Measurement Results 
 

A photograph of an “H” test specimen with an inkjet printed gold bridge is shown 

in Figure 30. The line width was measured as 80μm and the bridge length was measured 

to be 900μm. The sintered gold bridges were imaged using scanning electron microscopy 

(Hitachi S-4500) to visualize the resulting film microstructure as shown in Figure 31 and 

Figure 32 for the sample sintered at 175°C and 225°C respectively.   4 point 

measurement results of the bridges were processed and plotted in Figure 33 through 

Figure 35. Figure 33 plots results for both the 175°C and 225°C sintered samples on 

Corning 0215 glass with hot plate temperature settings superimposed. 

 
 

Figure 30 - Photograph of “H” test structure with 80μm wide inkjet printed gold bridge. 

 

 
 

Figure 31 - Scanning electron micrographs of 750nm thick printed Au bridge on soda 

lime glass sintered at 175°C for 24 hours. Inset shows enhanced view film structure. 

1mm 

5μm 
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Figure 32 - Scanning electron micrographs of 750nm thick printed Au bridge on soda 

lime glass sintered at 225°C for 24 hours. Inset shows enhanced view of film structure. 

 

Figure 33 - Measured 4-point resistance of two different Au films ramped to three 

temperatures and held for 10 minutes. Hotplate settings are shown in red.  

5µm 
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Figure 34 - Thermoresistive response of Au-NP film on aerosol deposited high-

temperature enamel (24h 200°C sinter step) heated to 50, 100, and 150°C. 

 
Figure 35 - Two consecutive measurement cycles demonstrating stability of printed Au 

thermoresistive response heated to 50, 100, and 150°C (1st cycle is blue).   
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 The measurements demonstrate excellent thermoresistive response which is both 

stable and repeatable over the temperature range investigated. To quantify these 

responses, a 5 minute average was taken of the data during of each tier at 50, 100, and 

150°C, respectively. The average resistances of the two Corning 0215 samples and the 

high-temperature enamel sample under varied annealing conditions are plotted in Figure 

36. A linear fit was applied to each sample, and the results reveal excellent linearity of 

the thermoresistive response.   
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Figure 36 - Plot of measured resistance averaged over a 5 minute period versus the 

corresponding temperature. A fit of this data indicates a linear resistance change over this 

temperature range. 

The temperature coefficient of resistance (TCR)   of a material is a measure of 

the normalized resistance change over a given temperature change.  Given an initial 

resistance 0R ( Ω), and a change in resistance R (Ω), for a change in temperature T (°C 

or K), the TCR is computed as: 

0

R
T

R
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which is often displayed in units of ppm/°C.   Using this relation the TCR of the resistive 

bridges are calculated and listed in Table 8. 

 

Table 8 - Computed TCR of Sintered Au-NP Bridges 

Substrate 
Sintering Temperature 

(°C ) for 24 hours in air 

TCR 

(ppm/°C ±10%) 

Corning 0215 Glass 175 2000 

Corning 0215 Glass 225 2300 

High-Temperature Enamel 200 1400 

 

 

These TCR measurements are similar to those of sputtered low resistance gold film 

resistors, which have been reported with a TCR of 2500 ppm/°C ±10% [10]. 

Discontinuous gold thin films have also been reported with a TCR of 1400 ppm/°C [11]. 

 

6.4 – Summary 
 

In this chapter, an “H” shaped test structure enabling simple the 4-point resistance 

measurements of inkjet deposited bridges has been developed and presented.  An 

automated data acquisition setup to complement the test structure was realized using 

spring loaded pins for simple operation. 

Gold bridges were patterned by inkjet print onto bare Corning 0215 soda lime glass 

and high-temperature enamel using from a hexanethiol-encapsulated gold nanoparticles 

(15%wt) ink, and sintered in air for 24 hours at temperatures ranging from 175-225°C. 

The resistance of these bridges was then measured using the 4 point technique at 50, 100, 

and 150°C. The thermoresistive response of all samples exhibits high stability, 

repeatability, and linearity over the measured temperature range. The temperature 
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coefficient of resistance was computed for the inkjet printed gold films with values 

similar to those of low resistance gold thin films found in the literature. While, the 

printed microstructures exhibit a TCR less than that of bulk gold (3400 ppm/°C ) [12], 

their deposition technique still makes them attractive for temperature sensing applications.   

Gold films are normally either deposited vacuum by evaporation or sputtering, or through 

electro/electroless plating by immersion in a wet chemical bath. Patterned gold film 

deposited by inkjet printing using an organically encapsulated gold enables the 

application of temperature sensitive gold films for substrates whose size or composition 

is incompatible using conventional gold deposition techniques. 
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7. Passive RF Components 

 

Conventional microelectromechanical systems have found numerous applications for 

radio frequency (RF) electronics. MEMS devices offer the potential for high performance, 

filters, phase shifters, low-loss switches, and as tunable reactive components [1]. MEMS 

devices for frequency control and timing have seen extensive development and 

commercialization efforts [2]. Currently, there is considerable interest for low-cost 

printed RF identification (RFID) tags [3, 4, 5].  Planar single-layer printed RF antennas 

and filters have been realized on paper substrates using silver [6]. These RF devices have 

been designed using thin conducting layers of metal with thicknesses typically below 1 

micron without consideration of their mechanical properties [7].  Just as conventional 

electronics drove a strong demand for conventional RF MEMS devices, the field of 

printed electronics will certainly benefit from printed RF MEMS structures so 

development in this area is needed.    

Accordingly, this chapter develops a new multilayer manufacturing process for the 

microfabrication of RF devices and microelectromechanical systems. A hybrid approach 

using both inkjet printing and shadow-masked aerosol deposition is demonstrated by 

building passive RF components. Inkjet printed Au-NPs are used to pattern structural 

layers with fine features. Dielectric passivation layers often do not require fine features, 

so a low-cost laser-cut polymer shadow mask is used to pattern a high-temperature 

dielectric enamel layer.  Inkjet printing and shadow-masking are used in successive order 

to demonstrate this process through the development of a planar resistor and a parallel 

inductor/capacitor tank circuit. 
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7.1 – Hybrid Inkjet and Aerosol Fabrication Process  
 

The devices presented in this chapter were microfabricated using the same 

process conditions in order to demonstrate the robustness of the process parameters 

selected. The high-temperature enamel introduced in Chapter 4 was selected as the base 

substrate such that this manufacturing process can be transferred to other base materials 

with minimum process adjustment.  Substrates were prepared by first cleaning soda lime 

glass slides (Corning 0215) in acetone and ethanol and drying them with clean dry air. 

The enamel was then spray deposited onto the substrate until a smooth finish was 

observed (see Chapter 4) and air dried for 30 minutes at room temperature.  The 

substrates were subsequently transferred to a hotplate and cured at 200ºC for 60 minutes 

yielding a thickness of 25±10μm. 

Hexanethiol-encapsulated gold nanoparticles were synthesized and suspended in 

α-terpineol (15%wt) forming the ink which was subsequently loaded into an inkjet head 

with a 30μm diameter piezoelectric nozzle. The print-head was driven with a 20Hz 

bipolar waveform using 2/5/2/5/2μs timing parameters at ±30V. Each gold layer in the 

processed is patterned through two successive passes onto a 140°C platen yielding a film 

thickness of 1.9μm and a line width of 80±10μm. The velocity of the printer was set to 

overlap adjacent droplets by 50%. After deposition the bottom gold structures were held 

at 140°C for 30 minutes to fully drive off solvent and then ramped to 200°C and held for 

60 minutes in air to sinter the Au-NPs into a gold film. 

The shadow mask using for patterned dielectric layers was laser cut from a 125μm 

thick sheet of polyester film (3M CG3700) cut using a 50W CO2 laser cutter (Versalaser, 
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Inc). The mask was aligned under by microscope and held in place with polyimide tape. 

Enamel was deposited onto the shadow mask using a 1 second burst at a distance of 

300mm. After a 5 minute air dry, the shadow mask was removed, and the device baked 

for 1 hour at 200°C.   Removal after 5 minutes allows the enamel to reflow, forming 

round dielectric edge suitable for printing. 

 

 

Figure 37 - Hybrid Inkjet and Shadow-Mask Deposition Process 

 

Figure 37 illustrates the cross section of the hybrid microfabrication process for devices 

with two structural gold layers, and one patterned dielectric layer.   First a suitable 

substrate material is prepared and the bottom device layer is patterned by inkjet printing 
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using Au-NP ink.  The wafer is subsequently thermally processed to sinter the Au-NPs 

into a coherent conductive film.    Next, a polyester shadow mask is aligned to the 

substrate and high-temperature enamel is aerosol deposited the substrate.  The shadow 

mask is removed and the enamel cured, yielding a smooth insulating layer.   Inkjet 

deposition and sintering is subsequently repeated to yield the final device.   This process 

can be scaled to additional device layers and materials as necessary. 

 

7.2 – Spiral Planar Inductor 
 

 A 4-turn planar spiral inductor was selected at the first device to test hybrid 

microfabrication using a high-temperature dielectric enamel and inkjet printed gold 

nanoparticle ink due to their widespread use in RF integrated circuits [8]. The relevant 

design parameters for this device are shown in Table 9 and a predicted inductance of 

23.8nH was computed using the Modified Wheeler approximation [9]. 

Table 9 – Spiral Inductor Design Parameters 

Design Parameter Value 

Number of Turns 

 
4 

Conductor Width 

 
75μm 

Outer Diameter 

 
1.6mm 

Center-Center Turn 

Spacing 
150μm 

 

500μm by 500μm pads were patterned at the end of each inductor trace to allow probing 

and measurement. Figure 38 is an optical micrograph test pattern of both printed gold 

device layers to verify fabricated dimensions and inter-layer alignment on the printer 

prior to full device manufacturing.  
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Figure 38 - Optical micrograph of two inductor structural layers printed separately to 

verify dimensions and alignment.  

 

The bottom device layer was first patterned and sintered using the parameters outlined in 

the previous section of this chapter. A 400 by 750μm rectangular shadow mask was then 

aligned to the substrate and a layer of enamel deposited onto the device.   After aerosol 

deposition (2 second burst) the shadow mask was removed and cured resulting in a 

patterned dielectric as shown in Figure 39.   Stylus profilometry (KLA Tencor P-2) found 

the dielectric reaches a maximum thickness 18μm of and that the final dimensions of the 

dielectric layer spread by approximately 150μm in all lateral dimensions. 

500µm 
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Figure 39 - Planar inductor after application of dielectric bridge. 

 

Next, the device was aligned on the printer and the top device layer was patterned and 

sintered to yield an electrically conductive device. The center pad of the top trace is 

200μm by 200μm to allow for misalignment between device layers as the substrate is 

removed from the printer for dielectric deposition.  An optical micrograph of one realized 

inductor is shown in Figure 40. Stylus profilometry was subsequently used to 

characterize the device. Figure 41 shows a cross section of the device as measured 

approximately by vertically bisecting Figure 40. The four 1.9μm thick gold lines on each 

side of the bottom layer are clearly visible and appear uniform. The thick concave 

dielectric layer dominates the center of the cross section, with the top gold trace visible at 

the top of the image and measures 1μm thick.  

 

500µm 
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Figure 40 - Gold planar inductor realized in this work. Line width is 75µm and thickness 

is 1.9µm. The line spacing is 75µm and outer coil diameter is 1.67mm. The enamel 

dielectric was patterned via shadow mask and reaches a center height of 18µm.  
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Figure 41 - Stylus profilometer (KLA-Tencor P2) scan of printed inductor taken 

vertically across the center of Figure 40. The eight coil wires and enamel dielectric are 

clearly visible. The upper trace is apparent at the top of the image. The dielectric reaches 

a maximum thickness of 18µm (not shown). 
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After physical dimensioning and imaging, the device was characterized 

electrically using an Agilent E4980A LCR meter. At 1MHz device was measured to have 

a series inductance (Ls) of 24.0±0.1nH and a series resistance (Rs) of 63.3±0.1Ω. The DC 

resistance (Rdc) of the coil was Rdc=65.5±0.1Ω.   Due to the large inter-conductor spacing 

of the coil and the thick dielectric layer, the self-capacitance of the coil was expected to 

be quite small giving the inductor a self-resonance at a frequency higher than available 

measurement capabilities [10].   An integrated capacitor was then selected for addition in 

parallel to further test this deposition technology towards more complex printed gold 

microelectromechanical systems. 

 

 

7.3 – Parallel L-C Tank 
 

The spiral inductor was then extended to include a discrete printed capacitor 

integrated in parallel to form an LC tank in an effort to build a structure similar to RF 

MEMS components. This configuration differs from RFID L-C tanks which consist of a 

capacitor surrounded by an inductor to minimize die size [3]. The separate parallel 

component layout was selected for several reasons including that a discrete capacitor and 

inductor design enables the dimensions of either passive component to be resized without 

affecting the complementary component, enabling flexibility in customizing resonant 

frequency for timing applications. Additionally, a discrete capacitor design gives ample 

real estate for the addition of anchors and control lines towards the goal of building an 

air-gap tunable capacitor with an integrated inductor. In this section we present printed 

gold parallel LC tank deposited on enamel and using enamel as the parallel plate 

capacitor dielectric material.    
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 The characterization of the discrete inductor found a sizable coil resistance which 

must be accounted for during modeling of the LC resonator.   A schematic diagram of the 

equivalent circuit model of the device realized herein is shown in Figure 42. Table 10 

lists the relevant governing equations as derived from [11]. The resistance will affect both 

the resonant frequency and the quality factor (Q) of the device. 

 

Figure 42 – Equivalent circuit model of RL//C circuit. 

Table 10 - RL//C Resonant Circuit Design Formula (from [11]) 
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 The design consists of a four turn inductor with identical dimensions as those shown in 

the previous section.  The leads connecting to the 500μm by 500μm pads were extended 

and a 750μm by 750μm square parallel plate capacitor was fashioned adjacent to the 
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spiral inductor.  The dielectric layer was patterned with a 1250μm by 1250μm square pad 

for the capacitor dielectric region and a 200μm wide trace to the center of the inductor.  

The dielectric was oversized to ease alignment requirements and minimize edge effects 

on the capacitor due to reflow.  The devices were subsequently manufactured using the 

process outlined previously in this chapter.  Optical micrographs of six realized devices 

are shown in Figure 44. The top center device is further detailed in Figure 45. The 

capacitor was measured to have dimensions of 840μm by 840μm. Stylus profilometry 

was used to measure the topology of the parallel plate capacitor; the thickness of the 

dielectric measured 6μm on one size and 8μm on the other, with a peak thickness of 

12μm as shown in Figure 43. 
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Figure 43 - Stylus profile of parallel plate capacitor (Figure 45) demonstrating thickness 

variation of spray deposited dielectric. Top electrode spans from 450μm to 1300μm. 
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The device was estimated to have a resonant frequency of 615MHz assuming an 

average dielectric thickness of 10μm, a dielectric constant of 3.0, and using the inductor 

values found in the previous section. Devices were then characterized using an Agilent 

8720ES S-parameter analyzer on a Karl Suss PM-5 probe station. The test setup was first 

calibrated and the configured to measure the S12 parameters of the resonators.  A parallel 

LC tank has a theoretical infinite impedance at resonance, and Figure 46 shows the 

frequency response of one LC Tank at resonance.  The device operates at a resonant 

frequency of 596MHz, very close to the expected value.  The quality factor of the 

resonator was computed by measuring the -3dB bandwidth and computed to be 60. The 

resistance at resonance was computed as 210kΩ. 

Of the six devices fabricated during this run, three of them were electrically functional. 

Two devices suffered failures due to inconsistency of the dielectric deposition which can 

be solved through improved deposition equipment and masking techniques. The third 

device failed due to a break in the trace connecting the top gold trace to the bottom gold 

layer. 
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Figure 44 - Parallel LC Tanks realized in this work. Droplets are liquid enamel deposited 

onto substrate during shadow mask removal.  

 

 

1mm 
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Figure 45 - Optical micrograph of parallel LC resonator.  

 

 
Figure 46 - S12 measurement of LC Tank showing magnitude (top) and phase (bottom) 

for -20dB drive input power. Q of 60 at 596MHz 
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7.4 – Summary 
 

This chapter has introduced a novel microfabricated process using an aerosol deposited 

substrate and dielectric layer.   Dielectric layers were patterned using a simple shadow-

masking process.  All conducting gold layers were deposited via inkjet printing from a 

hexanethiol-encapsulated gold nanoparticle ink and subsequently sintered. Using this 

process an inkjet printed gold inductor was realized using the high-temperature enamel as 

both the base substrate and the dielectric bridge was demonstrated and performed as 

predicted with a measured inductance of 24.0±0.1nH at 1MHz. This process was then 

further extended to realize the first inkjet printed gold parallel LC tank using discrete a 

discrete inductor and capacitor with an aerosol deposited dielectric. The device was 

characterized using an S-parameter analyzer and found to have a resonant frequency of 

596MHz and a Q of 60.   

 These devices demonstrate the feasibility of these manufacturing techniques 

towards the realization of more complex printed gold microelectromechanical systems. 

The aerosol high-temperature enamel has shown utility as pattern-able dielectric material 

for printing multilevel gold layers. Further improvement of the aerosol deposition 

technique or developing the enamel as a jettable material will further improve the 

capabilities of the material and this prototype printed MEMS manufacturing process.  
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8. Conclusions & Future Work 

8.1 - Conclusions  
 

This dissertation has explored the properties and process techniques of sintered gold 

films deposited via inkjet printing towards the microfabrication of gold 

microelectromechanical systems. A precursor ink consisting of hexanethiol-encapsulated 

gold nanoparticles (Au-NP) suspended in α-terpineol has been identified from the printed 

electronics literature as a promising printed gold MEMS structural material. This ink was 

successfully synthesized along with a custom inkjet deposition system to enable the 

exploration of this ink for the development of printed gold microsystems.   Using the 

inkjet printer, a set of deposition parameters was identified which yields a smooth, 

continuous as-deposited film. 

A novel low-cost aerosol dielectric material has been identified and characterized.  

This enamel has shown utility as both a patternable dielectric, as well as a substrate base 

layer to isolate printed microstructures from the underlying bulk substrate material. The 

aerosol based nature of this material lends itself well for surface treatment of a multitude 

of substrate materials and topologies, rendering them suitable for subsequent inkjet 

patterning of microstructures.  The use of a conformal surface treatment minimizes the 

effect of the bulk substrate, and should allow for process parameters to be tuned for the 

dielectric material independent of the underlying bulk substrate. 

The sintering process of hexanethiol-encapsulated gold nanoparticles was explored 

through measurement of the resistance of sintered Au-NP films for multiple thicknesses, 

temperatures, and substrates, revealing changes in the resistance evolution as a function 

of all of these parameters.  These measurements were compared to nanoindentation of 
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printed gold films sintered for differing durations, and revealed, for the first time, that the 

effective stiffness of the material continues to change for time periods beyond initial 

sintering onset. An extended sintering step is therefore required to ensure the sintered 

film properties stabilize for electromechanical applications. This differs from the current 

state of the art which stops Au-NP sintering upon observing a film color change or an 

initial drop in gold nanoparticle film resistance. 

Scanning electron microscopy images reveal sintered Au-NPs on Corning 0215 can 

exhibit highly porous structures.  While not suitable as a structural material for MEMS, 

these films were measured to have an enhanced temperature coefficient of resistance over 

densified Au-NP films, making them a promising material for inkjet deposited 

temperature sensors.  This represents the first measurement of the temperature coefficient 

of resistance of gold films realized from sintered Au nanoparticles. 

The TCR measurements were performed through the development of a robust 4-point 

methodology utilizing an “H” test structure and spring-loaded contact pins. This 

experimental configuration greatly simplifies printed sample preparation, as the “H” test 

structure accounts for alignment issues. The use of spring-loaded pin interface allows for 

excellent signal integrity during thermal cycling of the devices under test. This technique 

provides a robust solution for future studies on the electrical properties of inkjet printed 

materials. 

Suitable process conditions were developed for printed microsystems for both the 

printed conductive gold films and the aerosol-based dielectric. These materials were then 

combined into a hybrid additive microfabrication process using inkjet printed gold 

structural layers and shadow-mask patterned aerosol deposited dielectric enamel for the 
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realization of multilayer devices. Using this technique, gold features with a minimum 

dimension of 75µm wide and 1.9µm thick were achieved. The utility of this fabrication 

process was then demonstrated through the realization of multilayer passive RF 

components. A planar spiral inductor has been realized using inkjet printing using aerosol 

based enamel as both the substrate and as the bridging dielectric. The 4 turn inductor 

measured 24.0±0.1nH at 1 MHz and the DC resistance of the coil was 65.5±0.1Ω. 

Using the hybrid microfabrication process, the first instance of a discrete parallel LC 

tank circuit has been realized.  This topology differs from the concentric designs 

employed in RF-ID research in that the inductor is not coaxial to the capacitor. The 

discrete nature of the LC tank is designed for the future addition of anchor springs and 

control lines for the realization of a tunable LC tank circuit.  A resonant frequency of 

596MHz with a Q of 60 was measured from a fabricated device. This performance 

compares favorably to other printed resonators in the literature including the 150MHz 

silver nanoparticle on polyimide printed coil (Q=20) [1]. Similarly, printed gold 

13.56MHz RFID tags have been reported a best as-printed Q of ~5, with a maximum Q 

of 30-100 with the addition of gold electroplating steps to reduce printed film resistivity 

[2].  In comparison, the device realized using the process techniques developed in this 

work represents the highest Q of an as-printed LC resonator using sintered inkjet printed 

gold nanoparticles 

 
8.2 – Future Work 
 

The field of printed microelectromechanical systems is just emerging as a 

potential advanced additive manufacturing technique. Opportunities are widespread for 

the development of new process techniques and jettable materials. Further, there is a need 
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to characterize the electrical and mechanical properties of inkjet deposited materials to 

enable modeling and device design. This work has developed sintered gold films 

patterned from hexanethiol-encapsulated Au-NPs towards printed MEMS, but further 

effort is required to build freestanding and complex structures.  

For the sintered hexanethiol Au-NP films, further investigations are necessary to 

extract the mechanical properties of the films for use in device design and modeling. 

Ideally, freestanding structures should be used for this effort, where possible, to gain an 

understanding of the mechanical properties, such as the Young’s modulus, Poisson’s ratio, 

film stress, and density, for microelectromechanical systems. 

 Further refinement in the spray deposition techniques should be investigated in an 

effort to yield films with uniform thickness. Inkjet deposition of the dielectric material 

should also be investigated to enable the deposition of dielectric material without the 

need for shadow masks and for the patterning of fine feature. Further study aerosol 

deposited dielectric enamel on other base substrate materials should also be performed to 

assess whether the material can fully isolate the effects of the bulk substrate from the 

inkjet printed layers. A surface coating which accomplishes this goal will enable 

“substrate invariant” printed microfabrication, removing the need to tune deposition 

parameters for each type of substrate and greatly enhancing the utility of this 

microfabrication modality. 

Microelectromechanical systems typically involve a released element for sensing 

and/or actuation, so a sacrificial material compatible with the solvents and temperatures 

required for processing of the gold and dielectric layers should be identified and studied. 
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Poly(methyl methacrylate) is one candidate sacrificial material with promising attributes 

to complement the structural and dielectric materials developed herein. 

Finally, additional sintering techniques should be explored to enable the 

deposition of gold MEMS structures on substrates where bulk heating is undesirable. 

Ultraviolet and laser sintering are two candidate techniques which should be explored 

further.  The use of an integrated laser for sintering can additionally improve the 

resolution of inkjet printed films as only desired portions of the inkjet deposited material 

can be sintered, and the excess ink can be removed in solvent.  Further, with proper laser 

selection, the as-deposited and processed films can be trimmed in situ, allowing for 

improved film sidewalls and fine features. 
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Appendix A – Temperature 
Compensated Differential-Mode 
Hydrogen Sensor 

This device was fabricated by the author using conventional microfabrication 

techniques and is an example of a MEMS device which can be manufactured using inkjet 

printing. 

A.1 – Abstract 
 

This appendix presents the first instance of a microfabricated differential-mode 

capacitive gas sensor utilizing temperature compensation. Typical capacitive cantilever 

sensors offer promise of both high sensitivity and large measurement range. 

Unfortunately, functionalized cantilevers form a bimorph system, resulting in 

temperature variations due to the stress gradient induced by the sensor material mismatch. 

Taking advantage of the reference cantilever commonly employed in differential-mode 

capacitive sensing, the design presented herein functionalizes the reference cantilever to 

match the thermal stresses of the sense cantilever, making the temperature dependence 

common-mode to remove it from the measurement. A surface micromachined polysilicon 

hydrogen sensor using 50nm of palladium on the sense cantilever, and 40nm of silver on 

the reference cantilever demonstrates the concept and reduces the temperature induced 

capacitance error to 4.9fF/ºC compared to 16.6fF/ºC for a bare reference. 

A.2 – Introduction 
 

The detection and measurement of gaseous chemicals is a burgeoning field on which 

the sensing field has focused a great deal of interest. A wide variety of sensing techniques 
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have been explored including semiconducting, optical, and resistive [1]. Commonly, 

these gas sensors utilize a functional material whose properties change in the presence of 

a particular chemical species.  A gas sensor should ideally be chemically selective, highly 

sensitive, offer a large concentration detection range, and be immune to environmental 

variations such as temperature. While the selectivity is a property of the functional 

material used for measurement, the remaining parameters are typically dependent on the 

sensor configuration.  

One popular and well-established microelectromechanical systems (MEMS) based 

sensing modality measures the deflection of a functionalized cantilever beam, allowing 

high sensitivity and large measurement range [2]. These deflections can be measured as a 

change in capacitance, enabling measurements changes. Unfortunately, this configuration 

forms a bimorph system, resulting in temperature dependence induced by the mismatch 

of the thermal expansion coefficients of the sensor materials. This temperature variation 

is typically accounted for by either thermal regulation, or data post-processing to correct 

for the error [3, 4].  

 

Figure 47 - Perspective view illustration of the fundamental components of the 

differential mode capacitive gas sensor. 
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Bare reference cantilevers are commonly used in capacitive cantilever sensors to 

account for process variation, changes in the dielectric constant, and to eliminate parasitic 

capacitance from the system [4].  When a differential measurement is performed between 

the sense and reference cantilevers, common-mode values are eliminated.  For a 

cantilever based sensor, the bare reference cantilever does not form a bimorph system and 

remains stationary, so both the sense signal and temperature variation will be present on 

the output.  

A microfabricated capacitive cantilever based hydrogen sensor has been reported in 

the literature by Baselt et al. which uses a thin film of palladium (Pd) as a functional 

material [5]. An estimated 10nm/°C deflection error is reported due to the large thermal 

mismatch between the Pd film and the polysilicon cantilever, which requires correction 

using a temperature sensor and a calibrated lookup table. 

This paper reports on the functionalization of the reference cantilever of a 

microfabricated capacitive cantilever gas sensor to provide temperature compensation. 

By balancing the thermal stresses exerted on both the sense and reference structures, the 

temperature response will become common-mode and can be removed with a differential 

measurement. The concept is demonstrated by the realization of a microfabricated 

hydrogen sensor utilizing thin films of Pd as the sense material, and silver (Ag) to 

functionalize the reference cantilever.  

A.3 – Microfabricated Gas Sensor  
 

Design Overview 

 

A perspective illustration of the proposed hydrogen sensor to demonstrate the 

temperature compensation concept is shown in Figure 47.  The device consists of two 
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pairs of 2µm thick polysilicon cantilever beams sharing a common fixed polysilicon 

ground electrode with a thickness of 500nm. The cantilevers and ground electrode are 

separated by a 2µm nominal air gap. Each cantilever consists of six 110µm wide beams 

connected near the tip similar in design to [5] to form a single 710um wide cantilever. 

The lengths of the cantilevers are varied from 125 to 250µm, and sensors are fabricated 

as single pairs and as four pair arrays.  

One cantilever is functionalized with a palladium film, as Pd is capable of reversibly 

absorbing high concentrations of hydrogen which results in a volumetric expansion of the 

film [6]. This expansion induces a stress on the cantilever beam, resulting in a deflection 

and capacitance change. The second, reference, cantilever is functionalized with a silver 

thin film in order to make it temperature sensitive, but inert to hydrogen. The thickness of 

the Ag is engineered to match the thermal response of the Pd film.  

Temperature Compensation 

 

A bimorph or bimetal system has been extensively studied and has been used to form 

thermal MEMS actuators [7]. The bending of the polysilicon/metal cantilever can be 

modeled as a bimetal strip, and the bending radius of curvature R (m) has been derived as 

[8]: 
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m B

R t m mk m mk




    
 

        (1) 

Where /metal Sim t t , /metal Sik E E , metal Sit t t  , (total device thickness). metalt , Sit  are 

the thicknesses of the two layers (m), and metalE , SiE  are their respective Young's Moduli 
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(N/m
2
). B  is the linear expansion coefficient and relates to the thermal expansion 

coefficients metal , Si , as [3]: 

( )metal SiB T              (2)  

T  is the temperature difference (°C) from the nominal temperature where no thermal 

bending occurs.  Substituting (2) into (1) the radius of curvature for a given temperature 

change depends only on the Young’s modulus, linear thermal expansion coefficient, and 

thickness of the two materials. 

If (1) and (2) are populated with the material properties and thicknesses for the sense 

cantilever, a radius of curvature senseR  can be calculated. Equating senseR  to (1) and (2) 

populated with the respective properties of the reference cantilever materials, the 

thickness of the reference cantilever material can then be calculated.  Table 11 displays 

the relevant material properties for this work. 

Furthermore, for a beam of length L (m) at a small angle, the cantilever deflection y (m) 

can be approximated as: 

2 / 2y L R             (3) 

This indicates that the deflection of each cantilever is related to the radius of curvature. 

Since the thickness of the reference material equates these radii, both cantilevers will 

deflect equally. Using this information, the thickness of Ag is computed to be 40nm, 

given a 50nm thick Pd film, and a 2µm thick polysilicon cantilever. 
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Table 11 – Select Material Properties [9] 

 Young’s 

Modulus ( E ) 

Coefficient of Thermal 

Expansion ( ) 

Si 169 GPa
a
 2.9 x 10

-6
/°C  ( 25°C) 

Pd 121 GPa 11.8 x 10
-6

/°C  (25°C) 

Ag 83 GPa 18.9 x 10
-6

/°C  (25°C) 
a. 

Approximation for polysilicon, all other values from reference. 

 

Hydrogen Sensing 

 

Equations (1) and (3) are useful for relating the hydrogen concentration to cantilever 

deflection. The absorption of hydrogen has been shown to obey Sievert's law for lower 

gas concentrations and the linear expansion coefficient B for (1) has been shown to be 

related to hydrogen partial pressure (pH2) as [3]: 

 0

2

/

3

V V
B pH

K


           (4) 

Where K is Sievert's constant which has been experimentally shown to be 350 Torr
½

 

[10]. 0/V V  is determined experimentally and has been shown to have values between 

0.01-0.19 [3]. By substituting (4) into (1), and using (3), the gap change of the cantilever 

beam can be related to the partial hydrogen pressure. 

Differential Capacitive Sensing 

 

In the configuration presented, each cantilever can be approximated as a parallel plate 

capacitor for small deflections.  In the presence of hydrogen, only the Pd film will expand, 

imparting a stress on the beam bending it downwards. This motion will result in an 

increase in capacitance of only the sense cantilever. Measuring the difference in 

capacitance between the two cantilevers will also result in a measured increase in 

capacitance.   
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When the temperature changes, both the Pd and Ag films will expand/contract equally, 

resulting in an equal capacitance change for both cantilevers. As the temperature 

dependence of both cantilevers in now common-mode, these changes will cancel out 

when measuring the capacitance difference between the two cantilevers. 

 

A.4 – Fabrication 

 

The sensor realized in this work is constructed utilizing standard polysilicon surface 

micromachining techniques.  A diagram of the fabrication cross section is illustrated in 

Figure 48. First, a 300nm thick stoichiometric Si3N4 passivation layer is first deposited on 

a 100 mm-diameter boron doped <100> silicon wafer.  This is followed with 500nm of in 

situ phosphorus doped polysilicon which is subsequently patterned and etched by reactive 

ion etching (RIE) to form the bottom electrodes. Next, a 2μm low temperature oxide 

(LTO) sacrificial layer is deposited and anchor holes are opened using buffered oxide 

etch (BOE).  A 2μm thick in situ phosphorus doped polysilicon layer is next deposited 

and patterned by RIE to form the cantilever structures.  The wafer is then annealed in N2 

for one hour at 1050°C for dopant activation and film stress relaxation. 250nm of nickel 

is sputtered and patterned by lift-off to form bond pads on the wafer which is 

subsequently sintered to create ohmic contacts.  

Both of the functionalization metals are next sputtered onto the cantilevers. Before 

each sputter step a 30s RF pre-clean is performed. First, a 10nm adhesion layer of 

chromium (Cr) is sputtered onto the wafer followed immediately by 50nm of Pd to 

functionalize the sense cantilevers. These metals are then patterned by lift-off. Next, 

10nm of Cr and 40nm of Ag are sputtered onto the reference cantilevers and patterned by 

lift-off. 
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Figure 48 - Fabrication cross-section of the gas sensor. (Polysilicon shown in black, 

oxide in light blue, and nitride in dark blue.) 

 

The wafer is then diced into 10.2mm by 10.2mm dies each containing 54 cantilever 

pairs.  Release was performed in a two-step process.  Each chip is etched in Silox Vapox 

III (Transene Inc.) for 35 minutes and then dried using supercritical CO2. The wafers 

were allowed to sit for several days in dry N2, and then the etch/dry process was repeated 

a second time to yield released devices. Failure to allow the devices to sit resulted in 

polysilicon degradation and metal delamination. Optical micrographs of the fabricated 

device are shown in Figure 49. 
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Pd Ag a. 

Pd Ag 

b. 

c. 

 

Figure 49 - Optical micrographs of (a) Sensor arrays (b) A single differential pair (c) 

Beam detail showing metal and polysilicon layers. 

 
A.5 – Results 
 

Capacitance measurements have been performed using the test setup shown in Figure 

50. Each die is loaded onto a probe station containing a polyimide heater.  Hydrogen is 

generated by electrolysis of water using graphite electrodes and stored in an inverted 

10ml syringe. The syringe is plumbed to the probe station using 1/8 inch rubber tubing 

with a valve to close the tubing located near the probe station. Capacitance measurements 

are performed using an Agilent E4980A LCR Meter.  
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Figure 50 - Test configuration on a Karl Suss PM5 Probe Station. A polyimide heater 

controls temperature. Hydrogen is generated by electrolysis and supplied as a small 

impulse burst to test device functionality. 

Sensor functionality and hydrogen selectivity of the gas sensor were first verified 

experimentally. Measurements are taken at 10 kHz and after 10 seconds, the valve is 

opened exposing the sensor to an impulse of hydrogen. Figure 51 shows the sensor 

impulse response of a 175µm cantilever pair to hydrogen exposure. The sense cantilever 

capacitance increases by 75fF, while the reference cantilever output remains constant. 

This experiment demonstrates the functionality of the hydrogen sensor and verifies that 

the Ag film on the reference cantilever is insensitive to hydrogen. An improved test 

configuration is currently being implemented to allow for controlled concentrations of H2 

to more fully characterize the sensing characteristics. 
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Figure 51 - Plot of 175µm long reference and sense cantilevers showing their response 

when exposing the sensor to a small burst of hydrogen (Horizontal lines are 50fF apart). 
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Figure 52 - Graph showing both 175µm long cantilevers operating at two temperatures to 

demonstrate temperature compensation. The small change on the reference cantilever at 

21°C can be attributed to the testing setup shifting slightly when the hydrogen is released 
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. 

Next, the temperature of the sensor is varied with the heater to demonstrate the 

common-mode temperature change of both cantilevers. Measurements are taken using the 

same conditions as the previous experiment, and each cantilever is exposed to impulse of 

hydrogen. Measurements were first performed at ambient (21°C). Next, the temperature 

was raised to 38°C and held. Measurements were repeated and the results are shown in 

Figure 52.  The Pd functionalized cantilever capacitance increased by 289fF, while the 

reference cantilever capacitance increased by 375fF. The observed difference is likely 

due to a slight thickness error of the metal films, as the process was controlled by hand. 

As measured, the differential capacitance error due to temperature is reduced to 4.9fF/ºC 

compared with 16.6fF/ºC using a bare reference cantilever. This error can be further 

optimized with tighter control over the metal deposition process.  This experiment 

successfully demonstrates the temperature compensation technique. 

 
A.6 – Conclusions 
 

The first instance of a microfabricated differential-mode hydrogen sensor has been 

realized which demonstrates the concept of temperature compensation using a 

functionalized reference cantilever. Measurements performed on the device verify the 

functionality of the sensor and selective response is demonstrated from the sense 

cantilever. The ambient temperature of the sensor was varied and the temperature induce 

differential capacitance error was reduced to 4.9fF/ºC compared with 16.6fF/ºC for a bare 

reference. This temperature compensation technique is applicable to many applications 

where a bimorph system exists and a reference measurement can be performed. By 

engineering a reference structure with an appropriate material to apply equal thermal 
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stresses, the temperature dependence of a sensor can be made common mode and 

removed during measurement. This compensation removes the need for additional 

temperature correction circuitry, lowering the cost, complexity, and power consumption 

of the sensor. 

 

This work is published as: 

R.C. Roberts, N.C. Tien "Microfabricated differential-mode gas sensor utilizing 

temperature compensation," Technical Digest , The 9th IEEE Conference on Sensors 

(Sensors 2010), Waikoloa, Hawaii, November, 2010, pp. 1530-1533. 
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Appendix B – Gold-NP Synthesis 

The hexanethiol-encapsulated gold nanoparticles used in this work were 

synthesized using a procedure adapted by Molesa [1]. This two phase synthesis process 

was originally developed by Brust et al. [2] and refined by Hostetler et al. [3]. The 

method was further developed Huang et al. [4] for printed electronics applications.  For 

completeness, details on changing the nanoparticle encapsulating surfactant are included 

based on the work of Molesa and shown in Table 12. For this work, all experiments were 

performed using gold nanoparticles synthesized with hexanethiol in a 4:1 molar ratio. 

 

B.1 – Equipment Used 
 

 500mL beaker 

 1000mL Erlenmeyer flask 

 1000mL Erlenmeyer vacuum flask 

 Fine glass frit 

 1000mL separatory funnel 

 1000mL rotary flask 

 Large stir bar 

 Rotary evaporator 

 Ultrasonic bath 

 Laboratory scale 

 Stirring hot plate 

 5mL pipette 
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B.2 – Chemicals Required 
 

 Hydrogen tetrachloroaurate(III) hydrate (HAuCl4•xH2O) 

 1-Hexanethiol (C6H13SH) or alternative alkanethiol  

 Sodium borohydride (NaBH4) 

 Tetraoctylammonium Bromide (C32H68BrN) 

 Toluene (C7H8) 

 Deionized water (H2O) 

 Ethanol (C2H5OH) 

 Acetone ((CH3) 2CO) 

 Dry Ice (CO2) 

 
B.3 – General Procedure 
 

The laboratory procedure can be divided into two phases; synthesis and 

purification. During synthesis, alkanethiol-encapsulated gold nanoparticles are formed by 

first dissolving the ionic gold precursor in water and then transferred it to toluene using 

tetraoctylammonium bromide, an organic transfer reagent.  The organic phase of this 

solution is then isolated, and the alkanethiol-encapsulate is added in the appropriate 

molar ratio to achieve the desired nanoparticle size.  The alkyl chain length is selected to 

achieve the desired sintering temperature of the resulting nanoparticles. The resulting 

solution is then reduced using sodium borohydride and stirred for several hours. 

Purification is then performed by first isolating the organic phase of the solution 

and then evaporating of the toluene using rotary evaporation. The resulting nanoparticles 

are then dissolved in ethanol and chilled in a freezer in preparation for filtering.   Finally, 
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the nanoparticles are extracted using vacuum evaporation, rinsed, and are then ready for 

use. 

 

B.5 – Detailed Procedure 
 

A detailed laboratory procedure of the gold nanoparticle synthesis process is described 

below for a 2.5g quantity of hydrogen tetrachloroaurate(III) hydrate. It should be noted 

that hydrogen tetrachloroaurate(III) hydrate is sensitive to light and air, so it should be 

stabilized by quick dissolution in water (step 2 below).  Hydrogen tetrachloroaurate(III) 

hydrate is commonly procured in 5g increments, so it is recommended that two synthesis 

procedures are either run in parallel or sequentially to maximize gold usage.  

 

Synthesis: 

1) 645mL toluene and a large stir bar are added to a 1000mL Erlenmeyer flask. 

12.10g of tetraoctylammonium bromide is then added and stirred vigorously (700-

800 rpm), forming the organic phase. 

2) Using a 500 mL beaker, add 2.5g of HAuCl4•xH2O to 200mL deionized water to 

form a pale yellow aqueous phase. If starting with 5g of HAuCl4•xH2O, dissolve 

it using 400mL deionized water immediately and then run two synthesis 

procedures. 

3) Add 200mL of the gold aqueous solution to the vigorously stirred organic phase 

from step 1.  After mixing, turn off the stir bar and the two phases will begin to 

separate into a clear aqueous phase and an orange-brown organic phase. 
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4) Transfer the solution into the 1000mL separatory flask and allow for the two 

phases to fully separate.  Next, isolate the orange-brown organic phase and 

transfer it to a 1000mL Erlenmeyer flask. 

5) Using the pipette, add the desired molar ratio of hexanethiol (or other alkanethiol) 

for the formation of nanoparticles of the desired size and thermal properties. For 

this work, a 4 to 1 thiol to gold molar ratio of hexanethiol (4.125mL) was selected 

to achieve 1.5-2.5nm nanoparticles. The solution is then stirred vigorously (700-

800 rpm) at room temperature for 15 minutes as nanoparticles form and the 

solution transforms to a pale yellow/clear in color. 

6) In a 500mL beaker, form the reduction solution by mixing 3.065g of NaBH4 in 

200mL deionized water. 

7) While continuing to vigorously stir nanoparticle solution (organic phase), slowly 

pour in the reduction solution from the previous step over a 20 second period.  

This reaction will become very dark in color. 

8) Cover the top of the Erlenmeyer flask with aluminum foil and stir the solution for 

3.5 hours or more at room temperature. 

 

Purification: 

1) Turn of the stir bar and then transfer the solution into the 1000mL separatory flask 

and allow for the two phases to fully separate.   

2) Isolate the dark organic phase as before and transfer it to a 1000mL rotary flask. 
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3) Using a rotary evaporator, extract the solvent from the organic phase.  Make sure 

to add dry ice to the trap to condense the volatiles.   Keep the water bath 

temperature below 35°C to avoid nanoparticle degradation 

4) Suspend the nanoparticles in 250mL ethanol. Sonicate the solution in the rotary 

flask for 5 minutes to ensure full dissolution of nanoparticles, then transfer it to a 

500mL bottle with an air tight lid.   

5) Place the solution in a freezer overnight to allow the nanoparticles to agglomerate 

for vacuum extraction. 

6) Using a 1000mL vacuum flask and a fine glass frit, filter the nanoparticle solution 

and then rinse it with at least 645mL ethanol (750mL used in practice) and 

1210mL acetone (1250mL used here).  The vacuum flask will need to be emptied 

during this process, so watch the filtration steps carefully. 

7) Leave the nanoparticles on the frit under vacuum for at least 15 minutes to allow 

them to dry.   

8) The nanoparticles are now ready for use.  They can be stored in a refrigerator or 

freezer in an air-tight bottle.  For this work, they were weighed an immediately 

suspended in the desired solvent to form a gold nanoparticle ink. 

 

Table 12 - Alkanethiol Quantity for Au Nanoparticle Synthesis (adapted from [1]) 

Chemical 

Thiol Encapsulant to Gold Molar Ratio for 

2.5g Hydrogen tetrachloroaurate(III) hydrate (0.0073575 mol) 

1:1 3:1 4:1 1/12:1 

Dodecanethiol 1.489g 1.762mL 4.466g 5.285mL 5.954g 7.046mL 0.1241g 0.1468mL 

Octanethiol 1.076g 1.277mL 3.228g 3.830mL 4.304g 5.106mL 0.0897g 0.1064mL 

Hexanethiol 0.870g 1.038mL 2.609g 3.114mL 3.478g 4.152mL 0.7245g 0.0865mL 

Butanethiol 0.664g 0.788mL 1.991g 2.364mL 2.654g 3.152mL 0.0553g 0.0657mL 
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Table 13 - Important Chemical Properties for Nanoparticle Synthesis (from [1]) 

Chemical Formula MW (amu) Mp (ºC) Bp (ºC) d (g/mL) 

Hydrogen 
tetrachloroaurate(III) 

hydrate 
HAuCl4•xH2O 339.79 -- -- 3.9 

1-Dodecanethiol C12H25SH 202.4 -7 266-283 0.845 

1-Octanethiol C8H17SH 146.3 -49 197-200 0.843 

1-Hexanethiol C6H13SH 118.24 -80 150-154 0.838 

1-Butanethiol C4H9SH 90.19 -116 98 0.842 

Sodium Borohydride NaBH4 37.83 36 400 0.945 

Tetraoctylammonium 
Bromide 

(C8H17) 4BrN 546.82 97-99 -- -- 

Toluene C6H35CH3 92.1402 -93 110.6 0.867 

Deionized water H2O 18.0152 0 100 0.955 

Ethanol C2H5OH 58.0798 -94.3 56.2 0.7857 

Acetone C3H6O 46.0688 -114.1 78.3 0.789 
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Appendix C – Stiffness versus Sintering 
Conditions 

In order to gain an understanding on the evolution of the mechanical characteristics of gold 

films realized by sintering hexanethiol-encapsulated gold nanoparticles, initial stiffness 

measurements were performed. The mechanical properties of these films have not been studied 

in the literature, so there is great opportunity to characterize this material for use in inkjet printed 

microelectromechanical systems. 

In order to build prototype printed MEMS, suitable process conditions must be selected 

which yield a favorable material. The resistance measurements presented previously in chapter 5 

have shown that the electrical properties continue to evolve well after the onset of sintering 

resulting in an electrically conductive gold film. Understanding how the mechanical properties 

evolve is of similar interest in order to select suitable sintering parameters. 

The stiffness of a material is the measure of resistance to deformation when a force is applied. 

This is an extrinsic property of a sample that relates to the elastic modulus of a material but also 

depends upon both the shape and boundary conditions used. This measure is useful for design as 

it allows for a practical measure of aggregate material flexibility without accounting for many 

complex parameters affecting the stiffness of a material. The stiffness can then be used to 

estimate the elastic modulus of a sample given suitable sample conditions. 

Accordingly, the stiffness of sintered gold nanoparticle films will be examined to look at the 

changes in this property as a result of varied sintering durations. In doing so, the stability of the 

aggregate material properties relating to stiffness can be visualized. Understanding this effective 

stiffness will then allow for the selection of appropriate sintering conditions such that electrically 
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and mechanically stable films can be realized for the future development and study of inkjet 

printed MEMS. 

The effective stiffness has been measured using an Agilent G200 Nano Indenter 

operating in continuous stiffness measurement (CSM) mode with a Berkovich tip for the sintered 

gold films. In CSM mode, the nanoindenter tip oscillates with a magnitude of several nanometers 

taking measurements of the stiffness of the material during each oscillation.  The nanoindenter 

then further penetrates into the material and takes the next measurement, allowing for the 

stiffness measurements versus depth of materials. The nanoindenter stiffness measurement 

profiles can then be analyzed to select appropriate sintering conditions for further development 

of inkjet printed MEMS. 

 

C.1 – Effective Stiffness on <100> Silicon  
 

Hexanethiol-encapsulated gold nanoparticle wires (10%wt, 60µm diameter nozzle) were 

printed on both clean borosilicate glass (Corning 0215), and bare <100> silicon, to provide 

substrates of differing stiffness as reported previously by Saha and Nix [1]. After deposition the 

solvent was evaporated for 10 minutes at 130°C before being transferred to the 200°C hotplate 

for sintering. Samples were sintered for three durations; just before the resistance drop (7 

minutes), just after the resistance drop (13 minutes), and after a full 60 minutes.  CSM 

nanoindentation measurements of the effective stiffness of the sintered gold films on a <100> 

silicon substrate are shown in Figure 53. 
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Figure 53 – Effective stiffness of the gold films on silicon after sintering at 200ºC in air for 7, 13, 

and 60 minutes respectively. The resistance decrease for this gold film, indicating the onset of 

sintering, was measured to be at 11 minutes. 

 
As the Young’s modulus of <100> silicon is much greater than gold, detection of when the 

nanoindenter reached the substrate was simplified. After 60 minutes of sintering, the measured 

effective stiffness of the gold film was 71 ± 3GPa, which is approaching the expected modulus 

of bulk gold, 79GPa.  The measured effective stiffness after 7 minutes of 20 ± 3GPa is much 

softer, as expected, as this should be before sintering of the gold begins. At the 13 minute mark, 

two minutes after the predicted onset of gold sintering, a large increase in modulus was observed, 

61 ± 9GPa. The variation in modulus of this sample was much larger than at the other time 

points. The larger variation in modulus likely indicates that the gold film is still inhomogeneous 

and undergoing structural changes.  
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C.2 – Effective Stiffness on High-Temperature Enamel 
 

As SEM images of the sintered gold films exhibited different microstructure under 

identical deposition and sintering conditions when printed onto different substrates, CSM 

nanoindentation measurements were performed on sintered gold pads deposited onto the high-

temperature dielectric enamel used throughout this work.  

Hexanethiol-encapsulated gold nanoparticles were synthesized and suspended in α-terpineol 

(15%wt) forming the ink which was subsequently loaded into an inkjet head with a 30μm 

diameter piezoelectric nozzle. The print-head was driven with a 20Hz bipolar waveform using 

2/5/2/5/2μs timing parameters at ±30V. Each gold layer in the processed is patterned through two 

successive passes onto a 140°C platen yielding 750μm by 750μm square pad. The feed rate on 

the printer was set to overlap the previous droplet by 50%. After deposition the gold structures 

were held at 140°C for 10 minutes to drive off solvent and then ramped to 200°C.  

Samples were then removed from the hotplate after 1 minute, 3 minute, 10 minutes, and 60 

minutes and quickly placed on a large block of aluminum to rapidly cool the samples. The 

resistivity and color of the printed nanoparticle films were observed to detect the onset of 

sintering, which occurred 2 minutes after ramping up the hotplate temperature to 200°C, as 

expected. 

CSM nanoindentation of each of the samples was performed using the Young’s Modulus 

measurement setting as an estimator of the effective stiffness of the samples and the data is 

shown in Figure 54.   Additionally, stiffness measurements were made on the bare substrate and 

the calibration standard for reference. 
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Figure 54 - CSM Nanoindentation Data of sintered Au-NP films on enamel 

 

The data reveals interesting trends as the nanoindenter tip penetrates the material. As expected, 

the loose gold nanoparticles are quite soft before the onset of sintering at the two minute point 

during sintering. Interestingly, the stiffness of the gold film still appears soft at the 3 minute 

sintering duration indicate that the gold film may still be undergoing structural changes.   Of 

most interest in this study however, is an examination of the two effective stiffness 

measurements at the 10 and 60 minute marks, respectively.   While close in value, the 60 minute 

measurement yields a higher measured stiffness versus depth, indicating that the gold film being 

measured has likely continued to evolve and densify.  This agrees well with measurements 

performed on the silicon substrate.  
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C.3 – Summary 
 

Continuous stiffness monitoring (CSM) nanoindentation measurements were performed 

on gold films patterned onto <100> Silicon substrates and the dielectric enamel used in this work.  

In both cases, the stiffness of this material was found to continue to increase for periods beyond 

the onset of sintering.   These observations trend well with changes in resistance.   Accordingly, 

it is advisable to sinter gold nanoparticles for an extended period of time beyond the onset of 

sintering as observed by a color or conductivity changes as is currently suggested in the literature 

in order to minimize material variation due to subsequent temperature process steps. The 

mechanical properties of sintered gold films have not been studied in the literature.  Accordingly, 

further study should be performed to measure the stiffness of freestanding microfabricated 

sintered gold structures. 
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