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The Laser Ablation of Microparticle Aerosols (LAMA) technique was used to 

generate silver nanoparticles and they were supersonically impacted on different 

substrates to form mesoscale functional structures in this study. 

 The electrical signal of the plume generated by the laser ablation of 

microparticle aerosol in 1 atm was diagnosed with a series of Faraday cups and the 

related recombination process was studied to understand the properties of the charged 

silver nanoparticles in this high pressure dusty plasma. The experimental results shows 

that the silver NPs carries positive charge and the charge decays approximately 

exponentially with respect to the traveling time and the 1/e decay time increases about 

60% when  an anode layer is added near the ablation zone.  

 Supersonically deposited silver nanostructured films were deposited using He 

and Ar gas through a flat plate and conical nozzles. The films were characterized to 
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determine their morphologies, strains, and their conductivity changes with respect to the 

different annealing processes. It was found that the as deposited films tended to retain 

the internal feature dimension and crystallite grain size of the deposited nanoparticles.  

Increased impaction energy increased the film density and promoted sintering and neck 

formation without significant grain growth for deposition at room temperature. The 

silver films deposited in helium showed a higher density than in Ar. The annealing of the 

silver films produced in helium and Ar by using a flat plate nozzle showed a trend of 

conductivity increase as the annealing temperature increased. And the conductivity of 

the silver films deposited in helium was relatively higher than that of the film deposited 

in Ar. After heat treatment at 400ºC for 90 minutes, the silver film deposited in helium 

has a conductivity of 47% of the bulk silver conductivity. Modeling results shows 

density of the film deposited through flat plate nozzle in He has relatively higher density 

than the film deposited in Ar through flat plate nozzle. Annealing did not change the 

density of the films deposited in the same condition. 
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Chapter 1  

Introduction 

 

 

 

 

The work in this dissertation will describe how supersonic jet deposition can be 

combined with a laser ablation technique to make nanoparticles in order to fabricate 

mesoscale nanostructured conductive lines and patterns of silver. This chapter will 

introduce the motivation of the research, the technique adopted in this study, and the 

goals and objectives of this study.   

 

1.1 Motivation  

 

Mesoscale is a weakly explored size regime (ranges from 10 µm to 5 mm in 

feature size) with a great opportunity for the development, implementation, and 

commercialization of electronics. The mesoscale structures can be formed by various 

techniques. Among which, the direct write techniques offer a maskless, high speed 

method to transfer both pattern and materials on the substrate simultaneously. Direct 

write refers to the technique or processes capable of depositing, dispensing, or 

processing different types of materials over various surfaces following a preset pattern 

or layout. In general, any material that takes the form of fine powder can be directly 



 2 

written into a mesoscopic pattern by various techniques. Direct-fabrication approaches 

are being actively considered to simplify the process of the fabrication of electronic 

components such as resistors, capacitors, inductors, antennas, etc. The direct-write 

technologies are especially suitable for this type of processing in the mesoscale regime. 

This technique can produce complex, mesoscale devices in a relatively short period of 

time with less human participation and intermediate processing steps. Thus it 

eliminates many processing steps required by traditional techniques such as lithography, 

etching, etc. Fig 1.1 shows examples of mesoscale electronic circuitry and components 

[1]. 

 

 

(a) (b) 

Figure 1.1 Functional mesoscale structures: (a) Silver metal deposited over a 

step; 50 µm lines on 100 µm pitch, (b) GPS antenna.                                        
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Several groups have reviewed the direct-write techniques and discussed the 

applications of direct-write manufacturing in detail. The direct-write techniques include 

laser particle guidance, micropen, ink jet, focused ion beam (FIB), etc [2]. All the direct 

write techniques mentioned above depend on high-quality starting materials.  

The method of supersonic jet deposition of aerosol nanoparticles was 

introduced by Hayashi’s group [3]. It has been demonstrated to be an excellent 

technique for advanced material synthesis. The benefit of the jet deposition of aerosol 

NPs for mesoscale components are summarized as follows: 

(1) Environmental benefits: provides significant environmental benefits by reducing 

processing requirements because it eliminates the waste associated with traditional (e.g. 

mask and etch) processes. Rather than coating an entire masked surface, manufacturers 

can deposit exact amounts of material exactly where they need to be. Moreover, it can 

eliminates the enchants which can be toxic. 

(2) Low Processing Temperature: Once the material has been deposited, conventional 

approaches require high temperature treatment. By contrast, our method can process the 

deposition on low temperature substrates with a comparatively high-quality thin film 

with excellent edge definition. 

(3) Flexible: Our method can deposit a wide variety of materials, including metals, 

semiconductors, and insulators. Deposits can be made on virtually any surface material 

such as silicon, glass, plastics, metals, ceramics, and polymers and even on curved 

surfaces.  
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1.2 Nanoparticles Made by Laser Ablation of Microparticle Aerosol 

 

 Nanoparticles (NPs) of various materials are very attractive for new electronic, 

optical, mechanical and magnetic applications because of their unique physical and 

chemical properties as compared to the corresponding bulk materials. Many unusual 

properties appear including quantum size effects such as the splitting of the continuum 

conduction band into discrete levels, the lower melting temperature, the higher self-

diffusion coefficient, the electromagnetic field enhancement on the surface, the 

magnetic properties changes from diamagnetic into paramagnetic, and from 

ferromagnetic into super paramagnetic [4,5].  

Various NP production methods such as the sol-gel method, inert gas 

condensation, laser ablation of solids, high energy ball milling, and the electrospray 

method have been developed for different purposes. In summary, all NP synthesis 

techniques fall into one of the three categories: vapor-phase synthesis, solution 

precipitation, or solid-state processes. 

 Laser ablation of microparticle (MP) aerosol (LAMA) is a new NP production 

method developed by Prof. Becker, et al. [6].In this method, a KrF excimer laser 

(wavelength 248 nm) with a 12 ns pulse width is focused onto a MP aerosol stream 

contained within a coaxial buffer gas. The laser initiates breakdown of a MP and a 

shock-wave is formed that travels through the MP. Homogeneous nucleation and 

subsequent condensation occurs behind the shockwave forming the NPs. This 

technique has been demonstrated as a unique process to make high purity, small mean 
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size NPs. The materials that have been tested by our group include metals (Ag, Au, and 

W), semiconductors (Si, CdSe, GaN, and ZnO), and ceramics (WC, SiC, and 

YBa2Cu3O7). 

The unique features of our LAMA process can be summarized as follows:  

1) The NPs are supersonically deposited on the substrate immediately after 

ablation so that no surfactant stabilization is needed and therefore no difficulty is 

encountered later in removing the surfactant. 

2) During the ablation, electrons are emitted by photoionization and thermionic 

emission, thus the generated metallic NPs are free from agglomeration because they are 

positively charged right after ablation.  

3) Unlike laser ablation from a flat plate, the NPs generated by LAMA exhibit a 

narrower size distribution. 

4) The NPs have a mean diameter that can be controlled from 2-30 nm by 

varying the background gas type and pressure and the laser fluence. 

5) NPs can be as pure as the feedstock material. 

6) The process is environmentally friendly with no chemical by-products. 

7) The process is compatible with existing semiconductor processing techniques.  

For collection we use a micro-orifice nozzle that focuses the NPs into a jet and 

the jet is intercepted by a substrate several millimeters below the nozzle. The NPs are 

separated from the gas stream by inertia and supersonically deposited on the substrate. 

Thus, this jet deposition process involves the acceleration of the gas and the entrained 

particles through a nozzle forming a high velocity jet to impact onto the substrates.  
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Our unique LAMA-jet deposition process can deposit a wide variety of 

materials and enables us to generate various types of nanostuctured films which are 

suitable for applications such as: hybrid prototypes; printed circuit board repair, 

prototyping or customization; fine lines, high square count, and low noise resistors; 

precise placement of etch resist and solder paste, capacitors, inductors and antennae, etc. 

By eliminating masks and resists, the LAMA-jet deposition process permits 

rapid refinement cycles and can be tailored to meet the needs of many different 

manufacturing scenarios with low costs.  

The material chosen for this study is silver because of its usefulness for stable 

interconnects in air. Moreover, silver is cheaper and less rare than gold, and pure silver 

has the highest electrical and thermal conductivity in comparison with other metals.  

 

 

1.3  Goals and Objectives 

 

The purpose of this research is to study the applications of our LAMA-jet 

deposition process and to characterize the silver nanostructured films produced by this 

technique. This study will help one to understand the dynamics of the charged NPs 

generated by laser ablation of a MP aerosol, the technology of the LAMA-jet 

deposition process, and the electrical properties of the silver nanostructured films 

generated by this LAMA-jet process. Although we have made significant progress in 
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understanding the LAMA process, the application of the LAMA process is still to be 

explored. The goals and objectives of this research are as follows: 

(1) Characterize the electrical charge decay process in the high pressure dusty plasma 

generated by LAMA and find a solution to keep the NPs charged as long as possible. 

(2) Investigate the factors that affect the morphology, crystalline size and film density 

of the as-deposited silver nanostructured film and compare the experimental results 

with the aerosol dynamics modeling.  

(3) Find the relationship between the conductivity of the silver nanostructured films 

deposited by the LAMA-jet deposition process and the annealing temperature after 

deposition. Study how this post processing affects the conductivity and microstructure 

of the silver films and find the optimized condition for a higher conductivity. 

In this dissertation, chapter 2 will introduce the experimental setup, the 

measurement tools, and the characterization tools. Chapter 3 will present the 

experimental study of the charged silver nanoparticles in the high pressure, dusty 

plasma generated by laser ablation of the microparticle aerosol. Chapter 4 will discuss 

morphology, crystal structure, and density of the LAMA-jet deposition silver films. 

Also modeling results for the supersonic jet deposition of silver nanoparticle will be 

presented and related to the observed film morphology. Chapter 5 will present the 

experimental results describing the relationship between the annealing temperature and 

the conductivity and microstructure change of the silver film. Chapter 6 will summarize 

the findings presented in these chapters. 
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Chapter 2  

Experiment and Characterization 

 

 

 

 

 

  

 A general introduction of the experimental setup, measurement and 

characterization tools is described in this chapter. Electrical diagnostics of the dusty 

plasma resulting from laser ablation will be described in detail in chapter 3. LAMA-jet 

deposition systems were used to produce silver nanostructured film in a low vacuum 

system. Detailed information of the experiments will be presented in chapter 4 and 

chapter 5. 

To generate a NP aerosol by ablating a MP aerosol, a Lumonics PM-848 KrF 

excimer laser (wavelength 248 nm, pulse width 12 ns) was used. The optical setup is 

shown in Fig 2.1. The high energy laser beam was focused by two cylindrical lenses to 

focus the orthogonal directions of the laser beam. A turning mirror was used to send the 

laser beam to the experimental setups which were used for different purposes. The 

absorption of all the optics was measured using a laser power meter and a UV-VIS 

absorption spectrometer. After considering the reflection and absorption of the optics, 

the fluence at the ablation point was adjusted according to the energy requirement. 
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Figure 2.1 Schematic of laser focusing for LAMA- jet deposition system and 

electrostatic diagnoses. 
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The setup of LAMA- jet deposition system (low vacuum) is shown in Fig 2.2 

(adapted from [1]). It is composed of three cells: the laser ablation cell, the virtual 

impaction chamber and the film deposition chamber. In the laser ablation cell, the 

Lumonics PM-848 KrF excimer laser is focused by two cylindrical lenses onto a MP 

aerosol generated from the fluidized bed. Silver feedstock is provided by Dupont 

(Electronic Materials Division, type PJ3011) with an average size of 1.7 µm. In the 

ablation cell, the microparticle (MP) aerosol is constrained by a coaxial buffer gas in 1 

atm. Helium (He), argon (Ar) and nitrogen (N2) are used in the experiments. During 

ablation, the laser light is absorbed at the surface of the MPs where evaporation and 

plasma breakdown create a shockwave that travels through the bulk of the particle, 

vaporizing the particles. This vapor catastrophically condenses to form NPs in the low 

pressure region behind the shockwave. 
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Figure 2.2 The experimental setup for LAMA- jet deposition process (adapted from 

[1]). 

 

Following the ablation cell, a virtual impaction chamber is designed to remove 

the unablated MPs, and large NPs (>500 nm).  The smaller NPs will be carried by the 

gas, and flow into the impaction chamber. Entering the impaction chamber, the NP 
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aerosol is accelerated by a supersonic nozzle with an orifice diameter of 250 µm. The 

operating pressure in the deposition chamber is typically 100-200 mTorr. The 

collecting substrates are either Si or corundum.  

 The following is a summary of LAMA system operation. A 1 atm. microparticle 

aerosol (105 to 106 particles/cm3) was formed of spherical silver feedstock particles.  

The aerosol generator was a small, fluidized bed that could accommodate the low gas 

flow rate to the laser ablation region (upto 100 sccm).  This aerosol exited a nozzle into 

about      4.5 mm x 1 mm (x 4 mm long) laser ablation region at a velocity less than 1 

m/s where the excimer laser irradiated it once, but not more than once.  The KrF 

excimer laser (248 nm wavelength, 12 ns pulses at 200 Hz repetition frequency) was 

focused by cylindrical lenses to match the 4.5 mm x 1 mm size of the ablation region 

and directed orthogonal to the aerosol flow.  Due to the small amount of laser energy 

absorbed by the flowing aerosol, the net temperature rise of the gas was calculated to 

be less than 30°C [2].  Prior to ablation, the feed aerosol stream was entrained in a 

coaxial laminar flow of the same type of gas.  After ablation, the center nanoparticle 

aerosol was collected by a skimmer tube and sent to a virtual impactor that separated 

unablated and larger (>500 nm) particles from the NP aerosol.  The NP aerosol then 

flowed to the supersonic nozzle and into the deposition chamber that was pumped by a 

Roots blower and a mechanical vacuum pump (with combined pumping capacity of 

5500 l/min). The operating pressure in the deposition chamber was typically 100-200 

mTorr (16-32 Pa).   
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Computer Controlled X-Y stage 

In order to create continuous lines and films of nanostructured material, a 

motorized translation stage was constructed to move the deposition substrate beneath 

the jet of nanoparticles.  The setup of the computer controlled X-Y stage is show in 

Fig.2.3. The X-Y stage was built from a pair of micrometer translation stages mounted 

orthogonally with the micrometer screws replaced by a packaged stepper-motor and 

linear acturator.  The motors’ steps per revolution coupled with the internal screw 

mechanism gave a resolution of 12.5 µm per step over a travel range of 14 mm.  The 

maximum translation speed of 3 mm/s was used to deposit the serpentine lines and a 

much slower speed and a continuous raster pattern was used to deposit areas of thick 

films.  The serpentine lines typically had a pitch of 0.3 to 0.5 mm and a length of 10 

mm.  This pitch was reduced to less than 0.1 mm in order to overlap the deposited lines 

to form the thick, continuous films. By using this setup we can move the substrate that 

sits on top of the stage in two perpendicular directions. Thus different patterns can be 

written on the substrate. A CAMAC system (Computer Automated Measurement and 

Control) is used to provide a standard communication protocol between a Linux server 

and a dual-channel stepping motor controller: module 3360. The module performs 

control and data acquiring tasks, it communicates with the host via the crate controller. 

The CAMAC crate is connected to the computer through a K2915 PCI card. The card 

can control up to 8 crates. 
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Figure 2.3 The computer controlled X-Y stage  

 

Remote control software, Virtual Network Computing (VNC), was installed that 

allows user to view and control the desktop of one computer from the desktop of 

another computer anywhere on the Internet. This enables the user to run the motor 

away from the reaction area.  

 

Scanning Electron Microscope (SEM) 

A LEO 1530 scanning electron microscope (SEM) was used to obtain 

micrographs of the samples. The LEO 1530 has a wide operating voltage range of 

200V to 30 KV and an EDS system for elemental analysis and mapping. The resolution 

of the LEO 1530 is 1-1.5 nm. By using this SEM, the morphologies of the plan-view 
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and the cross-section view of the as-deposited and post-processed silver nanostructured 

film can analyzed. Plan-view optical and SEM micrographs were made of the lines and 

films.  Several samples were broken normal to the axis of the patterned lines in order to 

obtain cross-section SEM micrographs of the film's interior structure. 

 

Transmission Electron Microscope  

To monitor the silver nanoparticles generated by LAMA, a JEOL 2010F 

Transmission Electron Microscope (TEM) was used to analyze the nanoparticle’s size, 

morphology, and composition. This ultra high-resolution observation system operates 

at up to 200 kV with a 2 Å point-to-point resolution and it allows us to observe the NPs 

within atomic level. Also an Energy Dispersive Spectrometer (EDS) system provides a 

useful way to analyze the composition of the individual nanoparticles. A Gatan 

Imaging Filter (GIF) was used for imaging analysis.  

 

X-ray Diffractometer  

 An X-ray Diffractometer (XRD) measurement was used to analyze the grain 

size, the phase component and the strain of the nanostructured films deposited by 

different gas and nozzle types. For analysis, the JADE 7 software package was used to 

identify and quantify the XRD patterns. The principle of the crystalline analysis 

through XRD can be explained through the well known Scherrer equation: 

 
θθθθ

λλλλ

cos••••

••••
====

B

K
D       (2.1) 
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where D is crystallite size,  K is the shape factor of the average crystallite 

(expected shape factor is 0.9), λ is the wavelength (usually 1.54 Å for Cu Kα1), θ is the 

peak angle position, and B is the full width at half maximum peak intensity (FWHM). 

The Scherrer equation explains the relation between peak width and crystallite 

size. But peak broadening caused by the instrument has to be considered when 

analyzing diffraction data. Once instrumental effects have been excluded, the crystallite 

size is easily calculated as a function of peak width (specified as the full width at half 

maximum peak intensity (FWHM)), peak position, and wavelength. The shape, 

particularly the width, of the peak is a measure of the amplitude of thermal oscillations 

of the atoms at their regular lattice sites. It can also be a measure of vacancy and 

impurity element concentrations and even plastic deformation, any of which results in a 

distribution of d-spacings and therefore results in line broadening. 

Profilometry  

  A Dektak stylus surface profilometer (12.5 µm radius diamond tip) was placed 

in contact with, and then gently dragged along the surface (exerting an equivalent 

downward force of 40 mg) of the film to measure its surface height as a function of 

position. These scans were done with a translational resolution ~0.5 µm and a vertical 

resolution ~0.1 µm.   From these curves, the film cross section area and the volume can 

be calculated. 
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Chapter 3 

Experimental Evaluation of Charged Silver Nanoparticles in Dusty Plasma 

Generated by Laser Ablation of a Microparticle Aerosol  

 

 

 

 

 

 

 

The Laser Ablation of Microparticle (LAMA) method has been shown to 

produce large quantities of nanoparticles (NPs) that are suitable for use as the starting 

materials for direct-write applications. We have previously reported that the metallic 

NPs are not agglomerated after laser ablation for a certain period of time because they 

are positively charged due to photoemmission and thermionization. These unipolar 

charged NPs will reduce Brownian coagulation by repulsive columbic force between 

the metallic NPs. However, since the laser ablation process occurs at 1 atm, the NPs are 

neutralized rapidly by collisions with electrons and charged gas ions in the aerosol [1]. 

Neutral NPs tend to agglomerate due to Van Der Waals interactions; agglomeration 

lowers the productivity of the direct-write process and therefore is undesirable. 

Moreover, charged silver NPs can be collected electrostatically. By using this method 
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we can also size select the silver NPs. Thus, a better understanding of the properties of 

the charged NP in the high pressure dusty plasma is desired.  

The study of pulsed laser ablation has become an important area because of its 

wide range of applications such as thin film deposition, laser cleaning, and surface 

patterning [3, 4]. Many theoretical models have been developed to study this fast 

dynamic process [5]. However, each model is applicable in certain conditions since the 

models are simplified and only pertain to a specific component of the interactions 

during laser ablation. Thus, signal diagnostics of laser ablation plays a vital role in 

characterizing the laser ablation process. Many signal detection techniques have been 

developed to analyze electrical, optical, and acoustic signals produced in laser ablation 

[6-10]. The charged fragments of the laser-ablated plume have been intensively studied. 

But no experimental studies have been conducted to laser ablated microparticles at 1 

atm.  Therefore it is important to develop a diagnostic technique to study the dynamics 

of the charged nanoparticle aerosol formed after the LAMA process. Different from 

plasma generated in vacuum, our LAMA process generates plasma at 1 atmosphere. 

One important consequence for this kind of high pressure plasma is the effect on its 

charge state. Dust could form a sink for plasma by providing recombination sites for 

the electrons and ions.  

In this chapter, we describe experiments that were conducted to study pulsed 

laser beam ionized dusty plasma at atmospheric pressure in He and N2. We report 

developing a series of Faraday cups that were inserted at various downstream positions 

to explore the charge distribution and recombination dynamics of the silver NP aerosol 
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after laser ablation. The diagnostic tools were designed to record 1) the spatial 

distribution of charges; 2) the recombination rate; and 3) the performance of the 

electrostatic collection of the charged silver NPs in the high pressure plasma.  

Experimental results will be presented that describe the electrical properties of the NP 

aerosol. High resolution TEM images demonstrate the condition of the silver NPs after 

ablation. The performance of several types of Faraday cups will be evaluated.  

 

3.1 Electric Charge Diagnostic for the Laser Ablation of Microparticle Aerosol   

 

 Our previous simulation work has shown that the plasma generated by the laser 

ablation of microparticle is a type of high temperature, atmospheric plasma [2]. During 

the ablation, silver NPs are charged by photoionization and thermoionization and carry 

positive charge. The KrF laser with a wavelength of 248 nm has photon energy of 5.0 

eV, while the work function of the silver is 4.3 eV. Electrons in the NPs easily receive 

enough energy to overcome the work function and escape from the silver NPs when 

they absorb photons during laser ablation. As a result, the NPs were positively charged, 

and, as a result, the work function increased because extra energy was required to 

overcome the electrostatic attraction of the charged NPs. This leads to a larger barrier 

for another electron to escape from the NPs. Thermoionization happens because the 

dusty plasma is at an elevated temperature plasma within the ablation zone. Due to this 

high temperature, a significant shift in the Fermi-Dirac distribution makes it much 

easier for electrons to be ejected from the hot tail of the electron distribution function.  
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Leaving the ablation region, the plasma contains various kinds of charged 

species. The basic ones are: charged silver NPs (Agn+), gas ions, and electrons. Because 

of these elements and reactions in a high pressure environment (1 atm), the plasma has 

many unique properties some of which are listed: 

1) The NPs do not aggregate right after the ablation since they are positively 

charged and will repel each other because of electrical force. 

2) The NPs can be deflected by an electrical field and thus can be collected and 

size selected. 

Although experiments have proved the possibility of collecting NPs electrically [1], a 

systematic study of this charged NP aerosol is necessary to provide us more technical 

knowledge for collection, selection and deposition of the NP aerosol. With these 

purposes in mind, we designed three types of Faraday cups for different experimental 

situations. Analyzing the signal collected by the cup will help us to design an 

experiment to increase the NP collection efficiency. 

A Faraday cup refers to a conductive metal cup used to catch charged particles. 

When a beam or packet of  charged particles hits the metal it will be charged while the 

ions are neutralized. The metal can then be discharged to measure a small current 

equivalent to the number of discharged ions. Essentially the Faraday cup is part of a 

circuit where charged NPs, ions and electrons in the gas phase act as charge carriers. 

The Faraday cup is the interface to the solid phase where electrons act as the charge 

carriers (as in most circuits). In our case, the charged particles, gas ions and electrons 

generated by the laser ablation of microparticles should be electrically detectable if an 
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electrical field is placed in the vicinity of the particles to attract them to the Faraday 

cup. Thus by measuring the electrical current (the number of electrons flowing through 

the circuit per second) the number of charges being carried by the ions in the gas phase 

part of the circuit can be determined. Based on this analysis, a series of Faraday cups 

were designed as the diagnostic tools to help us understand the dynamics of the charged 

aerosol plume.  

 

3.2 Expereiment Setup for Eelectrical Charge Diagnostics 

 

 Our previous experiments have shown silver NPs produced by laser ablation 

can be collected electrostatically. In the present experiment, silver will still be used 

since it is a representative material in our research and an applicable material for sub-

millimeter interconnects (discussed in chapter 4).  

The silver MP feedstock was provided by Dupont Co. From the SEM 

micrograph of the silver feedstock (Fig 3.1), we see uniformly sperical particles with a 

mean size of 1.7 µm ± 0.6µm.  
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Figure 3.1 SEM micrograph of the silver feedstock 

 

The ablation and diagnostics were carried out in a quartz electrostatic cell with 

Faraday cups connected to a measuring circuit to record the signal in real time. He and 

N2 gas were used as testing gases. Fig 3.2 shows the setup used for the experiments.    

 MPs were loaded into the aerosol generator and dried to reduce adhesion by 

flowing gas through the generator for 1-2 hours before the ablation experiment begun. 

A vibration motor with an eccentric weight was used to help fluidize the MPs. The MP 

aerosol passed through the feeding nozzle which was centered in the UV-transparent 

quartz tube. The laser was focused through the tube. The gas flow rate was calculated 
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so that the MPs were exposed to the laser only once after they came out of the feeding 

nozzle. The buffer gas was, at the same time, used to keep the laminar microparticle 

aerosol flow constrained within the focal volume of the laser. Since the silver NPs are 

positively charged, they will be collected when they pass though the Faraday cup. The 

Faraday cup is biased with an electrical potential for collection and connected to a 

Keithley 617 Programmable Digital Electrometer with a sensitivity of 0.1 fA for 

current measurement. The electrometer has an IEEE-488 interface which was used to 

send the acquired data to the labview user interface.  
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Figure 3.2 Experimental setup of the laser ablation and plume diagnostic systems. 

 

3.3 Design of Experiments and the Results  

 

 The following sections will introduce three types of Faraday cups and the data 

collected by them.  They were designed and applied to: 
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 (I) diagnose total charge with respect to traveling time of the dusty plasma; 

 (II) radial charge distribution of the dusty plasma; 

 (III) individual species charge with respect to traveling time of the dusty plasma. 

 

3.3.1 Type I Faraday Cup  

 

 The purpose of the design is to collect the positive charge of the aerosol and to 

get a general understanding about how the electric field and the collecting position 

affect the electrical properties of the plume. This type of Faraday cup is composed of 

two electrodes consisting of metallic half-cylinders with the same diameter as that 

inside of the quartz tube. Fig 3.3 is the schematic of the type I Faraday cup in the 

electrostatic cell. By applying this type of Faraday cup, a general idea of the 

measurement and the properties of the high pressure dusty plasma were obtained. 
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Figure 3.3 Schematic of the type I Faraday cup 
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 The positive species’ electrical current collected by the Type I Faraday cup at 

different distances from the laser ablation zone are shown in Fig 3.4. The current 

collected by the Faraday cup will be composed of two parts as shown in equation 3.1.  

            (3.1) 

 

During the experiment, N2 was used as the feed gas and buffer gas. The aerosol 

velocity was 66 cm/s. The buffer gas flow and feed gas flow were set to match a 

Poiseuille flow with a parabolic velocity profile across the tube.  The average laser 

fluence was 1-2 J/cm2.   
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Collecting Voltage vs Current
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Figure 3.4 (a) Type I Faraday cup downstream location vs. current at 500V bias 

voltage and (b) current vs bias voltage for Faraday cup located at 2 cm from the 

ablation zone.  

 

   

From Fig 3.4 (a), the Imeasured decays approximately exponentially with respect 

to the Faraday cup location. A fitted exponential is shown in Fig 3.4 (a). The aerosol 
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loses most of its positive charge (i.e. )0(
1

)( I
e

tI ==== ) within 4.5 cm after the breakdown 

zone. In another words the positive charge decays by 1/e after 68 msecs. 

Fig 3.4 (b) shows the current variation with respect to the bias voltage when the 

Faraday cup was located 2 cm from the ablation zone. One can tell that the collection 

efficiency of the Faraday cup increases as the applied electric field increases. Since the 

collected current does not saturate, this indicates that only part of the charge was 

collected. 

Analysis of collection efficiency for charged silver NPs shows that the NPs 

flowing through the diagnostic tools were subjected to three main forces: electrical 

force Felec, gravity force Fgrav, and drag force Fdrag. Fig 3.5 shows the three forces 

experienced by charged silver NPs passing through the electrical field. Equations (3.2)-

(3.4) defined these forces. 
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Figure 3.5 Forces applied on charged silver NPs in aerosol flowing through an 

electrical field 
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ηηηη

ρρρρ pgVd
====Re                               (3.5) 

 

 Where: 

 n is number of elementary unit of charge; 

e is electron charge; 

E is the intensity of electrical field;  

V is the gas velocity; 

mp is the mass of the particle; 

ρg is the density of the particle; 

Vp is particle velocity; 

dp is the diameter of NP;  

η is the gas viscosity; 

Re is Reynolds number; 

ρg is the gas density; 

 

The analysis of these equations in reference [11] shows that a +e charged 10 nm 

silver NP will experience several orders of magnitude larger electrical force than  

gravitatial force in N2. The drag force, on the other hand, is the dominant force before 

the silver NPs deposited on the electrode. Because the quartz tube has a diameter of 22 

mm, this electrode space is too large to collect all the charge. Thus only the gas ions 

and smaller NPs and those starting near the negative electrode will be sampled. Most of 
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the larger NPs will pass through the Faraday cup due to a larger drag force, 

proportional to the NPs size, and the larger longitudinal momentum. Increasing the 

electric field will help to increase the collection efficiency since the electrical force will 

increase linearly with respect to the electric field.  

From the basic results of the type I Faraday cup, we see that electrical collection 

of silver NP is a useful diagnostic for high pressure plasma.  However, in order to 

increase the collection efficiency of charged NPs, a narrower electrode gap is needed. 

And this has a second benefit of giving greater spatial resolution. To achieve efficient 

and also some spatial resolution a second Faraday cup was designed.  

 

 

3.3.2 Type II Faraday Cup 

 

 The type II Faraday cup was designed to: (1) increase the collection   efficiency 

and (2) diagnose the radial distribution of the charge by measuring current for separate 

annular regions. Decreasing the distance between the electrodes will increase the 

electric field and decrease the maximum distance for a NP to travel to be collected. 

Thus, the charge collection efficiency should be maximized. The type II Faraday cup is 

made up of a series of cylindrical thin stainless steel foils acting as electrodes. Fig 3.6 

shows the schematic of the type II Faraday cup and how the current between electrode 

1 and 2 is measured. An adjustable DC power supply provides a constant electric field 

between each pair of cups.  
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Figure 3.6 Type II Faraday cup 

 

 The electric field between each pair of electrodes was calculated so that the 

average field in each annular ring was equal. There are three collecting regions in this 

design. They are between electrodes 1 and 2, between 2 and 3, and between 3 and 4. 

The average electric field was about 125 V/mm and the radial separation between 
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electrodes was 3 mm, 3.5 mm and 4 mm respectively. The connection of the electrodes 

in each case is listed in table 3.1. N2 was used as the carrier gas and the gas velocity 

was 70 cm/s. 

            

  Table 3.1 Experimental setup of the type II Faraday cup   

            

    Measured Areas   

  Electrodes Between 1-2 Between 2-3 Between 3-4   

  1 Meter/Cathode Float Float   

  2  Ground Meter/Cathode Float   

  3 Float Ground Ground   

  4 Float Float Meter/Cathode   
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 Figure 3.7 (a) shows the experimental results for the type II Faraday cup 

collected current density vs. radius and downstream distance. Due to the collecting area 

difference of each section, the current collected will be different. Thus the results were 

plotted in terms of current density, i.e. the current collected by the specific electrode 

divided by the collecting area, rather than the total current. The regions are labeled by 

the outer radius of each annulus.  

 

 

(a) 
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(b)  

Figure 3.7 (a) spatial current density radial distribution at different downstream 

locations detected by Type II Faraday cup at an average field of 125 V/mm in nitrogen 

and (b) total current vs. the downstream distance. 

  

 From Fig 3.7 (a), we see that there are a significant number of charged NPs or 

molecule ions located in the outer annular region of the tube. As the location of the 

Faraday cup was moved away from the breakdown area, the current of every collecting 

area decreased. Fig 3.7 (b) shows that the total current decayed approximately 

exponentially with respect to distance and time. The 1/e decay distance and time are 
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about 4.2 cm and 60 msecs respectively. These values are in agreement with Faraday 

cup I result.   

 In a previous experiment [1], Nichols observed that the ablation area became 

more turbulent as the density of microparticles in the breakdown region increased. A 

similar phenomenon has been observed in our experiment. Another problem caused by 

the turbulence is the spread of NPs to a larger radius and eventually their loss on to the 

walls. To solve this problem, about three times larger buffer gas velocity with respect 

to the Poiseuille flow of the feeding nozzle was set to confine the center flow and to 

lower the diffusion of the silver NPs. From Fig 3.7 (a), the spread of the charged NP 

aerosol is still obvious. It can be explained as follows. During the ablation a large 

pressure gradient was formed with more than 1x1010 Pa in the center of the MPs. The 

gradient leads to a large forward and backward velocity of the light components of the 

plume. These light components include gas ions, charged silver clusters and charged 

silver molecules. Thus the initial state of the plume was not static. The light 

components of the plume have a velocity vector outward from the breakdown center. 

The drag force speed the NPs downward. The NPs will keep traveling downward and 

the light components will follow a parabolic trajectory when they leave the breakdown 

region. From equation (3.4), larger NPs tend to be well focused in the center and 

smaller NPs, clusters and ions will be present in outer Faraday cup.  
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3.3.3 Type III Faraday Cup 

 

In our case, the plasma contains small solid particles. When the nanoparticles 

are generated, they are charged and interact with the other components of the plasma 

and therefore the plasma properties change with time.  But how the charged silver 

nanoparticles interact with other components of the plasma is not yet known. 

Information about the electrical properties of the NPs themselves will help us 

understand how the different species reacted in the plasma, and a solution based on this 

information may help to keep the silver NPs charged for a longer time.  

With this goal in mind, the third type Faraday cup was designed to separate the 

different types of charges and to test their variation with respect to travel distance. Fig 

3.8 shows the schematic of the type III Faraday cup.  
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Figure 3.8 Schematic of the type III Faraday cup  
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In this design, three separate metallic mesh grids with diameter of 22 mm were 

used. The first two layers of tungsten mesh had an open area of 92%. The first grid was 

connected to ground to collect the positively charged gas ions. The second grid was 

connected to a positive potential to collect the electrons and to repel positive gas ions 

back to the first grid. The Agn+ NPs, on the other hand, pass through the large opening 

mesh due to their much larger drag force. The third layer is a diffusion battery 

composed of four stainless steel meshes, each with an open area of 34% and a fiber 

diameter of 90 µm. Positive current was collected on these meshes during the 

measurements when the collector was connected at ground potential.  

Collection of submicron size NPs by fibrous filters is one of the principal 

methods used for removing particles in the submicron size range from an aerosol [13]. 

It utilizes the Brownian motion of the NPs and collects them onto a fibrous filter. In the 

case of the filtration of very small particles, the effects of inertia, gravitational settling, 

and interception can be neglected, and Brownian diffusion becomes the dominant 

mechanism for NP collection. In Kwon’s study [14], analytical solutions were derived 

for the diffusional deposition of polydisperse aerosols in fibrous filters. 

Fig 3.9 illustrates the filtration mechanism by a fibrous filter. Uncharged silver 

NPs that strike the fibers due to Brownian motion invariably adhere because of van der 

Waals attraction. The concentration of aerosol near the surface of the fibers is therefore 

zero, and concentration gradient exists towards the mesh to the drive silver NP aerosol 

diffusion. In our application, the diffusion battery was used as an indicator of the 

efficiency of the electrostatic collection and a collector as well.  
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Figure 3.9 Mechanism of NP mechanism of the filtration by fibrous filter 

 

 

 

To aid in the design of the third type of Faraday cup, a calculation was done to 

understand the relationship between the size of the NPs and collection efficiency of our 

meshes. This calculation can also help us to decide if the correct mesh was chosen and 

the number of the meshes we need to use, and the way we organize the mesh to form a 

diffusion battery. The fiber collecting efficiency due to diffusion is a function of flow 

velocity, the particle diffusion coefficient, and the radius of the fiber. The theory for 
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deposition of particles in fibrous filters is reviewed below. From conservation of mass, 

the total collection efficiency of silver NPs in a filter element can be written as [14-16]: 
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Where 

C  is the particle number concentration after passing through the fibers; 

C0 is the initial particle number concentration; 

 L is thickness of the fibrous filter; 

   α is relative solid fraction of the fibrous filter 

η=2.7Pe-2/3, the constant 2.7 is for a fan model; 

Pe is peclet number; 

rf is fiber radius; 

Here, fan model refers to the successive layers were rotated in their plane through 

random angle with respect to the previous layer [17]. 

From equation (3.6) the collection efficiency of the diffusion battery with 

various numbers of mesh layers for different sizes of NPs in different carrier gases can 

be calculated.  Fig (3.6) shows that as the number of mesh layers increases and as the 

size of the NPs decreases the collection efficiency increases. This nonlinear 

relationship with respect to the size of the NPs shows that the fibrous filter is very 

efficient in collecting the smallest NPs, and that more layers of mesh will help to 
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collect the larger NPs but at the cost of increasing the pressure drop across the filter. A 

high quality diffusion battery gives the lowest particle penetration with the least 

pressure drop. A large pressure drop will cause turbulence in the flowing gas. Because 

the pressure drop is a linear function of the thickness L [13], the filter thickness can not 

be too great. Also large filter pore size will help to reduce the pressure drop. In our 

design, four layers of stainless steel mesh with thread diameter D=90 µm were used to 

build the diffusion battery. This design is a compromise between the effects mentioned 

above. Four layers of mesh will collect sufficient charged NPs to produce useful signals.  

Another design parameter is the space between the mesh layers, h. According to 

Fuchs [16], a lower h/D ratio will move the gas streamlines closer to the surface of the 

threads and the collection efficiency will increase considerably. But if the h/D ratio is 

too small, the randomly oriented mesh may partly block the gas streamlines and cause 

turbulence. With all these factors considered, the space between each layer of the 

diffusion battery is set to h=2-3 mm. 
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Figure 3.10 Calculated collection efficiency of stainless steel different layer of fibrous 

filters. 

 

 During the experiment, two types of gases, He and N2, were used. The gas 

velocity was set at 45 cm/s corresponding to the laser pulse repetition rate of 100 Hz. 

The lower velocity was chosen is to increase the collecting efficiency of the diffusion 

battery. The current of the charged silver NPs, Ag cluster and light ions, and the 

electrons were recorded separately by biasing the electrodes according to Fig 3.8 and 

inserting the Ammeter into the circuit for each grid. Fig 3.11 shows the currents 

collected by each electrode of the type III Faraday cup at different downstream 
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positions in He and N2 respectively. In Fig 3.11, the sum of the total current, I (sum), is 

calculated as follows: 

 

eionAgSum IIII n −−−−++++••••==== ++++

λλλλ

1
     (3.7) 

Here λ is the collection efficiency of the diffusion battery, and it can be obtained from 

Fig 3.10 for a given NP size. For silver NPs produced in He, the mean NP diameter was 

about 6 nm and λ ≈ 0.41 and for NPs produced in N2 the mean NP diameter was about 

10 nm and λ ≈ 0.24.  
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Current vs Distance (in N2)
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Figure 3.11 currents collected by each electrode of the type III Faraday cup in different 

downstream of the NP aerosol in He (a) and Nitrogen (b). 

 

From Fig 3.11, IAgn+ , Icluster & ion (Ici) and Ie decrease approximately 

exponentially as the Faraday cup moves further from the ablation zone. The electrical 

current originating from silver NPs was relatively small compared to the electron 

current. One of the reasons for this is that some of the charged silver NPs miss the 

diffusion battery so their charges were not collected. This collection efficiency was 

taken into consideration by the parameter λ in our calculation as shown in equation 

(3.7). In this case, we successfully separated the silver NPs current from the other 
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currents. Thus it was possible for us to study the dynamics of the NPs’ charge.  

According to the sum of the total current, Isum, one can tell the plume kept charge 

neutrality during their traveling away from the ablation zone in both helium and 

nitrogen.  One may expect that the Ici is larger for the plume generated in helium than 

that of the nitrogen because the ionization energy of nitrogen is 15.6 eV while the 

ionization energy of He is 24.6 eV [18]. A comparable current of cluster and light ions 

in helium and nitrogen proves that there exist a certain amount of Ag clusters and 

molecules in the plume.  The existence of the small Ag clusters and light ions 

hypothesis can also be proved by the type II Faraday cup measurement, where a 

noticeable current signal was observed at the outer part of the Faraday cup. The Ag 

clusters may come from those Ag “seeds” that did not have a chance to grown into a 

NP behind the shock wave in the ablation zone. 

We verified the operation of diffusion battery through electron microscopy. Fig 

3.12 shows TEM micrographs of the silver NPs collected by a TEM grid placed on the 

first layer of the diffusion battery. Silver NPs collected in He (a) and N2 (b) were 

spherical with well defined crystal lattice and their size were in the range of 5-10 nm 

and 10-15 nm respectively. A general view of the stainless steel mesh with collected 

silver NPs is shown in Fig 3.13 (a), and (b). 

 

 



 50 

 

(a) 

 

(b) 

Figure 3.12 TEM micrograph of silver NPs produced in (a) He and (b) N2. 
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(a) 

 

(b) 

Figure 3.13 SEM micrograph of silver NPs collected by stainless steel mesh diffusion 

battery.  
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As shown in Fig 3.13, the mesh layers of the diffusion battery quickly became 

clogged by the NP deposits. Walsh’s [19, 20] research shows that a typical penetration 

curve for a fibrous filter starts from the initial penetration curve when the filter is clean, 

increases to a maximum penetration, and then decreases to zero as the deposited 

particles form a cake and block the holes. During this time, the pressure drop increases 

nearly exponentially from the beginning. Both the SEM micrograph and Walsh’s 

research suggest that the stainless steel mesh in the diffusion battery is clogged quickly 

by the NPs and needs to be cleaned frequently.  

In Fig 3.13 (a), some NP aggregates are apparent in the mesh and some have 

even formed a “bridge” across the fibers. At higher magnification, Fig 3.13 (b) shows 

that the collected NPs have become chained together and most of them extend out into 

the open space of the mesh. Tien et al. [21] proposed a general theory to explain the 

formation and growth of particle aggregates on a collector placed in an aerosol. Two 

related phenomena are postulated in their theory: (1) a shadowing effect and (2) chain 

deposition. In summary, when a particle protrudes above the fiber surface it provides a 

new collection surface area greater than the area of the fiber it occupies. As a result, the 

particle has a greater chance to capture on coming particles than an equivalent fiber 

surface does. When a second particle attaches to the protruding particle, a chainlike 

two-particle aggregate is formed. As this growth process continues aggregation form as 

shown in Fig 3.13 (a).  The aggregates on the fiber have a larger surface area and hence 

a greater capture efficiency.  
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According to our experimental results with the type III Faraday cup, we believe 

electron recombination with the charged silver NPs is the main cause of the loss of 

silver NPs’ positive charge. To verify this assumption, the type III Faraday cup was 

modified, i.e. the diffusion battery was moved separately downward to collect the 

positive NP current while the first two layers were kept very close to the laser ablation 

zone. The first two grids collected the charged particles except the silver NPs. The idea 

was to leave as few electrons as possible to recombine with the charged NPs. The 

current collected in the diffusion battery of this type (labeled as type III’) is compared 

with that collected in the type III Faraday cup, and the result is shown in Fig 3.14. 
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Figure 3.14 Charged NP currents collected by the diffusion battery of the type III and 

type III’ Faraday cups in different downstream positions in He with gas velocity of 45 

cm/s. 

 

 From Fig 3.14, one can tell with a new arrangement, the current signal collected 

in diffusion battery of type III’ decays more slowly with respect to travel distance than 

that of the type III. The charged NP current in both cases decays exponentially with 

respect to travel distance and time, and the critical decay time at 1/e of the current 

intensity can be calculated as we have done before. Table 3.1 summarized these critical 

values in all four different cases.  
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Table 3.2 The “1/e” decay distance and time for the Faraday cups   

 Type I Type II Type III Type III’ 

“1/e” Distance 

(cm) 
4.5 4.2 4.5 7.1 

“1/e” time 

(millisecond) 
68 60 101 159 

 

From table 3.1, one can tell that the type III’ Faraday cup successesfully slowed the 

positively charged silver NP recombination process and we see that the charged NPs 

existed for about 60% longer time than the Ag NPs collected by type III Faraday cup. 

This longer “1/e” decay time proved that by putting the electron trap layer close to the 

ablation region, the electron can be caught and the recombination between charged Ag 

NPs and the electrons afterward was reduced successfully. From Fig 3.14 and table 3.1, 

the current signal detected in Type III’ does not remain unchanged. The silver NPs lose 

their charge and the charge keeps decreasing as they travel downward.  From this test, 

it is possible that there is some other mechanism involved in the NP’s charge loss.  One 

possible mechanism for losing the charge could be from the charge exchange in the 

plume and diffusive lose of small charged Ag NPs on to the walls of the setup and 

recombined there.   

 Another function of the type III’ (and type III) Faraday cup is to use it to 

monitor the long-term stability of the microparticle ablation process. A typical silver 

nanoparticle current signal collected downstream of the ablation area is presented in 
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Fig 3.16. The curve in the figure can be divided into four zones: start, fluctuating, 

stable and end zones. When the ablation starts, the silver microparticles have a high 

feeding rate for a short period of time at the very beginning due to the turning-on of the 

fluidizing motor and an increase in the feeding gas.  After fluctuating for tens of 

seconds, it entered a stable period with a much smaller current signal variation. When 

the ablation stopped, the current signal quickly went to zero. 

 

A typical current signal collect at 11 cm from the ablation zone

0

2E-11

4E-11

6E-11

8E-11

1E-10

1.2E-10

1.4E-10

1.6E-10

1.8E-10

2E-10

4 8 12 16 19 23 28 31 35 39 43 47

Diagnosing time (Sec)

C
u

rr
en

t 
(A

)

Start

Fluctuating

Stable

End

 

Figure 3.16 Silver nanoparticle current signal collected at 11cm below the 

ablation area in He. 
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3.4 Discussion and Future Work 

 

In this chapter, four types of Faraday cups were designed and applied to 

diagnose the electrical charge of the silver NP aerosol produced by laser ablation of a 1 

atm silver MP aerosol. Our results show that the charge carried by the NP aerosol 

decays exponentially with respect to the downstream distance and travel time from the 

ablation area. We found that the charged silver NPs were generally confined near the 

center of the flowing gas with a certain degree of outward expansion of Ag clusters and 

light ions originating at the laser breakdown region.  

The type III and type III’ Faraday cups used fibrous metal mesh to collect 

charged silver NPs.  We found that it was possible to separate different charged species 

by using these types of Faraday cup. Our experiments showed that fibrous metal fibers 

can be used as an effective tool to collect charged NPs. The electron and gas ion 

components of the dusty plasma were successfully collected by the first two grids of 

this Faraday cup. Silver NPs recombines with electrons and lose charge, landing on the 

mesh due to diffusional motion. SEM micrographs showed that silver NPs formed 

aggregates on the mesh and chained together. These particle aggregates will increase 

the collection efficiency of the mesh. In the type III’ Faraday cup, the positive NPs kept 

their charge longer than in the other designs. Based on this on result, an anode mesh 

cage with large opening area can be built near the breakdown zone to collect the 

electrons and thus allow the silver NPs keep their charge longer. As a result they can 

travel farther without aggregation. 
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Chapter 4 

Supersonic Jet Deposition of Silver Nanoparticle Aerosols 

 

 

 

 

 

 

 

 

 

 

 Experiments and modeling of the supersonic jet deposition of silver nanostructured 

films and patterned lines are described in this chapter.  The silver nanoparticles were 

generated by the LAMA process, where they were carried by either He or Ar at 1 atm 

The NP aerosol flowed through either a flat plate nozzle or a conical nozzle, both with 

an orifice diameter of 250 µm into vacuum with a pressure ratio of  >5000. In the 

vacuum chamber, the NPs were deposited by impaction onto a substrate at room 

temperature.  The results from an aerosol dynamic model will be presented under the 

same conditions as the experiments for He, Ar and N2 gases. The size and the shape of 

the silver nanoparticles were observed in TEM.  The morphology of the deposited films 

was determined by SEM cross-section microscopy and crystallite size was determined 
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by X-ray diffraction analysis.  The morphological features and crystallite size were 

correlated with the nanoparticle impaction velocity and impaction energy derived from 

the aerosol dynamics model.  We found that, for a given gas type, the size of the grains 

and morphological features within the impacted films were similar to the size of the 

nanoparticles from which the films were formed.  The density and the degree of 

consolidation of the films were highly dependent on the nanoparticle impaction 

velocity/energy.  Control of film morphology, grain size, and film density during 

supersonic impaction of nanoparticle aerosols are discussed in light of these results. 

 

4.1 Introduction 

 

 Supersonic jet deposition of nanoparticles into thick lines and films is a 

promising technique for producing functional meso- and micro-scale structures quickly 

ranging in thickness from a few microns to hundred of microns.  This technique can be 

used without post processing or with a low-temperature anneal so that it is compatible 

with polymers or other substrate materials that cannot tolerate high temperatures.  

Residual stress and associated delamination are much less of a problem, even for thick 

films, due to the low process temperature. The jet deposition process for nanoparticles 

originated from the studies of the evaporation condensation method for producing NPs 

by the Hayashi group [1]. They and other researchers demonstrated film deposition 

from NPs for metals compatible with the evaporation-condensation method for 

producing NPs or for materials that were available in NP form and could be fed to the 
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jet directly [2-5]. An alternate source of NPs for deposition was reported by Kawakami 

et al [6] that utilized pulsed Nd:YAG laser ablation of metal from a flat surface. The 

impaction velocity of the NPs in the jet deposition process was measured directly for 

He gas deposition of silver NPs to be 650 m/s [7]. However, no prescription was given 

to determine NP impaction velocity as a function of the deposition gas type, NP size, or 

jet nozzle geometry. 

 The Laser Ablation of Microparticles Aerosol (LAMA) process has been used 

to produce the various types of functional NPs in our group.  The unique advantages of 

our LAMA process have been discussed in detail in chapter 2. 

 The LAMA technique for NP generation coupled with supersonic jet deposition 

combine the advantages of fine NP control exhibited by laser ablation of a 

microparticle aerosol with the ability of jet deposition to direct-write sub-millimeter 

features.  

Nanoscaled particles, due to their large surface energy comparing to that of the 

bulk materials, have some unique physical properties for example a lower sintering 

temperature.  In fact, neck formation and sintering at room temperature have been 

predicted by aerosol dynamics calculations [8] and observed in copper nanoparticles [9]. 

These results suggest that supersonic jet deposition of NPs may be important for the 

production of nanostructured features because of the possible densification and 

sintering processes that can occur at or near room temperature either during deposition 

or in low-temperature post-processing.  
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The LAMA plus a supersonic gas jet deposition method for nanoparticles 

described in this chapter lies between cold spray deposition (for particles larger than 5 

µm) and cluster deposition (for particles 3 nm and smaller). For supersonic gas jet 

deposition, particle velocities are comparable to cold spray deposition; namely 300 to 

700 m/s (corresponding to deposition energies of 0.05 to 0.3 eV/atom). Cluster 

deposition is capable of a much wider range of particle velocities due to the different 

particle acceleration methods that can be employed. Experimental results and analysis 

of the cold spray process predict a critical velocity needed for particles (5 to 200 µm) to 

adhere to the substrate and to form a cohesive film [10]. Extrapolating this relationship 

for critical velocity down to nanoparticles, one obtains values of 1500-2000 m/s, and 

therefore one would conclude that nanoparticle deposition is impossible. Clearly the 

physical mechanisms of impaction are different or changed for the nanoscale regime 

since deposition of NPs has been demonstrated. These relationships will be discussed 

near the end of this chapter. 

 This chapter is organized with the experimental setup and experimental results 

for the deposition of nanostructured silver films in Sections 4.2 and 4.3, and modeling 

results for NP acceleration and impaction using flat-plate and conical nozzles in 

Section 4.4 using the same jet geometry and conditions as in the experiment.  Insight is 

gained as to how the gas type, nozzle geometry, and NP size affect the impaction 

velocity.  Correlations between the silver nanoparticles, the impaction jet conditions, 

and the deposited silver film morphology are discussed in Section4.5, and a summary 

follows in Section 4.6. 
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4.2 Experiments 

 
 Silver nanoparticles formed by LAMA were extensively studied under a variety 

of operating conditions such as laser fluence, carrier gas type, and gas pressure in our 

group. The LAMA and supersonic deposition system has been described in detail [11, 

12]. A diagram of the LAMA- jet deposition system is described in detail in chapter 2 

and the experimental set up is shown in Fig 2.2.  

Two types of supersonic nozzles were used in the experiments and the modeling 

in this chapter. Figure 4.1 shows the cross-sectional schematics of the two nozzles. Flat 

plate micro-nozzles were fabricated by brazing a brass shim-stock plate with a drilled 

pinhole to a 6 mm diameter tube. The plate was 250 µm thick, and 250 µm was chosen 

as the working nozzle diameter. A diverging conical nozzle was also fabricated with a 

250 µm orifice diameter. The conical nozzle had a cylindrical section for nanoparticle 

acceleration (1.7 mm long) preceding the 15° conical exit section (2 mm long). 
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Figure 4.1. Diagrams of the flat-plate (left) and conical (right) nozzles. Nozzle 

diameter D is 0.25 mm in experiments and simulations.   

 

 When the laser fluence was above the breakdown threshold (~1 J/cm2), all 

conditions produced NPs that were generally spherical and not agglomerated. In this 

work, the operating conditions were: laser fluence 1.2-2.2 J/cm2, carrier gases were He 

or Ar, and the carrier gas pressure was 1 atm. These gases were chosen to have the 

highest and lowest impaction velocities as indicated later by the modeling results. 

These ablation conditions were found to produce NPs with mean sizes shown in Table 

4.3. TEM images of representative silver NPs formed in He and Ar (collected on TEM 
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grids near the deposition region) were recorded. A series of such TEM micrographs 

was used to determine the as-produced NP size statistics. Plan-view optical and SEM 

micrographs were made of the lines and films. Several samples were broken normal to 

the axis of the patterned lines in order to obtain cross-section SEM micrographs of the 

film's interior structure. X-ray diffraction (XRD) measurements were made of films on 

alumina substrates in order to do a Scherrer analysis of the crystallite size in the films. 

 

     

4.3 Experimental Results 

 
4.3.1 Line Shapes and Widths 

 
 Our previous work has shown an optical micrograph of a typical silver line written 

at a relatively close nozzle-to-substrate spacing of 2 mm using He as the carrier gas 

[13].  The spacing of the adjacent lines of the serpentine was 0.3 mm.  A profilometer 

scan across this line shows the effect of considerable aerodynamic focusing of the NPs 

in the jet.  A FWHM line width of 33 µm was produced using a flat plate nozzle 

diameter of 250 µm.  At larger nozzle-to-substrate spacing, wider lines were produced 

when the substrate was beyond the position of best aerodynamic focus of the NPs.  In 

contrast, lines deposited using the conical jet had widths of FWHM > 300 µm at the 

same nozzle outlet-to-substrate distance.  Any aerodynamic focusing due to the 

converging section had disappeared by time the NPs reached the nozzle exit. 
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4.3.2 Microstructure 

 
 The silver nanoparticles size and shape were observed through TEM. Fig 4.2 shows 

the representative silver NPs generated in He and Ar and collected below the 

supersonic nozzle. Lattice fringes were observed in both micrographs and defects were 

found in some silver NPs generated in Ar. It is estimated that the average diameter of 

the silver NPs produced in He is 6 nm and the silver NPs produced in Ar has an 

average diameter of 16 nm.  

 

 

 

(a) 
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(b) 

Figure 4. 2 TEM micrographs of typical silver NPs collected on TEM grids placed in 

the deposition region produced in (a.) He and (b.) Ar gas. 

 

 The microstructure of the silver films was examined using both SEM imaging 

and XRD analysis of the silver diffraction peak widths. Cross-sectional SEM 

micrographs of films deposited using He and Ar gas and both nozzles are shown in Fig. 

4.3. Corresponding plan-view SEM micrographs of the films are shown in Fig. 4.4. In 

both the cross-sectional and plan-view SEM images, the larger NPs produced in Ar 

show correspondingly larger morphological features in the film. The smallest features 

visible in the films approximately match the primary NP sizes observed through TEM. 

The cross-section image of the film produced using He gas and the conical nozzle 

shown in Fig.4.3 (b.) (expected to have the highest impaction velocity) shows a fracture 

surface characteristic of a nearly fully-dense material that has a nanostructure with a 
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10-20 nm length scale. The corresponding flat-plate deposition, in He, appears slightly 

less dense and also shows the 10-20 nm structure related to the primary NPs more 

clearly. On the other hand, the corresponding images for lines deposited using Ar gas 

show the combined effects of larger primary NPs and lower impaction velocity. These 

films are less dense than those deposited using He. For the flat plate nozzle, Fig. 4.3 

(c.), the visible structure is 20-30 nm and again matches the primary NP size. 

Interestingly, Fig. 4.3 (d.) shows clumps > 40 nm in size that consist of several primary 

particles bonded together, many larger voids, and evidence of the primary particles is 

largely absent. Nanoscale voids appear in each of the films and the voids were larger 

and well connected in the film deposited in Ar gas than for the film deposited in He.   
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4.3 Cross-section SEM images of fractured silver lines for (a.) He and flat plate 

nozzle, (b.) He and conical nozzle, (c.) Ar and flat plate nozzle, and (d.) Ar and conical 

nozzle. 



 73 

 

 

(a) 

 

(b) 
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(C) 

 

(d) 

Figure 4.4 SEM plan-view images at identical magnification of the surface of the silver 

films produced at 1.2 J/cm2 for (a.) He and flat plate nozzle, (b.) He and conical nozzle, 

(c.) Ar and flat plate nozzle, and (d.) Ar and conical nozzle. 
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For a better understanding of the as deposited silver film, XRD analyses of the 

films deposited by all the gas and nozzle types were conducted to determine the grain 

size in the films. X-ray diffraction (XRD) measurements were made of films on 

alumina substrates in order to do a Scherrer analysis of the crystallite size in the films. 

By using the built-in function of the software, the grain size and the phase of the film 

can be acquired.  A typical XRD result together with the software fitting is shown in 

Fig 4.5. According to the XRD pattern, the peak positions in the silver nanostructured 

film are consistent with those of bulk silver. No peak that results from impurities 

appears. This indicates that the film is only composed of silver. The Scherrer analysis is 

based on the method that uses the linewidth at half-maximum intensity after correction 

for other broadening mechanisms, and it was described in chapter 2. 

 The Scherrer analysis results for crystallite size are presented in Table 4.1. The 

data for the individual lines were highly repeatable over two different samples and two 

XRD operators. These data show that some of the peaks are broadened more than 

others [14]. This anisotropic broadening has been observed previously in heavily 

worked, face-centered cubic metals and has been attributed to the alignment of high 

densities of defects along {111} planes [15]. When comparing the Scherrer crystallite 

sizes of the different films, we looked closely at the confidence level and uncertainty of 

each peak. The (111) peaks had notably lower uncertainty than the others, but the 

crystallite sizes determined from the (111) peaks for both He samples (and for both Ar 

samples) were not significantly different within each gas type. In the section 4.5, we 
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compare the observed XRD grain size with the other morphological observations and 

with the calculated impaction parameters. 

 

  

Table 4.1. XRD Scherrer analysis of the crystal grain sizes in deposited silver films.   

 

XRD peak He FP  (nm) 

He conical  

(nm) Ar FP  (nm) 

Ar conical  

(nm) 

(111) 13 11 24 22 

(002) 14 12 15 15 

(022) 24 6 22 23 

Average 17 9 20 20 

 

 

 



 77 

 

 

Figure 4.5.  XRD analysis of a Silver film deposited on sapphire substrate in Ar and 

the profile fitting of three peaks from the pattern by JADE. 
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4.4 Aerosol Dynamic Modeling of Silver Nanoparticle Acceleration, Deceleration 

in the Jet and Its Impaction 

 

 To understand the jet dynamics and the NP impaction process, and the 

experimental results presented in the previous section, a detailed modeling calculation 

was introduced in Chong, et al. [16]. (Note that the simulations presented here and in 

ref. [16] were done by Prof. M. F. Becker.) The following will summarize the aerosol 

dynamic modeling of this work. Our objective was to model the final velocity of the 

NPs that are near the axis of the jet as they impact onto the substrate. Our approach to 

determine the impact velocity of the nanoparticle aerosol was to first determine the 

axial flow field of the expanding supersonic jet and bow shock at the flat impaction 

plate, and then to solve the equation of motion of spherical nanoparticles subject to 

drag and inertial forces as they traversed these regions. After that the results were 

compared with relevant experimental data. 

In the modeling, two types of nozzle, i.e flat plate nozzle and conical nozzle 

were used in the simulation. The configuration of the flat plate nozzle and conical 

nozzle are shown in Fig. 4.1. Three types of gases were used in the modeling with their 

flow parameters listed in table 4.2.  
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Table 4.2.  Stagnation and choked flow parameters for the three gases. 

 

Parameter units Helium Nitrogen Argon 

Stagnation conditions      

T stag. °C 300 300 300 

Pressure stag. Pa 1.01E+05 1.01E+05 1.01E+05 

Density stag. kg/m3 1.62E-04 1.13E-03 1.62E-03 

v sound m/s 1019 353 323 

v max m/s 1766 790 559 

Choked conditions      

T choked °C 225 250 225 

Pressure choked Pa 4.92E+04 5.34E+04 4.92E+04 

Density choked kg/m3 1.05E-04 7.19E-04 1.05E-03 

v choked m/s 883 322 279 

  

A gas jet is formed when a source region at a stagnation pressure P0 and 

temperature To, communicates through a nozzle orifice with a diameter dn into a 

chamber at pressure P1. As the gas flows through the nozzle, it starts from a negligibly 

small velocity, called the stagnation state (P0= 1 atm, T0=300K), and with an imposed 

pressure difference (P0 – P1, where P1 = 150-200 mTorr). It accelerates into the nozzle, 

as the area decreases. Because the pressure ratio P0/P1 (typical value is >5000) is much 

larger than the critical value G=((γ+1)/2)γ/(γ-1), where γ=Cp/CV is ratio of specific heats 
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for carrier gases, which is less than 2.1 for all gases, the flow reaches supersonic speed 

at the exit of the nozzles. When the stagnation-to-downstream pressure ratio (P0/P1) is 

large, a sonic or supersonic jet is formed depending on nozzle geometry, and the flow is 

choked [17]. For free jets, the expansion terminates at a strong shock, known as the 

Mach disk, where gas recompresses to the downstream background pressure P1.  The 

Mach number M, M= (gas velocity)/ (sound speed), is a property of the flow field and 

varies with respect to the distance from the nozzle outlet. M value for He, N2 and Ar 

were calculated through equations adjusted by Miller [18]. Once the M is known other 

thermodynamic variables, i.e. gas velocity, gas density, gas temperature, and pressure 

can be computed. Knowledge of these parameters will help us to determine drag force, 

acceleration, and maximum velocity of the nanoparticles.  This analysis holds only for 

large pressure ratios and large nozzle Reynolds numbers where the flow is inertia 

dominated and exhibits a relatively simple, self-similar flow field.  With pressure ratios 

>5000, the LAMA-jet deposition system can be treated with these simplified 

considerations. For conical nozzle (as shown in Fig 4.1) , a longer cylindrical section 

was added to insure that the NPs of the desired size were fully accelerated up to the 

choked flow velocity before entering the conical diverging section. On the other hand it 

should not be long enough to cause a significant pressure drop.  The conical section 

keeps the gas confined and at a higher pressure for a longer distance in order to derive 

the most acceleration possible of the NP towards the asymptotic gas velocity. The gas 

flow conditions for the conical nozzle are also calculated and then compared to those 
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for the flat-plate nozzle before calculations of the NP’s acceleration and deceleration in 

the jet. 

 Nanoparticle acceleration in the jet is found from the equation of motion that 

includes the inertial and drags forces for non-interacting nanoparticles.  Stokes law 

gives the drag force accelerating the nanoparticles with correction for pressure-

dependent slip, 
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where mp is the nanoparticle mass, η is the local gas viscosity, Dp is the NP diameter 

and Vg and Vp are the velocities of the gas and NP respectively. The Cunningham slip 

factor, Cc, corrects the Stokes equation for the discreteness of the gas medium for 

particles of size on the order of the mean free path of the gas.  It is given by 
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λ is the gas molecule/atom mean free path, η is the temperature dependent gas viscosity,  

ρ is the gas density and Vmean is the mean velocity of the gas molecules.   

 The viscosity and mean velocity are given by: 
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where S is the Sutherland interpolation constant and Tr is the reference temperature 293 

K.  Derivations and constants for above equations can be found in Barron and Willeke 

[19]. By recasting equation (4.1) into a partial difference equation, one can solve for 

the nanoparticle velocity under arbitrary conditions numerically to find the NP velocity 

as a function of position as it passes through the nozzle. This technique was used to 

find the accelerated velocity of spherical silver NP in the flat-plate and conical jets for 

the gases Ar, He, and N2.   

 It is notable that the NP acceleration is essentially complete only a few nozzle 

diameters after the choke point even though the gas continues to expand and accelerate.  

The decrease in gas pressure and density quickly reduces its drag force on the NP to a 

negligible value, and their acceleration ends.  Since the acceleration region past the 

choke point is barely 3 nozzle diameters long, the effective acceleration of more 

massive particles becomes problematic. This is particularly true for the flat-plate nozzle 
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in which the more massive NPs are already significantly lagging the gas velocity at the 

choke point. 

 The terminal velocity to which NP is accelerated in the jet is the most important 

factor affecting impaction velocity. These data are collected and they show that He 

with its higher sonic velocity and low atomic mass, accelerates the NP to a much higher 

terminal velocity in spite of its reduced drag compared to the other gases.  Also, there is 

a modest benefit realized mostly for larger NP by using the conical jet with the 

cylindrical pre-acceleration section. 

 For NP collection by impaction and for film deposition, we inserted a planar 

substrate perpendicular to the supersonic free jet upstream of the Mach disk. The jet is 

forced to recompress at this location and forms a bow shock at a distance δ above the 

collection substrate. This boundary layer plays a key role in determining which 

nanoparticles will impact onto the substrate and be cut from the flow, and with what 

energy they will impact. 

 Previous analyses of aerosol impaction of a supersonic jet from a flat-plate 

nozzle with large pressure ratios and large nozzle Reynolds number indicate the bow 

shock thickness δ depends on the nozzle-substrate distance (L), pressure ratio (P0/P1), 

gas type, and nozzle geometry [20]. In the asymptotic limit of large Re and P0/P1, the 

dimensionless thickness δ/L was found to be constant for a given gas type. The relation 

is 
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 The accuracy of this simple relation is unclear for intermediate expansion ratios 

and for converging-diverging nozzles.  The LAMA system operates with expansion 

ratios P0/P1 > 5000 so this restriction is not significant for the cases we studied.  For 

reference, our LAMA system commonly utilizes a 2-6 mm substrate distance with a 

250 µm diameter nozzle; and, in this case, the Mach disk is located at a distance of 10-

15 mm. 

 In treating nanoparticle impaction through the bow shock, we only with deal the 

z component of motion and find the NP velocity versus distance for deceleration in a 

static gas and the impact velocity at the substrate surface by solving the 1-D equation of 

motion.  This is because the details of transverse gas motion can affect the cut size for 

impaction, but should have little affected on the impact velocity of NP that significantly 

exceed the conditions for impact.  For large pressure ratios and moderately large 

nozzle-to-plate distances, the pressure behind the bow shock will be relatively low, and 

deceleration may play only a minor role in the NP impact dynamics.  Another way to 

look at this is that the conditions for the impaction cutoff are at a NP diameter much 

smaller than is present in the size distribution being impacted. Thus, NPs much larger 

than the cutoff size will have velocity far in excess of that needed to penetrate the bow 

shock and will impact with only a minor loss of energy. 
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 The gas conditions behind the bow shock formed by a flat-plate nozzle can be 

found starting from the impaction pressure determined from the empirical relation of 

Ashkenas and Sherman15 and the application of the isentropic condition.  The conical 

nozzle, on the other hand, is known to confine the free expansion to a much smaller 

divergence angle than the flat-plate nozzle and have a much larger on-axis gas flux [21].  

The divergence of the nanoparticles in the nozzle is likely to be larger than that of the 

gas since the NP motion is established deep in the nozzle, before the pressure and drag 

forces have become negligible.  It is predicted that at the impaction plate, the area of 

NP beam will be larger than that of the gas jet. This has been confirmed by calculations 

of the gas jet and measurements of the NP beam sizes. Thus the NP impaction 

conditions for the conical jet are likely to be non-uniform.  Near the axis, the NPs must 

penetrate through a higher-pressure bow shock than for the flat-plate case; but off axis, 

the gas jet density decreases quickly. Due to radial expansion of the impacted gas, the 

layer to be penetrated by the off-axis nanoparticles is of negligible density. 

 The particle impact velocity, Vimpact, at the collection substrate a distance z =δ 

from the bow shock can be written as: 

 

     )0(
)(

pimpact V
S

S
V

δδδδ−−−−
====                       (4.7) 

 

where S  is the stopping distance for a particle through the shock. And Vp(0) is the 

initial NP velocity arriving at the bow shock (now located at z = 0 as shown in Fig 4.1).  
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 Figure 4.6 shows the impaction velocity for silver (ρ= 10.5 g/cm3) nanoparticles 

versus NP diameter in He and Ar at two different substrate-nozzle distances, 2 mm and 

6 mm, for both of the nozzle types.  For both substrate distances, the substrate is closer 

than the Mach disk in an equivalent free jet.  For each gas, the maximum NP velocity is 

shown for reference so that the velocity loss in the bow shock can be evaluated.  

Further, as the substrate distance L decreases, the pressure behind the bow shock 

increases, the deceleration increases, and the impaction velocity decreases.  For the NP 

size range and density shown here, all NPs impact the substrate and the stopping 

distance is behind the impaction surface, S > L.  For the conical nozzle, the deceleration 

behind the bow shock was treated with the parameters for the flat-plate nozzle case.   

 After impaction velocity was computed, the impaction energy in eV/atom in the 

NP is calculated and shown in Fig 4.7.  Only in He does the energy enter the 0.5 to 1.0 

eV/atom range.  For the other gases, the impaction is softer with energies in the 0.05 to 

0.25 eV/atom range. Figure 4.7 clearly shows the increase in impaction energy derived 

from the conical nozzle as compared to the flat-plate nozzle for all three gases, but 

more so for He. Also, differences between the gases are clearly visible as are how the 

impaction energy is a function of both gas type and NP size. 
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Figure 4.6 Nanoparticle impaction velocity versus NP diameter is shown for the gases 

(a) He, and (b) argon.  The maximum NP velocity before deceleration in the bow shock 

is shown as are the impaction velocity for L= 2 mm (both gases) and for L=6 mm for 

Ar.   
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Figure 4.7 Nanoparticle impaction energy (in eV/atom) versus NP diameter for all 

three gases and for the two nozzle types: conical and flat-plate.  The nozzle-substrate 

distance is 2 mm. 

 

 This modeling result explained what was found in the experiments. Due to its 

higher impaction energy, the conical nozzle appears to be better able to bond individual 

NPs but was still not able to achieve a fully dense film. Impaction velocities for Ar 

were much lower than for He for all nozzle geometries, and this difference is evident in 

both the cross-sectional and surface morphologies of the deposited films. 

 

 

 



 89 

4.5 Data Interpretation and Discussion 

 

 For each gas type, the mass-weighted, mean NP size was computed from the 

TEM micrographs of individual NPs. These data are presented in Table 4.3 along with 

the simulated impaction velocity and energy based on the mass-weighted mean, and the 

crystallite sizes. 

 

Table 4.3. Experimental measurements of individual silver nanoparticle size statistics, 

model impaction parameters, and XRD analysis of the crystallite size in deposited 

silver films. The individual NPs were collected on TEM grids placed near the 

deposition location. The model results for impaction velocity and energy are reported 

for NPs of the mass-weighted average diameter. The crystallite size data are extracted 

from the (111) lines of Table 4.2 (see text). 

Gas Type 
Nozzle 

Type 

Mass-

weighted 

NP Dia 

(nm) 

v impact  

(m/s) 

E impact  

(eV/atom) 

Scherrer 

size  (nm) 

from (111) 

He FP 6 1020 0.58 14 

He Conical 6 1170 0.77 11 

Ar FP 16 320 0.057 24 

Ar Conical 16 380 0.081 20 
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Comparison of the Scherrer grain size with the NP size statistics revealed that 

the crystallite size was similar to the primary NP size and the visible feature size. One 

possible exception is noted: deposition in Ar with the conical nozzle showed larger 

features without correspondingly larger crystallite or primary NP sizes. 

The general observation of similar sizes for primary nanoparticles, crystal 

grains, and visible morphology is in agreement with experiments and MD simulations 

of cluster deposition of 3 nm Au NPs at energies 0.25 and 1.25 eV/atom by Bardotti, et 

al [22, 23]. For deposition at 0.25 eV/atom, they reported mass densities of ~60% of 

bulk and visible features within the films comparable in size to the original NPs. This is 

in agreement with our observations for deposition in Ar with typical impaction energy 

of 0.06 to 0.08 eV/atom. For MD simulation of deposition at 1.25 eV/atom, they 

reported a nearly fully dense morphology with little evidence of the original NPs 

visible. Our results for deposition in He at 0.6 to 0.8 eV/atom appear to be between 

these two cases but more closely resemble the simulation results for deposition at 1.25 

eV/atom. Finally, Bardotti et al. reported anomalous epitaxy and larger crystal grains 

for the case of gold clusters. Similar experiments by Bouwen et al [14] for silver 

clusters showed no such tendency for anomalous epitaxy or grain growth on impact. 

The latter is in agreement with our grain size measurements. 

Next we discuss the possible exception noted above. There was a noticeable 

increase in coarsening, neck formation, and visible feature size with the conical nozzle 

within the films for each gas type when comparing deposition by the two nozzles. This 
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was particularly evident for the case of Ar in the conical nozzle. The visible feature size 

is generally greater than 40 nm in Fig. 4.3, 4.4 (d.), but the crystal grains and primary 

particles were 20 nm or less. The 20% increase in deposition energy as compared to the 

flat plate nozzle has promoted coarsening and neck formation but not grain growth. 

It is equally evident that soft landings (impaction energy 0.05 to 0.25 eV/atom) 

do not promote dense NP deposits. Deposition at 1000 to 1200 m/s (0.55 to 0.75 

eV/atom) appears to be barely sufficient to form nearly dense NP silver films for 

particles in the 5-10 nm size range used in our experiments. Improved results may be 

obtained for larger primary nanoparticles if the process is tending to resemble that of 

cold spray deposition. Unfortunately larger NPs are harder to accelerate or must be 

accelerated in a jet assembly that has been scaled proportionately larger. In such a 

larger jet, the vacuum pump requirement scales as the linear size of the apparatus 

squared.  
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4.6 Summary 

 

 Silver NPs were generated in He and Ar by LAMA and deposited through a 

supersonic jet onto a substrate in vacuum through either a flat plate nozzle or a conical 

nozzle in vacuum. Experiment results shows that silver films produced in different 

gases through different nozzles have quite different morphologies. For all the impaction 

energies studied, the films tended to retain the internal feature dimension and crystallite 

grain size characteristic of the deposited nanoparticles.  Increased impaction energy 

increased the film density and promoted sintering and neck formation without 

significant grain growth for deposition at room temperature. The silver film deposited 

in He shows a higher density than in Ar. 

 A model describing the kinetic energy distribution of silver nanoparticles 

impacting onto a collection substrate from a supersonic aerosol jet was presented.  

Modeling of flat-plate and conical jet configurations revealed the difficulty in 

accelerating larger NPs (20-50 nm).  We have suggested modifications to the parallel 

and diverging conical jet sections that improved the acceleration of all sizes of NPs.  

These improvements were shown both in model results and for experimentally 

deposited silver films.  The model shown that 5 nm silver nanoparticles can reach 

kinetic energies as high as 0.8 eV/atom in He in a conical nozzle.  And a general 

characteristic is that the kinetic energy for a given NP is increased by an order of 

magnitude by decreasing the molecular weight of the carrier gas from Ar to He.   
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 Considering that one goal for using this process is to direct-write electrical 

interconnects on temperature-sensitive substrates, the preliminary results suggest that 

subsequent experimental investigations should examine the electrical conductivity and 

morphology of silver lines after annealing at temperatures up to a few hundred degrees 

Celsius.   
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Chapter 5 

Sintering Behavior and Electrical Properties of Silver Nanostrucuted Sub-

millimeter interconnects Generated by Supersonic Deposition of Nanoparticles  

 

 

 

 

 

 

 

 

 

 

The annealing behavior of silver nanostructured sub-millimeter interconnects 

produced by supersonic deposition of nanoparticles generated by laser ablation of 

microparticle aerosols is reported in this chapter and the electrical conductivities of the 

nanostructured interconnect were analyzed. The interconnect films were characterized 

by Scanning Electron Microscopy (SEM), profilometry, X-ray diffraction and four 

point probe conductivity measurement to determine the film’s cross section 

morphology, grain size and conductivity. Transmission Electron Microscopy (TEM) 

was used to analyze the nanoparticle sizes and morphologies. The results show that the 

nanostructured films produced by supersonic deposition of nanoparticle aerosols began 
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necking and the grain size started to grow at about 10-15% of the melting temperature 

of bulk silver. The conductivity and the grain size of the interconnects increased as the 

annealing temperature increased. The increase of the measured conductivity was 

mainly caused by the increase of the grain size as the annealing temperature increased. 

The annealed films were observed to coarsen. 

 

5.1 Introduction 

 

The study of conductive nanostructured films at a mesoscopic size range is a very 

exciting area because their industrial and commercial applications are growing rapidly. 

Nanostructured materials, due to their high surface area to volume ratio, show quite 

different physical properties than do bulk materials. An important property of 

nanoparticles in the range of 5 to 100 nm is their increased surface energy as compared 

to the surfaces of bulk materials. This is because a large percentage of the atoms are on 

the particle surface. The surface energy of silver NPs has been measured to be 6-7 

times larger than for bulk silver surfaces [1]. Their higher surface energy results in 

lower sintering temperatures [2] and makes them potentially suitable for use in direct 

write electronics on temperature sensitive substrates. 
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Electrical properties of the nanostructured silver films produced by different 

methods have been studied extensively [3-11]. Table 5.1 summarizes the previous work 

on silver nanostructured conductive films. The methods to fabricate the silver 

conductive films were quite different in these studies, and the grain size of the 

nanostructured films were less than hundred nanometers. After heat treatment, the grain 

size of the silver films grew rapidly, and the conductivity increased correspondingly. A 

noticeable phenomenon among these studies is that the sintering of these films started 

at a significantly low temperature, usually below 150 °C. Due to differences in the 

deposition process, the conductivity was quite different. For the commonly used ink-jet 

printing technique [3-5], heat treatment was used to remove the surfactants and 

microvoids/nanovoids in the as-deposited film. For this process, both the density of the 

nanostructured film and the conductivity are lowered.   

Microfabrication of electronic structures at the mesoscale is a very time-

consuming and expensive process. The electroplating and etching process accompanied 

by lithography, for example, takes weeks to go from design to complete products. 

Because of this inconvenient delay, a dry technique of impacting nanoparticle 

generated by laser ablation of microparticle aerosols on top of desired substrates was 

developed in our group to lower the cost and improve the production efficiency. This 

technique avoided the “volatile organic compounds (VOCs)” problem caused by the 

other direct write technologies such as ink-jet printing [12,13], and as a result, there is 

no sintering possible at temperatures less than the decomposition temperature of the 

surfactant. The silver NPs described in this chapter were generated by the laser ablation 
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of microparticle aerosols (LAMA) process and they were free of all surfactants. This 

technique has been proven to be an effective way to generate large quantities of various 

inorganic nanoparticles [14-17]. Moreover, by using this technique, we can obtain 

nanoparticles as pure as the starting materials and it could be incorporated with the jet 

deposition process to produce the nanostructured films for mesoscale devices.  

In this chapter, we describe silver nanostructured films produced by the LAMA-

jet deposition process. The experimental setup and the measurement methods are 

described in section 5.2.  The sintering behavior and the corresponding electrical 

properties of the silver nanostructured films are presented in 5.3, section 5.4 discusses 

the results, and section 5.5 summarizes the findings of this study.  

 

5.2 Experimental Setup and Measurement Tool 

 

The LAMA-jet deposition process and the experimental setup have been 

described in detail in [14-17] and a detailed description is presented in chapter 2.  In 

this study, He gas and Ar gas were used for both the aerosol gas and the coaxial gas to 

obtain different jet velocities and impaction energies. The fluence at the ablation point 

was adjusted to about 1-2 J/cm2 after accounting for reflection and absorption of the 

optics. For this study, the silver feedstock MPs had an average particle size of 1.7 µm. 

After ablation, the NP aerosol was then accelerated by a supersonic flat plate nozzle 

with an orifice diameter of 250 µm. The resulting NP films were deposited onto silicon 

and alumina substrates at ambient temperature in a vacuum chamber with a pressure of 
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about 100-200 mTorr. To form mesolcale nanoparticle interconnects, the substrates 

were placed onto a computer-controlled moving stage. The as-deposited silver 

nanostructured films were then annealed in a protective atmosphere (99.5% Ar) for 90 

minutes at 100°C, 200°C, 300°C and 400°C.  

The sizes, nanostructure, and morphologies of the silver NPs were characterized 

by transmission electron microscopy (TEM). And the cross-section morphology of the 

as deposited nanostructured films and the films annealed at different temperatures were 

analyzed by scanning electron microscopy (SEM). The grain size of the nanostructured 

films were analyzed by the X-ray diffraction.  

The conductivity of the nanostructured film was measured by using the four 

point probe method. By measuring the resistance （R ）between the two inner probes, 

the conductivity (σ) was calculated by the following equation: 

 

AR

l

××××
========

ρρρρ
σσσσ

1
                              (5.1) 

 

where ρ, l and A are the resistivity, length and the area of the sample. A series of 

profiles were measured perpendicular to the length of the patterned line, and from these, 

an average cross-sectional area A was calculated. 

This four-point probe method is a convenient tool for the measurement of 

resistivity. It measures the average resistance by passing current through the outside 

two points of the probe and measuring the voltage across the inside two points. The 
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advantage of this method is the contact resistance can be avoided which varies with 

respect to the sample’s surface condition.  

The schematic of the measurement is shown in Fig. 5.1. Two outside points 

contact the two ends of the sample; two inside points contact the inner part of the 

sample. During the measurement, one of the inside probes was the moving probe to 

measure different distances. The corresponding measured voltage drop (Vx) across the 

inside probes was recorded for several different position on the sample. The probes 

were connected to a Stanford Research Systems lock-in amplifier (SRS 530). The lock-

in amplifier also provides a sinusoidal reference voltage source. The basic principle of 

the measurement is the experiment is excited at a fixed frequency and the lock-in then 

detects the response from the experiment in a relatively narrow bandwidth at the 

excitation frequency. Here a reference frequency of 1 KHz was selected. This 

frequency is high enough to avoid low frequency “1/f” noise as well as power line 

noise and it is also low enough to avoid phase shift and amplitude errors due to the RC 

time constant of the source impedance and the cable capacitance. The distance (L) 

between the two inner probes was measured through a binocular inspection microscope 

fitted with a reticle with a resolution of 100 µm. Table 5.2 summarizes the parameters 

in this measurement. 
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Figure 5.1 Four point probe setup  

 

 

 

Table 5.2 Parameters used in the four-point probe measurement of the electrical 

conductivity 

Parameters Symbol Values of the parameter 

Source voltage of the lock-in amplifier Vs 100 mV(1 kHz) 

Series resistance Rs 7.95 KΩ 

Input impedance Ri 100 MΩ 

Measured resistance Rx < 1 Ω 

Measured voltage Vx < 0.5 mV 
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Because Ri>>Rs>>Rx, from basic circuit theory the four-point probe 

measurement (Fig.5.1) follows the simplified equation: 

sx

s

x

x

RR

V

R

V
I

++++
========                (5.2) 

According to the definition of resistance,  

A

L
Rx

ρρρρ
====      (5.3) 

Equation (5.1) results in: 
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ρρρρ
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1
       (5.4) 

Here σ is the film’s conductivity, ρ is the film’s resistivity, L is the distance between 

the two inner probes, or the length of the measured part of the sample, and A is the 

cross section area of the film. This four point probe station was checked by measuring 

resistors of 0.1 ohm, 0.5 ohm and 1 ohm.  

 

 

 

 

 

 

 

 



 106 

5.3 Results and Discussion 

 

5.3.1 Silver Nanoparticles Produced by LAMA 

 

Silver microparticles were used as feedstock for laser ablation, and the SEM 

micrograph of the feedstock shows that they had a mean diameter of 1.7 µm with 

standard deviation of 0.6 µm. (Fig 5.2).  

 

Figure 5.2 The SEM micrograph of the silver feedstock. 

 

 The typical TEM micrographs of the silver NPs produced in He and Ar are 

presented in Fig. 5.3.   The average size of the Ag NPs produced in He is smaller than 

that of the NPs produced in Ar. The average volume weighted NP diameter of the silver 

NPs produced in He was about 6 nm and about 16 nm for those made in Ar. A 
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statistical summary of the laser ablated silver nanoparticles can be found in table 4.3. 

Most of the silver NPs made in He were spherical with very clear lattice fringes, while 

the silver NPs generated in Ar were also spherical and some of them contained a certain 

amount of defects, mainly twins and dislocation loops. Although defects were 

sometimes seen in silver NPs made in He, the amount of defects was fewer. From the 

TEM observations, larger NPs are more likely to contain defects than the smaller NPs. 

These defects originated from the rapid condensation process when the NPs were 

formed.  

 

 

 

(a) 
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(b) 

Figure 5.3 TEM micrograph of the silver nanoparticle produced by LAMA in He (a), 

and Ar (b) showing intersecting twin boundaries. 

 

5.3.2 Sintering Behavior of the Silver Nanostructured Film 

 

 The characterization of the as-deposited lines has been reported previously [18] and 

in chapter 4.  In that study, we showed that NPs produced in He were smaller than 

those produced in Ar and that the impaction velocities were higher.  Thus, films 

produced using He have a higher density and finer grain size (11-14 nm) than those 

produced in Ar (20-24 nm).    For this study, a series of similar samples were produced 

using a flat-plate nozzle and He and Ar gases. 
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The SEM micrographs of the cross sections of as-deposited silver films produced 

in He and Ar and the silver films after annealing at different temperatures are shown in 

Fig 5.4(a-j). From Fig 5.4 (a)-(b), one sees that the as deposited silver nanostructured 

films produced in He and Ar have quite different morphologies. The features of the 

film in Fig 5.4 (a), produced in He are hard to distinguish from the individual NPs. Fig 

5.4 (b) shows the silver NP film produced in Ar. There is less necking between the 

silver NPs, and the smallest feature is about 15-20 nm, which is close to the individual 

NP size. The morphology is different because the impacting energy of the silver NPs in 

He is about 0.6 eV/atom and only about 0.06 eV/atom in Ar. This huge kinetic energy 

difference leads to a different landing process. A detailed discussion of the as-deposited 

silver films can be found in chapter 4. Another result of this higher energy impaction is 

that it will cause deformation of the silver NPs when they impact on the substrate, 

resulting in the packing density increasing. On the other hand, the low kinetic energy of 

the Ar produced NPs will result in them landing softly on top of the substrate and the 

NPs will keep their spherical morphology. A detailed discussion of the size dependence 

of the LAM produced NPs by Nichols, et al. is presented in [17]. 

The microstructural evolution of the silver nanostructured films during the heat 

treatment at temperature ranging from 100 to 400 °C is shown in the cross-section 

micrographs of Fig 5.4 (c-j). From these micrographs, one can tell the size of the 

nanostructure in the films increases as the annealing temperature increases. Silver 

nanostructured films begin to sinter together at 100 °C for the films produced in both 

He and Ar. Films heat treated at 200 °C show dramatic changes in particle shape, going 
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from loosely necked to firmly bond to each other. And, it is difficult for one to see the 

shape of the smallest features in the silver films annealed at 200 °C. As the annealing 

temperature increased, the smallest features of the nanostructured film increased in size 

and the nanovoids increased in size as well.  

 

 

 

 

 

 

 

 

 

 



 111 

 

(a) HeFp as deposited    (b) ArFp as deposited 

 

( c ) HeFp 100ºC     (d ) HeFp 200ºC 
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 (e) HeFp 300ºC     (f) HeFp 400ºC 

 

(g) ArFp 100ºC     (h) ArFp 200ºC 
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(i) ArFp 300ºC                                                            (j) ArFp 400ºC 

 

Figure 5.4 SEM cross-section micrographs of silver films produced in He (a) and Ar (b) 

by flat plate nozzle, before annealing. The silver films deposited in He and annealed for 

90 min at (c) 100 oC, (d) 200 oC, (e) 300 oC, and (f) 400 oC. And the silver films 

deposited in Ar and annealed in (g) 100 oC, (h) 200 oC, (i) 300 oC, and (j) 400 oC. 
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X-ray diffraction was used to obtain the nanocrystalline size as a function of 

annealing temperature. The detailed measurement techniques were described in chapters 

2 and 4. The results show significant increase of the grain size of the nanostructured 

silver film after being annealed at 100°C. This trend matches the SEM observation. The 

average grain size of the silver film produced in He shows larger grain growth than the 

films deposited in Ar and annealed at the same temperature. These phenomena can be 

explained from the specific properties of the silver nanostructured film by the LAMA-

jet deposition process. The process will generate defects by: (1) rapid cooling after 

leaving the breakdown zone and (2) the high energy impaction process. For silver 

nanostructured films produced in Ar, the first factor is dominant since larger NPs tend 

to carry more defects. For silver nanostructured films produced in He, the second factor 

is dominant because of the hard impaction (kinetic energy = 0.6 eV/atom) and the 

following deformation as the NPs hit the substrate. As a result, the energy barrier for 

NPs to sinter together is lowered. In addition to the defects, another cause of increased 

sintering for NPs produced in He and Ar is that the average coordination number of the 

surface atoms decreases and the surface energy increases substantially as the radius of 

the nanoparticle decreases [18]. Thus the NPs are thermodynamically less stable due to 

their large surface area. This leads to a lower energy barrier for nano-sized particles to 

sinter together, and so the sintering of Ag NPs is kinetically enhanced. Similar results 

were found in many other silver nanostructured films produced by various ways [2, 3, 

9]. The sintering onset temperature of the silver films produced by the LAMA- jet 

deposition process is estimated to be 0.1-0.15 of the melting temperature (Tm) of bulk 
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silver. . 

 

Figure 5.5 The Grain size of the silver nanostrucuted films (produced in He and Ar 

by with the flat plate nozzle) after been annealed at different temperature for 90 

minutes. 

 

The grain sizes of the films were determined by using the Scherrer equation that 

explains peak broadening in terms of incident beam divergence which makes it possible 

to satisfy the Bragg condition for non-adjacent diffraction planes. The accuracy of the 

line profile analysis depends crucially on the separation of the instrumental broadening 

from the intrinsic sample generated broadening. Once instrumental broadening of 

diffraction lines has been excluded, the crystallite size is calculated as a function of the 
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full width at half maximum peak intensity (FWHM), peak position and wavelength. As 

the annealing temperature increased, the grain size increased and the line widths 

narrowed down. Thus after the sample had been heated above 200 °C, the 

diffractometer cannot be used to determine the upper bound of the grain size as shown 

by the arrows pointing upwards in Fig 5.5. 

 

5.3.3 Conductivity of Silver Nanostructured Film 

 

 The electrical conductivities of these silver nanostructured interconnect films 

deposited through a flat plat nozzle in different gases, and annealed at different 

temperatures are shown in Fig.5.6. Also, 50% of the bulk silver conductivity is 

indicated in Fig 5.6 as an index for comparing the annealed NP silver films with the 

silver films fabricated and annealed through other techniques such as thick-film screen 

printing. From table 5.1, one can see that most of the annealed silver films have 

conductivity lower than 50% of the bulk silver conductivity. From Fig 5.6, the 

conductivities of silver nanostructured films are seen to increase with the sintering 

temperature. The film produced in He had a larger conductivity than the film produced 

in Ar. And this trend continues even after the films were annealed. The conductivity of 

nanostructured films produced in Ar grew more slowly than that of the films produced 

in He. As the annealing temperature increased the conductivity for the films deposited 

in Ar reached about 25% of bulk silver after annealing at 300°C. Higher temperature 

heat treatment at 400°C does not bring about a significant further increase in the 
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conductivity. Similar results were obtained by Kim and Moon [4]. The conductivity of 

the silver nanostructured films produced in He, on the other hand, keeps increasing as 

the anneal temperature increases. After sintering at 400 °C for 90 minutes, the 

conductivity of silver films deposited in He approached 47% of the bulk conductivity. 

This continued increasing conductivity with respect to the annealing temperature may 

originate from a higher green density for the films produced in He as compared to those 

produced in Ar. An obvious density difference between the nanostructured films 

deposited in He and Ar can observed from the SEM micrograph in Fig 5.4 (a,b). 

Conductivities of the silver films deposited in He and Ar through a conical nozzle are 

also presented in Fig 5.6. The structure of the conical nozzle was described in chapter 

4.2. Although the silver nanostructured films deposited in He and Ar by the conical 

nozzle were annealed at the same annealing condition as those of the samples deposited 

in He and Ar though a flat plate delamination occurred in the samples that were 

annealed at high temperatures. As a result, the conductivity measurement could not be 

conducted on these samples. Among the four as-deposited samples, the silver film 

deposited in He through a conical nozzle had the highest conductivity, and the sample 

deposited in Ar through a flat plate nozzle had the lowest conductivity. Comparing the 

SEM micrographs presented in Fig 4.3 and Fig 4.4, one can see that the film density 

may still affect the conductivities of the silver films. Further discussion based on 

conductivity results will presented in the next section.  
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 Figure 5.6 The conductivities of the silver nanostructured film produced and post-

treated at different temperatures. 

 

 

5.4 Theoretical Models of Conductivity 

 

According to Matthiessen’s rule, the resistivity of a conductive film can be 

written as follow: 

gbSDph ρρρρρρρρρρρρρρρρρρρρ ++++++++++++===='                                (5.5) 

 

where ρ’ is the resistivity of the film. And ρph,  ρD, ρS, andρgb represent the resistivity 

from phonon, defect and impurity, surface, and grain-boundary scattering, respectively.  
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Considering the silver nanostructured films are not fully dense films for either 

the as-deposited or annealed situation, another term should be added to the right side of 

equation (5.5) and it will be written as: 

 

dgbSDph ρρρρρρρρρρρρρρρρρρρρρρρρ ++++++++++++++++===='    (5.6) 

 

where the term ρd stands for resistivity caused by density  (void fraction) of the film.  

The factors that increase the resistivity of the nanostructured films will be 

discussed individually as follows. The electron-phonon scattering is an intrinsic 

property of the material and it is only sensitive to temperature change for a certain 

material. This means that ρph is generally the same as in bulk materials [20].   

Although defects could cause increased resistivity decreasing of conductivity, 

there is no evidence in our XRD, TEM and EDX results that the silver nanostructured 

films contains notable defects. In another words, the silver NPs and the silver films are 

pure. A few larger NPs produced in Ar contained twins, but according to TEM 

observation, the quantity of these defect-carryying NPs was relatively small. Moreover, 

the defects are a thermodynamically unstable situation. After annealing, the materials 

tend to lower their defect density to reach a lower energy state. So, the defects will have 

much less affect on the annealed films. Based on this analysis, ρD can be treated as a 

negligible term in equation (5.6).  
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The surface scattering effect on film resistivity is sensitive to the dimension of 

the film. The surface scattering term ρs can be modeled using a modified Fuchs-

Sondheimer equation [21-23]: 
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the ρb term is the bulk resistivity. The ratio of the film width w to the film height h’ is 

around 100, and w is usually about a few hundred micrometers. The specularity 

coefficient p lies between 0 and 1. The mean free path of bulk silver λ’ is 50-52 nm, and 

c represents a constant near 1. Calculation shows that the surface term ρs << the bulk 

resistivity ρb and the ρs / ρb ratio is < 1%. Thus, surface scattering in our case can be 

ignored. 

The effect of the grain size and density on the conductive films has been studied 

in nanostructured materials [6, 24-28]. These studies show that the grain size of the film 

is a dominant factor and the conductivity of the films is very sensitive to the grain size, 

especially when the grain size is within the range of 100-200 nm. According to 

percolation theory, the conductivity of the film is quite low when the density of the film 

is low. As the density of the film increases and becomes larger than a critical density 

value, which is usually about 10-20% of the bulk density, the density has less affect on 

the conductivity of the film.  
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According to the above analysis, the grain size and the density should be the 

main factors that cause the change of the conductivity of the annealed nano-silver films. 

In order to correlate our experimental results with the theoretical expectation, a 

calculation is presented based on Qin’s model [28] of conductivity of nano-metal 

materials. The advantage of this model is that the affects of both density and grain size 

are incorporated in one equation for conductivity. Qin’s model uses a transmission 

coefficient of the electrons through a boundary, T*, to describe the effect of grain 

boundary scattering and density changes on conductivity as shown below 
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where ρbulk is the resistivity of bulk silver. λ’ is the electron mean free path, and it is a 

function of grain size d. For nano-silver materials, Qin experimentally measured a linear 

relationship between between ln(T*) and 1/D, where D is the fractional density of the 

nanostructured silver film. Thus, by applying the measured conductivitiesσ and grain 

sizes d to equation (5.8), T* and therefore density D can be calculated. A linear 

relationship between the mean free path and the grain size for grains smaller than 47 nm 

is assumed in our calculation based on Qin’s experimental results. By substituting the 

measured conductivity, grain size, and the calculated mean free path into equation 5.8, 

T* can be calculated and the density of the silver nanostructured film can be obtained.  
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Table 5.3 presents the calculated percent of the bulk density for our silver films 

processed in different ways. 

 

Table 5.3 Percentage density of silver film before and after annealing 

 

From the above data, one can see that the density does not vary systematically as 

the annealing temperature changes. An expected density difference is found between the 

samples deposited in He and Ar. The silver films deposited in He had a higher density 

than those deposited in Ar. The results match the cross-section SEM observations. This 

difference derives from the different green densities for the two different deposition 

gases.  Based on these derived film densities, it is likely that the films are coarsening 

rather than sintering as they are annealed.  
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5.5 Conclusions 

 

We have examined the morphology and the electrical property variations of 

silver nanostructured sub-millimeter interconnects deposited in He and Ar through a flat 

plat nozzle before and after heat treatment up to 400ºC. Experimental results were 

correlated with a theoretical conductivity model to find the film densities that were in 

turn correlates with the observed morphologies.        

From the SEM micrographs and XRD analysis, the nanosized particles in the 

silver films started to visibly neck together when they were heat treated at 100º. The 

grain size and the conductivity of the films increased as the anneal temperature 

increased for films deposited in both He and Ar. The films deposited in He approached 

50% conductivity of bulk silver after annealing at 400ºC for 90 minutes. On the other 

hand, the conductivity of the silver films produced in Ar grew more slowly as the 

annealing temperature was increased and reached a saturated level of about 25% of the 

bulk silver conductivity after annealing at 300 ºC.  

The factors that caused changes of the conductivity were analyzed. We believe 

that as the annealing temperature increased, the grain size increased, and as a result, the 

conductivity increased because the conductivity is very sensitive to the grain size at 

100-200 nm range. Density is another significant factor, but as long as the density of the 

silver film is larger than critical density, according to percolation theory, it does not 

affect the conductivity as strongly as grain size changes. Defect scattering does not 

affect the conductivity as little evidence for the existence of defects was found in either 
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SEM or XRD analysis. Due to the large film dimension, surface scattering was also 

dismissed as a minor factor influencing the resistivity of LAM-jet silver sub-millimeter 

interconnects.  

Modeling of the experimental results showed that the density of the annealed 

films deposited in each gas varied little as the annealing temperature changed. This 

indicated that coarsening might be the dominant mechanism during annealing at 

temperatures greater than 10-15% but below 41% of Tm.  Additional evidence for this 

hypothesis is the growth of nanovoids along with the growth of the crystallites. Due to 

the higher green density, the films deposited in He had a higher post-anneal density than 

those deposited in Ar. 
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Chapter 6  

Conclusions 

 

 

 

 

 

 

 This dissertation studied generation of silver NPs and their deposition into 

mesoscale structures. We specifically investigated the behavior of charged silver NPs in 

high pressure plasma generated by laser ablation of a silver microparticle aerosol, the 

supersonic jet deposition of these silver NPs to produce conductive films, and the 

relationship between the silver films’ conductivity and the annealing process.  

We have previously reported that metallic NPs are not agglomerated after laser 

ablation for a short period of time because they are positively charged due to 

photoemission and thermionic emission. Three types of Faraday cup were designed for 

systematically measuring the current signal from the three charged components in 

plasma: electrons, gas ions, and silver nanoparticles. The experimental results show that 

silver NPs lose charge approximately exponentially with respect to the traveling time 

due to recombination with electrons. The charged species were found to be mainly 

concentrated near the center of the gas flow tube, but they were not strongly confined at 

the center. Faraday cup type III successfully separated the three charged species, and it 
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showed that by moving an electron capture layer close to the ablation zone, the decay 

rate of the charged silver NPs can be decreased. This study provides a valuable and 

practical way to increase the charged silver NP density at the deposition chamber or at a 

collection or size separation apparatus based on electric field. 

Silver NPs were supersonically deposited through a flat plate and a conical 

nozzle, both with a 250 µm orifice, into a vacuum chamber with pressure ratio of ~5000 

to form thick films. Experiments were conducted in He and Ar, and the silver NPs were 

collected and observed on TEM grids. A series of representative TEM micrographs 

were used to determine the silver NPs’ size. The silver NPs had a mean size of 6 nm 

and 16 nm for those ablated in He and Ar respectively. The SEM plan-view and cross-

section micrographs of the silver films show larger morphological features in the films 

deposited in Ar and smaller, denser features for those deposited in He. Differences were 

visible due to the type of nozzle and gases are also visible. The morphological features 

and crystallite size were correlated with the NP impaction velocity and impaction 

energy derived from the model. It was found that, for a given gas type, the size of the 

grains and morphological features within the impacted films were similar to the size of 

the nanoparticles from which the films were formed. The density and the degree of 

consolidation of the films were highly dependent on the nanoparticle impaction 

velocity/energy. Control of film morphology, grain size, and film density during 

supersonic impaction of nanoparticle aerosols are discussed in light of these results. The 

aerosol dynamic modeling is presented to simulate the velocity and the kinetic energy 

distribution of silver NPs impacting onto a collection substrate from a supersonic 
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aerosol jet. The result shows that NPs deposited in Ar and He had typical impaction 

energies of 0.06 to 0.08 eV/atom and 0.6 to 0.8 eV/atom respectively. We have shown 

that 5 nm silver nanoparticles can reach kinetic energies as high as 0.8 eV/atom in He in 

a conical nozzle but deposition at 1000 to 1200 m/s (0.55 to 0.75 eV/atom) appears to 

be barely sufficient to form nearly dense silver films for particles in the 5-10 nm size 

range used in our experiments.  Also, the modeling revealed that the kinetic energy for a 

given NP is increased by an order of magnitude by decreasing the molecular weight of 

the carrier gas from Ar to He. Increased impaction energy increased the film density 

and promoted sintering and neck formation without significant crystal grain growth for 

deposition at room temperature. 

Considering that one application for this process is to direct-write electrical 

interconnects on temperature-sensitive substrates, we examined the electrical 

conductivity and morphology of silver lines deposited in He and Ar through the flat plat 

nozzle after annealing for 90 minutes at different temperatures up to 400ºC.  The results 

showed that the nanostructured silver films began to sinter and the grain size started to 

grow at less than 100ºC, 10-15% of the melting temperature of bulk silver (Tm). The 

conductivity of the lines and the grain size increased correspondingly as the annealing 

temperature increased. Noticeably, the film deposited in He approached 47% 

conductivity of bulk silver after annealing at 400ºC. The conductivity of the silver lines 

produced in Ar, on the other hand, increased more slowly versus annealing temperature, 

and it reached a saturation level of about 25% of the bulk silver conductivity after 

annealing at 300ºC. 
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In summary, the LAMA-jet deposition process was studied, and it was shown to 

be a promising technique to produce functional nanostructured film. And in addition to 

silver, any other types of inorganic metals are compatible with the LAMA-jet 

deposition process.   

Future research can extend the study to theoretically any kind of inorganic 

materials for mesoscopic structures.  And based on the findings of dusty plasma 

diagnostics, by adding a large opening metallic mesh  close to the laser ablation region a 

higher NPs collecting efficiency can be reached. Moreover, the Faraday cup can be used 

as a monitoring tool for a steady-state deposition of NP or for control of the feed and 

ablation process. In order to deposit a highly conductive interconnect with a strong 

mechanical loading ability, more work can be done on adhesion of the lines on different 

substrates.   
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