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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

OPTOELECTRONICS RESEARCH CENTRE 

Doctor of Philosophy 

Direct write technologies for fabricating patterned metals and glasses 

By Ehab Saleh 

In the past few decades direct writing became a widely pervasive approach to produc-

ing well defined patterns of a variety of materials. Due to its flexibility, this mask-less 

and etch-free patterning approach shows great potential for rapid prototyping and 

manufacturing purposes. 

This research aims to implement direct writing of challenging materials like metals and 

glasses, and also aims to achieve high resolution mask-less pattern printing with min-

imal pre-processing and post-processing requirements. 

This work looks at different technologies to achieve the aims of the research, and in-

tensively study and develop two approaches which have the potential of achieving the-

se aims. Electrohydrodynamic (EHD) technology is used to achieve electrospinning of 

glass nano-fibres of ~100nm diameter, which is the first report to record glass electro-

spinning directly from glass melt. Spark-stream is another technology of direct writing, 

which uses electrical discharge to generate nanoparticles of a wide range of materials, 

with nanoparticle diameters of the range of 10 nm for gold, which is the main material 

explored in the spark-stream technology. These nanoparticles are focussed down to 

form micro-scale patterns using electrostatic ‗diffusion focussing‘ techniques. The na-



 

 

noparticles are generated and focussed simultaneously and directly from the bulk ma-

terial at room conditions.  

 



   

 i  

Contents 

ABSTRACT ................................................................................................................................ i 

Contents ................................................................................................................................... i 

List of tables ......................................................................................................................... v 

List of figures .................................................................................................................... vii 

DECLARATION OF AUTHORSHIP ............................................................................. xv 

Acknowledgements ...................................................................................................... xvii 

1. Introduction to direct write technologies and motivations. .......... 1 

1.1 Introduction ............................................................................................................ 1 

1.2 Why direct writing of metals and glasses? ........................................................... 2 

1.3 Background on driving technologies .................................................................... 4 

2. Electrohydrodynamic (EHD) technology ................................................. 11 

2.1 Introduction .......................................................................................................... 11 

2.2 Theory of Electrohydrodynamic EHD phenomena ............................................. 12 

2.3 Onset voltage for liquid jetting against surface tension ................................... 16 

2.4 EHD experiments on water .................................................................................. 18 

2.4.1 EHD water experiment apparatus ................................................................ 19 

2.4.2 Frequency analysis of liquid ejection .......................................................... 21 

2.4.3 Pressure control ............................................................................................ 23 

2.4.4 Droplet on demand ....................................................................................... 26 

2.5 Conclusion ............................................................................................................ 31 

3. Jetting glass strands using Eelectrohydrodynamic (EHD) 

technology ........................................................................................................................... 33 

3.1 Introduction .......................................................................................................... 33 

3.2 Surface tension of glasses and metals ............................................................... 34 

3.3 Effect of temperature and separation gap on the electrical discharge ............ 38 

3.4 Experiments on borate glass ............................................................................... 42 

3.5 Conclusion ............................................................................................................ 45 



 

 
ii 

4. Introduction to Spark-Stream technology .............................................. 47 

4.1 Introduction .......................................................................................................... 47 

4.2 Why electrical discharge ...................................................................................... 49 

4.3 Electrical discharge phenomena ......................................................................... 50 

4.4 Mechanism of particle formation ........................................................................ 52 

4.4.1 From the vapour of the electrodes .............................................................. 52 

4.4.2 From molten micro-pools ............................................................................ 53 

4.5 Introduction to electrostatic focussing of particles .......................................... 53 

4.6 Conclusion ............................................................................................................ 55 

5. Production of nanoparticles using Spark-Stream technology ... 57 

5.1 Introduction .......................................................................................................... 57 

5.2 Experiments on nanoparticle production ........................................................... 58 

5.2.1 Metal and metal-oxide nanoparticles .......................................................... 58 

5.2.2 Glass nano and microspheres ..................................................................... 63 

5.3 Properties of nanoparticles ................................................................................. 66 

5.3.1 Size of nanoparticles .................................................................................... 66 

5.3.2 Charge polarity of nanoparticles ................................................................. 69 

5.3.3 Electrical resistance of deposition .............................................................. 71 

5.4 Conclusion ............................................................................................................ 74 

6. Focussing of nanoparticles ............................................................................ 77 

6.1 Introduction .......................................................................................................... 77 

6.2 Theory of electrostatic focussing ....................................................................... 78 

6.2.1 Concept of focussing ................................................................................... 78 

6.2.2 Diffusion of nanoparticle ............................................................................. 80 

6.2.3 Analysis of particle-particle interaction ...................................................... 82 

6.2.4 Calculating the transit time of nanoparticles ............................................. 86 

6.3 Focussing of nanoparticles experimentally ....................................................... 89 

6.3.1 Effect of focussing tube voltage .................................................................. 89 

6.3.2 Measuring transit time and particle charge experimentally ..................... 94 

6.3.3 Effect of diffusion and particle interaction investigated experimentally 100 

6.4 Microstructure and patterns deposition ........................................................... 103 

6.5 Conclusion .......................................................................................................... 108 

7. Further developments ..................................................................................... 111 

7.1 Introduction ........................................................................................................ 111 



   

 iii  

7.2 Further development on EHD ............................................................................ 112 

7.3 Other spark-stream focussing configurations ................................................. 115 

7.4 Electrodes of different materials ....................................................................... 119 

7.5 Incorporating nanoparticles inside hollow fibres ............................................ 121 

7.6 Conclusion .......................................................................................................... 123 

List of publications and conferences ............................................................... 125 

Appendices ...................................................................................................................... 127 

Appendix 1: EHD onset voltage equations ................................................................... 127 

Appendix 2: Paschen curve and field emission equations .......................................... 129 

Appendix 3: Au nanoparticle deposition resistance.................................................... 131 

Appendix 4: Submitted paper (to journal of nanoparticle research JNR)................... 135 

Bibliography .................................................................................................................... 151 

 

 





   

 v  

List of tables 

 

Table ‎1.1 Evaluation of technologies reviewed _______________________________________ 6 

Table ‎2.1 Surface tension of some materials ________________________________________ 16 

Table ‎2.2 Zelney’s empirical results to determine the constant C [22] ________________ 17 

Table ‎3.1 Surface tension of molten metals [34,47,48] ______________________________ 35 

Table ‎3.2 Surface tension of some silicate glasses. S1, A5, A6 and A7 are different 

silicate glass compositions [49] _____________________________________________________ 36 

Table ‎5.1 Effect of the focussing tube voltage polarity on the deposition of 

nanoparticles. _____________________________________________________________________ 70 

Table ‎6.1 Summary of the configurations used to deposit microscale spots. _________ 107 

 

 

 





   

 vii  

List of figures 

 

Figure ‎1.1 Ring pattern of 10    thickness __________________________________________ 3 

Figure ‎2.1 Charge accumulation at the tip of the meniscus. _________________________ 13 

Figure ‎2.2 Onset instability voltage with surface tension of some materials for a 250 

   meniscus radius. _______________________________________________________________ 18 

Figure ‎2.3 Schematic diagram of EHD setup to electrospray water ___________________ 19 

Figure ‎2.4 A deposited droplet associated with a pulse generated on the substrate ___ 21 

Figure ‎2.5 a) Current waveform labelled to groups 1 to 6, b) frequency spectrum of 

groups 1 and 6 of the current waveform ____________________________________________ 22 

Figure ‎2.6 Frequency analysis of the current pulses waveform showing frequency 

decline with time ___________________________________________________________________ 23 

Figure ‎2.7 Pressure analysis graph _________________________________________________ 24 

Figure ‎2.8 Theoretical calculations and empirical measurements of the pressure as it 

changes with the extension of the meniscus L _______________________________________ 25 

Figure ‎2.9 EHD apparatus with pressure control system to maintain the shape of the 

liquid meniscus ____________________________________________________________________ 26 

Figure ‎2.10  a) line of spots appears while printing, b) channel 2 (blue line) is HV pulse 

line and channel 1 (green line) is the pulses generated from each droplet at the 

substrate. _________________________________________________________________________ 27 



 

 
viii 

Figure ‎2.11 High-speed camera setups, a) using laser beam reflecting from the 

meniscus, b) using high power LED transmitting light through the meniscus _________ 28 

Figure ‎2.12 Samples of jet cone images taken at 2000fps ___________________________ 29 

Figure ‎2.13 High-speed camera images synchronised with the voltage oscillations 

appearing on the oscilloscope ______________________________________________________ 29 

Figure ‎2.14 Three ejections appear in images taken at 2000fps synchronised with the 

pulses associated with their arrival to the substrate ________________________________ 30 

Figure ‎3.1 Surface tension of some borate glasses from [51], mol%: Ο = 100%B
2

O
3

, □ = 

70%B
2

O
3

-30%PbO, ⋄ = 70%B
2

O
3

 – 30%Bi
2

O
3

, __________________________________________ 37 

Figure ‎3.2 The breakdown threshold of air changes with temperature. Circles 

represent empirical results, and the solid black line represents theoretical results of 

the breakdown voltage (          ) where    is the breakdown threshold of the gas 

at room temperature,    is the room temperature in K and    gas temperature in K 

[55] _______________________________________________________________________________ 38 

Figure ‎3.3 Paschen curve showing the relationship between the breakdown voltage of 

air at atmospheric pressure and the gap between the electrodes ____________________ 40 

Figure ‎3.4 Paschen curve and Field emission threshold at short gaps between the 

electrodes _________________________________________________________________________ 41 

Figure ‎3.5 Schematic diagram of EHD setup on molten B
2

O
3

 _________________________ 43 

Figure ‎3.6 Samples of B
2

O
3

 strands as they appeared on the substrate ______________ 44 

Figure ‎4.1 Concept of spark-stream technology _____________________________________ 48 



   

 ix  

Figure ‎4.2 a) Electron avalanche cascading toward the anode, b) electrons and ions 

flow in the discharge channel ______________________________________________________ 51 

Figure ‎4.3 Oscillatory behaviour of the voltage across the discharge [79] ____________ 51 

Figure ‎4.4 Effect of pressure fluctuations on the micro-pools in the electrodes _______ 53 

Figure ‎4.5 The deflection of charged particles concept ______________________________ 54 

Figure ‎5.1 Schematic diagram of spark-stream apparatus __________________________ 59 

Figure ‎5.2 Scanning electron microscope (SEM) graph of clusters of gold particles 

deposited on a carbon substrate ____________________________________________________ 60 

Figure ‎5.3 Clustering of particles following the electric field lines ____________________ 61 

Figure ‎5.4 TEM graphs of fine clusters of gold nanoparticles (scale bar 20nm) _______ 61 

Figure ‎5.5 a) (left) SEM graph of particles deposited from gold electrodes in air, and 

(right) EDX spectrum showing gold composition, b) (left) SEM graph of particles 

deposited from silicon electrodes in air, and (right) EDX spectrum showing silicon and 

oxygen composition, c) (left) SEM graph of particles deposited from zinc electrodes in 

air, and (right) EDX spectrum showing zinc and oxygen composition. ________________ 62 

Figure ‎5.6 Electrical resistivity of tellurite glass made in-house (75%TeO
2

 – 20%ZnO – 

5%Na
2

O) ___________________________________________________________________________ 64 

Figure ‎5.7 Spark-stream setup diagram for producing glass particles _______________ 65 

Figure ‎5.8 SEM micrograph of tellurite glass particles generated by electrical discharge

 ___________________________________________________________________________________ 66 



 

 
x 

Figure ‎5.9 SEM micrograph of spherical gold particles generated by the same spark-

stream setup ______________________________________________________________________ 67 

Figure ‎5.10 SEM graph of a gold electrode after an experiment, where the tori appear 

surrounding craters _______________________________________________________________ 68 

Figure ‎5.11 Schematic diagram of the substrate used for resistance measurment.___ 71 

Figure ‎5.12 Resistance of gold nanoparticle deposition between two aluminium 

electrodes _________________________________________________________________________ 72 

Figure ‎5.13 Resistance of carbon thin film changes with time. ______________________ 74 

Figure ‎6.1 Electric field lines converging as a result of the voltage applied to the 

stainless tube. _____________________________________________________________________ 79 

Figure ‎6.2 Forces on similar charged particles moving under an applied electric field in 

air. ________________________________________________________________________________ 80 

Figure ‎6.3 Distribution of Brownian particles due to diffusion in air. ________________ 81 

Figure ‎6.4 FWHM of the distribution of Brownian particles increasing with time. _____ 82 

Figure ‎6.5 Particle drift due to charged particle interactions (60 elementary charges) 84 

Figure ‎6.6 Effect of the initial separation on the final drift of a particle after 50ms in 

air and a charge of 60 elementary charges _________________________________________ 85 

Figure ‎6.7 Electric field configuration for transit time calculations __________________ 87 

Figure ‎6.8 Transit time of nanoparticles with different diameters for a range of charge 

values _____________________________________________________________________________ 88 



   

 xi  

Figure ‎6.9 a) Deposition on substrate without using focussing tube. b) Deposition on 

substrate using focussing tube _____________________________________________________ 90 

Figure ‎6.10 Schematic diagram of the tube voltage analysis apparatus ______________ 91 

Figure ‎6.11 Deposited spots using a) 400V focussing tube, b) 1200V focussing tube, c) 

1800V focussing tube ______________________________________________________________ 92 

Figure ‎6.12 Intensity profiles of deposited spot images for different tube voltages ___ 92 

Figure ‎6.13 FWHM of the deposited spots intensity profiles __________________________ 93 

Figure ‎6.14 Schematic diagram of transit time measurement apparatus _____________ 95 

Figure ‎6.15 SEM graphs of the deposited gold nanoparticles on a pulse-synchronised 

spinning substrate. ________________________________________________________________ 96 

Figure ‎6.16 Density of particles as a function of transit time. _______________________ 97 

Figure ‎6.17 Histogram of the elementary charges for each particle size. _____________ 98 

Figure ‎6.18 Maximum charge of particles for different particle diameter. ____________ 99 

Figure ‎6.19 Voltage across the capacitor as it charges and discharges. _____________ 101 

Figure ‎6.20 The effect of the spark frequency on the deposition spot diameter. _____ 101 

Figure ‎6.21 The effect of the capacitor value on the spot diameter. _________________ 103 

Figure ‎6.22 Effect of scaling down the focussing tube on the spot diameter _________ 104 

Figure ‎6.23 Gold deposition of parallel lines printed using a 0.5mm focussing tube with 

350 V applied to it.________________________________________________________________ 105 



 

 
xii 

Figure ‎6.24 a) pattern coordinates sent to the stages, b) pattern printed using a 0.5 

mm ID focussing tube (1.5 mm long) with 500 V applied to it. ______________________ 106 

Figure ‎6.25 a) gold deposition using 0.35 mm ID focussing tube (~1.5 mm long), b) 

deposition using 0.21 mm focussing tube (~1 mm long), (100    scale bars) _______ 106 

Figure ‎6.26 Copper nanoparticles are focussed inside photoresist PR pre-patterned 

mask from ref. [84] (scale bar is 1.5   ) __________________________________________ 108 

Figure ‎7.1 A comparison between the breakdown voltages for nitrogen, sulphur 

hexafluoride SF
6

 and a mix of 1% of SF
6

 with N
2

 [108] ______________________________ 112 

Figure ‎7.2 Paschen curve (—) and Field emission threshold (‐‐‐) under ambient pressure 

are compared to Paschen curve (—) and Field emission threshold (‐‐‐) at 10 kPa 

pressure for short gaps between the electrodes. Shaded area represents a potential 

experimental region. ______________________________________________________________ 113 

Figure ‎7.3 Electric field calculated for the potential operating gaps at 10 kPa and at 

100 kPa. _________________________________________________________________________ 114 

Figure ‎7.4 Illustration of the tube-ring focussing configuration _____________________ 116 

Figure ‎7.5 Schematic diagram of the tube-ring focussing configuration ____________ 117 

Figure ‎7.6 Spot size comparison between single tube and tube-ring focussing 

configurations ____________________________________________________________________ 118 

Figure ‎7.7 Electric potential gradient and electric field lines of the ring-sequence 

focussing configuration ___________________________________________________________ 119 

Figure ‎7.8 Spark-stream apparatus to produce bimetallic nanoparticles ____________ 120 



   

 xiii  

Figure ‎7.9 Setup for incorporating gold nanoparticles inside a glass fibre using the 

spark-stream technology concept __________________________________________________ 122 

 

 

 





   

 xv  

DECLARATION OF AUTHORSHIP 

I, Ehab Saleh, declare that the thesis entitled ―Direct write technologies for fabricating 

patterned metals and glasses‖ and the work presented in the thesis are both my own, 

and have been generated by me as the result of my own original research. I confirm 

that: 

 this work was done wholly or mainly while in candidature for a research degree at 

this University; 

 where any part of this thesis has previously been submitted for a degree or any oth-

er qualification at this University or any other institution, this has been clearly stat-

ed; 

 where I have consulted the published work of others, this is always clearly attribut-

ed; 

 where I have quoted from the work of others, the source is always given. With the 

exception of such quotations, this thesis is entirely my own work; 

 I have acknowledged all main sources of help; 

 where the thesis is based on work done by myself jointly with others, I have made 

clear exactly what was done by others and what I have contributed myself; 

 parts of this work have been published as listed in the publications section. 

Signed: ……………………………………………………………………….. 

Date:……………………………………………………………………………. 





   

 xvii  

 

 

Acknowledgements 

 

I would like to express my great appreciation to various people in the University of 

Southampton and the Optoelectronics Research Centre (ORC) for their great support 

throughout the past years. 

My deep gratitude to my supervisors Wei Loh, Will Stewart and Alun Vaughan for the 

great support and guidance they offered me during my research. I would like also to 

thank Matt Praeger, a research fellow in the group, for the great thoughtful discussions 

we had in the lab, and for his support in various theoretical and experimental aspects. 

I wish also to thank Nick White for the enormous help he offered in the GlassJet lab,  

Xian Feng for making different glasses for the project, Allan Lian for the inspiring dis-

cussions we had, Dave Sager and Neil Sessions for all the help they gave in the clean-

room facilities, the workshop team Mark, Ed and Paul for their generous support and 

indeed Trevor Austin for all the electrical advices he has given me.  

Finally, my sincere gratitude to my beloved mom for her prayers that never stopped, to 

my wife, Huda, for the sweet encouragements and patience during my research, and to 

my family around the world.  

  

 





  Chapter 1: Introduction to direct write technologies and motivations. 

 1  

 

Chapter 1 

 

1. Introduction to direct write technologies 

and motivations. 

 

1.1 Introduction 

Since its invention three decades ago, the success of inkjet printing proved direct write 

technologies to be a robust method to print polymer based inks and later other inor-

ganic materials [1,2,3,4]. The flexibility of the direct write approach under ambient 

temperature and pressure conditions, and its ability to form different patterns on 

demand using the same apparatus make it very suitable for prototyping and 

manufacturing purposes. 

For a direct write system to be used on a wide scale, robust and reliable technologies 

should drive it. A few techniques have emerged to demonstrate direct writing in the 

research and industrial sectors. Technologies like thermo-mechanical jetting using 

piezoelectric actuators [2,5], bubble jet inkjet printing [4,6], laser ablation [7,8,9] 

nanopen technology [10,11] and electrospraying/electrospinning technologies 

[12,13,14,15], all served the purpose of direct writing taking different routes to 

implement it. 
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In this chapter, the motivations for using direct write as a deposition method are 

introduced, and existing technologies on this subject are reviewed, followed by a com-

parison of the existing technologies, and their potential to serve the aims of this 

project. 

 

1.2 Why direct writing of metals and glasses? 

The idea of direct writing of metals and glasses, and of being able to generate different 

geometries with minimal pre-processing and post-processing is an advantageous ap-

proach to speed up and improve rapid prototyping and manufacturing techniques. This 

flexibility in developing new designs provides the following benefits: 

 Reducing the cost of research and development. 

 Increasing the efficiency of new designs by enabling early error detection 

mechanisms. 

 Allowing for fabricating patterns that are very challenging using conventional 

fabricating methods. 

Many of the existing prototyping methods work only for a very limited class of the ma-

terials needed for electronic and optoelectronic purposes. Although it is sometimes 

possible to substitute materials by using the rapid-prototyped object as a mould, this 

is not very practical for refractory materials or small structures. 

Being mask-free, direct writing has great flexibility in creating different patterns using 

computer aided design (CAD) software, with no need to implement any intrinsic physi-
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cal change to the deposition apparatus. This means minimal pre-processing and post-

processing of the work, resulting in faster and lower cost development processes. 

The slow deposition rates of several existing physical vapour deposition (PVD) methods 

makes direct writing a competitive approach for depositing thick patterns and films. 

For example the Edwards BOC E500A e-beam evaporator used in the cleanroom at 

Southampton University has a deposition rate of 0.05nm/s - 0.1nm/s depending on the 

material. The Agar Gold Sputtering Coater gives a material deposition rate of around 

0.1nm/s.  

Assuming a PVD deposition rate of 0.1nm/s, to fabricate a simple ring shape film with 

a thickness of 10    as shown in Figure ‎1.1, the process would take 100,000s (more 

than 27 hours) not including the time taken for mask fabrication and machine prepara-

tion. Also in conventional lithography when the masks are removed all the material de-

posited on the masks will be wasted, which means that direct write has less material 

waste because it deposits material only at specific points on demand. 

 

 

Figure ‎1.1 Ring pattern of 10    thickness 
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Direct write methods, electrospinning for instance, can deposit the complete pattern 

shown in Figure ‎1.1 at speeds ranging from less than 1 second up to 10 seconds for 

different systems [14,15]. 

This timescale comparison would have trade-offs with other parameters in the system, 

for instance, the surface roughness of PVD would be very small when compared with 

patterns printed using electrospinning for which the size of the smallest feature is in 

the order of 100nm. Also as PVD is capable of depositing large areas but with slow 

thickness build-up, if the pattern required is a large area, a thin film of 5nm thickness 

as an example, the deposition time required is less than a minute using PVD, and the 

film thickness is less than the smallest feature size of direct writing technologies, 

which makes the choice of a direct writing approach highly driven by the application. 

 

1.3 Background on driving technologies 

A number of possible technologies that showed a potential to fulfil the aims of the pro-

ject were reviewed. The likely performance of each technology was assessed against 

practical criteria driven by the aims of the project. The criteria include the ability to 

perform at high temperatures, produce high resolution patterns by generating micro-

metre and sub-micrometre material deposition, inexpensive apparatus and applicability 

to a range of metals and glasses. 

The following are the technologies that were considered: 
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 Thermo-Mechanical technology, which is based on melting the printing material 

in a reservoir and linking it to a nozzle where the liquid is mechanically forced 

out by applying high pressures using piezoelectric actuators [2,5,16,17]. 

 Bubble Jet mechanism, which uses a micro-heater inside the printing nozzle, 

and when an electric current is pulsed to the heater, the sudden rise in temper-

ature vaporises the nearby component of the ink forming a bubble which ejects 

a droplet of the ink [6,18,19,4]. 

 Laser ablation, which uses short and high power laser pulses to focus intensive 

energy at a target material which is ablated onto a substrate [7,8,9]. 

 Nano-pen technology, where the printing material is liquefied and injected in a 

nano-pen, which is a nozzle similar to the one normally used in the thermo-

mechanical technology, except it has sub-micrometre orifice diameter, and the 

liquid in nano-pen technology touches the substrate on leaving the nozzle in 

order to adhere to the substrate [10,11]. 

 ElectroHydroDynamic technologies (EHD), where a high electric field is applied 

to a liquid meniscus which causes instability of the liquid at the tip of the me-

niscus and leads to either spraying of the liquid for low viscosity liquids (known 

as electrospraying), or ejecting strands and fibres from the liquid meniscus for 

relatively high viscosity materials (known as electrospinning) [12] [13] [14] [15]. 

 Spark-Stream technology, this technology is developed as part of this project; it 

uses electrical discharge to generate nanoparticles from a very wide range of 

materials, and uses electrostatic techniques to focus down the nanoparticles to 

form deposition spots. 
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To evaluate the feasibility of these technologies, each technology is assessed under the 

criteria driven by the aims of the project, as shown in Table ‎1.1 

Table ‎1.1 Evaluation of technologies reviewed 

Criteria 

Technology 

Performance at 

high temperature 

High resolu-

tion 

Inexpensive 

tools 

Range of 

materials 

Thermo-mechanical Moderate Poor Moderate Moderate 

Bubble Jet Poor Poor Good Poor 

Laser ablation Good Good Poor Moderate 

Nano-Pen Moderate Good Moderate Poor 

EHD Moderate Good Good Poor 

Spark-Stream Good Moderate Good Good 

 

The rationale for this assessment is based on a number of factors for each technology 

summarised as: 

  Thermo-Mechanical technology: Due to the surface tension of liquids, when 

high pressure is applied to push a liquid out of a nozzle, the surface tension of 

the liquid works against the pressure, which accumulates the liquid at the tip of 

the nozzle until the ejection force exceeds the surface tension of the liquid 
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where droplets leave the nozzle tip. As a result of that, in the case of using 

high surface tension liquids, molten solder or glass for instance, the smallest 

droplet diameter is approximately twice the orifice diameter [16], and fine drop-

lets become very difficult to generate, so the resolution of the printing is low 

with average droplet diameter in the order of 50-150    [20,21]. Also piezoe-

lectric actuators are limited in operating temperatures, and for a thermo-

mechanical approach using molten glasses at 500°C-1000°C, the printing task 

using piezoelectric actuators that could generate enough pressure thus be-

comes difficult. 

 Bubble Jet mechanism: The fact that this technology requires vaporising the 

printing material in order to generate bubbles and force the liquid out of the 

nozzle makes it an unfeasible technology for materials like metals and glasses, 

which require very high temperatures in order to vaporise them. 

 Laser ablation: The technology has good potential to fulfil some of the project‘s 

objectives, but the expensive laser equipment to form short pulses required for 

laser ablation leads to the search for other alternative technologies. 

 Nano-pen technology: The fact that the nozzle tip is required to touch the sub-

strate in order to wet its surface, makes the system very dependent on the sur-

face properties of the substrate, where liquid-philic surfaces would be neces-

sary for the wetting process to happen. This adds a limitation to the choice of 

materials that could be used in the printing process.  

 ElectroHydroDynamic (EHD) technologies: One of the major advantages of EHD 

technologies is their ability to generate jets that are smaller than the nozzle 

size. As it will be described in chapter ‎2, the way EHD works is it initiates the 

jetting of material from the tip of the liquid meniscus. The challenge of EHD is 
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its dependence on the surface tension of the liquids. All reported work on EHD 

covers relatively low surface tension materials. This project investigates materi-

als with higher surface tension values in comparison with all previously report-

ed work, and it highlights the limits of EHD technologies at the materials range. 

  Spark-Stream technology: The fact that spark-stream technology uses electrical 

discharge to generate nanoparticles makes the range of printing materials vast 

as will be described in later chapters. The stream of generated nanoparticles is 

focussed down one order of magnitude compared with the printing nozzle in 

air under ambient conditions, which is, like EHD, a major advantage of spark-

stream technology. 

 

This comparison between the strengths and weaknesses of each technology led to the 

adoption of EHD initially as a driving technology in this project. However, the limita-

tions of EHD appeared at high surface tension materials, where applying a high electric 

field in air to overcome the surface tension of the liquids caused a breakdown of the 

surrounding air because of the high electric field, initiating an electric discharge and 

disturbing the EHD process. This appearance of an electrical discharge led to a further 

investigation of the electrical discharge phenomena, and highlighted their ability to 

erode materials and generate nanoparticles of a very wide range of materials. However, 

electrical discharge is a very violent erosion mechanism, where the generated nanopar-

ticles scatter widely from the point of discharge, therefore electrostatic focussing tech-

niques were introduced in order to make the stream of nanoparticles follow desired 

trajectories towards the substrate. This was done by studying the diffusion of nanopar-

ticles in air, the inter-particle repulsion and the transit time of particles from the dis-
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charge point to the substrate, to achieve a high level of focussing of the field-driven 

diffusing nanoparticles. 
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Chapter 2 

 

2. Electrohydrodynamic (EHD) technology 

 

2.1 Introduction 

The ElectroHydroDynamic (EHD) technique has been in use since the time of Zeleny‘s 

successful attempt to eject liquid droplets in 1917 [22]. The concept behind EHD is to 

apply a high electric field to a liquid meniscus; if the field is high enough, it will eject 

liquid from the meniscus. The simple concept of the phenomena and its apparatus at-

tracted many scientists to use it to produce sprays and fibres of many materials, in-

cluding colloidal liquids [23,24,25] and polymers [26,27]. 

EHD direct write technologies, particularly electrospraying of low viscosity liquids 

[12,28,13] and electrospinning of relatively high viscosity liquids [29,27] have attracted 

a considerable interest because of their ability to produce jets and fibres with dimen-

sions smaller than the printing nozzle [30,31]. 

The theory of EHD, as will be described in the next section, shows the important role 

of the surface tension of the liquid in initiating jets or strands from the tip of the liq-

uid, where the surface tension of liquids works against the ejection force restricting 

EHD technology to relatively low surface tension liquids. Because of the high surface 
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tension values of molten ceramic and metals [32,33,34], different approaches are tak-

en to the implementation of EHD on ceramics and metals. The use of suspended ce-

ramic and metal particles in low surface tension liquids is a common approach to 

achieve implementing EHD with ceramics and metals [23,24,25], where the jetting of 

low surface tension liquids is used as a carrier of the ceramic and metal particles. 

In this chapter the theory of electrohydrodynamic phenomena is introduced, the jetting 

conditions of liquids are discussed, and experimental details on jetting water droplets 

with colour additives is presented and analysed. 

 

2.2 Theory of Electrohydrodynamic EHD phenomena 

The ejection of liquid droplets/fibres from a liquid meniscus in EHD is achieved by ap-

plying a high electric field to the meniscus. The mutual repulsion of the charges at the 

surface of the liquid meniscus and the applied field makes them migrate to and deform 

the surface into a tip.  When the electric field force on the surface charges is higher 

than the surface tension force of the liquid a jet from the tip of the meniscus occurs. 

The relatively strong electric field at the tip of the hemispherical liquid meniscus in-

creases the electric field force at the tip, which elongates the liquid meniscus at the 

apex of the tip forming a cone shape of the liquid known as a Taylor cone [35]. This 

elongation enhances the electric field at the apex of the tip which in turn increases the 

effect of the electric field force until this force overcomes the surface tension of the 

liquid as shown in Figure ‎2.1.  
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Figure ‎2.1 Charge accumulation at the tip of the meniscus. 

 

The relationship between the bonding force on the surface of a liquid drop (surface 

tension) and the electric field force had been described by Rayleigh [36], who deter-

mined the maximum charge a liquid droplet can hold before it becomes unstable.  

The experiments that Rayleigh conducted aimed to analyse capillary waves on liquids, 

in order to measure and analyse the angular frequency    of water droplets using a 

Laplace series, where the angular frequency relationship is: 

  
   

 (   )

   
*(   )  

  

        
+ ……. (‎2.1) 

where   is the density of the liquid,   is the radius of the droplet,   is the surface ten-

sion,   is the charge held in the droplet and    is the permittivity of free space. 

Rayleigh observed that when (   )  < (        
   ) the squared angular frequency 

would be negative, indicating instability. Rayleigh used the 2
nd

 mode of the angular 

frequency to establish a charge limit as follows: 

   
  

        
 ……. (‎2.2) 
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       √    
 
 ……. (‎2.3) 

This charge limit has subsequently been studied by other researchers, and experimen-

tally it has been found that the charge limit is 70%-80 % of the limit that Rayleigh calcu-

lated [37,38,39]. 

The charge limit that Rayleigh introduced, and later assessed experimentally, could 

alternatively be derived by balancing the electrostatic pressure     with the surface 

tension pressure    for a drop of liquid 

        …… (‎2.4) 

The surface tension pressure is: 

   
  

 
 ……. (‎2.5) 

In a drop of liquid, the surface tension force is:         , and the surface area at the 

cross section of the drop is:      , therefore equation 2.5 becomes: 

 

   
    

   
  

   
  

 
……. (‎2.6) 

The electrostatic pressure is the electrostatic force over the surface area of the sphere, 

and the electrostatic force is the product of the charge Q and the electric field E: 

    
  

 
 ……. (‎2.7) 

The surface charge density    
 

 
, therefore equation 2.7 can be written as: 
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       ……. (‎2.8) 

And the electric field derived from Gauss‘s law as a function of charge density as 

   
 

  
 hence the electrostatic pressure equation 2.8 becomes: 

    
  

  
 ……. (‎2.9) 

Substituting equations (2.9) and (2.6) in equation (2.4): 

  

  
   

  

 
 ……. (‎2.10) 

Since the surface charge density is    
 

 
  the left hand side of equation (2.10) could be 

manipulated to be: 

(
 
    

)
 

  
   

  

 
 

  

       
 
   

  

 
 

            
 
 

        √    
 
 ……. (‎2.11) 

This charge limit derived from the surface tension pressure and electrostatic pressure 

is 70.7% of the limit that Rayleigh calculated, and is closer to the critical charge for a 

liquid drop that was measured experimentally.  
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2.3 Onset voltage for liquid jetting against surface ten-

sion  

As the surface tension of a liquid is the main force that counteracts the effect of the 

electric field, Table ‎2.1 shows the surface tension of different organic and inorganic 

liquids. 

Table ‎2.1 Surface tension of some materials 

Material Surface tension (mN/m) 

Methanol 23 

Glycerol 64 

Water 72 

Molten Tellurite glass 150 

Molten Indium 560 

 

Since EHD is based on accumulating sufficient charge on the surface of a liquid menis-

cus in order initiate jetting, the electric potential required to provide this charge has to 

be determined. 

Zeleny [22] used Rayleigh‘s equation to determine the onset voltage    required to ini-

tiate droplet ejection. Working in Centimetre-Gram-Second (C.G.S.) units, the Rayleigh 
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charge limit           was substituted for the voltage as a function of charge 

(V=Q/r) for different droplet geometries. 

Zeleny found that the square of the onset voltage for droplet ejection is directly pro-

portional to the product of the surface tension   and the radius of the meniscus r. 

  
      ……. (‎2.12) 

The constant C was measured empirically as shown in Table ‎2.2. 

Table ‎2.2 Zelney‘s empirical results to determine the constant C [22] 

 

Zeleny took the average value of the constant C from table Table ‎2.2 to be 140, and 

equation (2.12) therefore would be: 

  
        ……. (‎2.13) 

Writing equation (2.13) in SI units, and presenting the relationship between the onset 

voltage required to eject droplets and the surface tension of liquids shows an estima-

tion of the voltage required to initiate liquid jetting: 

         
 
√   ……. (‎2.14) 
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Other recent studies presented various theories to calculate the onset voltage of liquid 

ejection. Results from Si [40,41] and Xiong [42] for the onset voltage are compared 

with the results that Zeleny calculated as shown in Figure ‎2.2. Equations from Si and 

Xiong are discussed in Appendix 1. 

 

Figure ‎2.2 Onset instability voltage with surface tension of some materials for a 250 

   meniscus radius. 

 

2.4 EHD experiments on water  

Water has one of the highest surface tension values for room temperature liquids, and 

the voltage required to eject water droplets using EHD in air under ambient conditions 

is close to the breakdown threshold of air [43,44,45]. In fact, most of the studies on 
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EHD use liquids that have surface tension values lower than water in order to avoid op-

erating at voltages close to the electrical discharge voltage. 

However, as the aim of this research is to jet glasses and metals, experiments on a 

high surface tension liquid like water highlight the EHD challenge for glasses and met-

als, whilst allowing experience with the EHD process and with the high voltage supply 

system in less challenging conditions of temperature and pressure than would be 

needed for molten glasses. 

2.4.1 EHD water experiment apparatus 

The apparatus used to eject water droplets using EHD technology was built in-house, 

where a high voltage (HV) supply is connected to a nozzle filled with coloured water as 

shown in Figure ‎2.3. The HV source in this setup is acting as an amplifier driven by a 

signal generator to form HV pulses. The nozzle is a fused silica tapered capillary made 

in-house, and the colouring additive is food dye. 

 

Figure ‎2.3 Schematic diagram of EHD setup to electrospray water 
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The high voltage source (in this setup 4kV dc/dc convertor-C40 from EMCO HV CO.) is 

connected in series with a resistor R1 which works as a current limiter to protect the 

supply, so even if the rest of the circuit is shorted, i.e. discharge occurs, the current 

drawn should not exceed the voltage divided by the value of this resistor. Resistors R2 

and R3 act as a potential divider to scale down the voltage supplied by a factor of 

1000, so an oscilloscope can be connected safely to monitor the voltage supplied to 

the liquid. 

When liquid ejects from the meniscus, it carries a charge [28,46]. In this setup this 

charge is used to record the occurrence of droplets, where resistors R4/R5 are a poten-

tial divider to monitor the pulses generated by the arrival of droplets on the conductive 

aluminium substrate.  

The first phase of experiments conducted using this setup aimed at determining the 

ability to implement EHD on water under ambient conditions. The following phase 

aimed to monitor the droplets occurrence. Figure ‎2.4 shows an example of dyed water 

droplet that was printed using this setup as well as the voltage pulse across R4 which 

occurs when droplets arrive at the substrate and unload their charge. The internal di-

ameter of the capillary nozzle was 50   , voltage supplied was 1100 V and the gap 

between the tip of the nozzle and the substrate was 150   . The first pulse shown in 

Figure ‎2.4 is due to the internal capacitance of the circuit, where a small amount of 

current passes through the resistor R4 towards the ground. This pulse appears when-

ever the voltage is first supplied to the circuit even if no liquid ejection occurs. 
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Figure ‎2.4 A deposited droplet associated with a pulse generated on the substrate 

 

Using this setup, it was proved that an ejection of water droplets, where water has rela-

tively high surface tension, is still possible under ambient conditions. 

2.4.2 Frequency analysis of liquid ejection 

When the charged droplets eject from the liquid meniscus, they reduce the overall 

charge on the liquid meniscus. This halts the ejection until the charge again builds up 

to a sufficient value to initiate ejection. This oscillatory behaviour was analysed in or-

der to study the ejection rate of droplets, which is an important parameter for the 

speed of printing. 
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Applying a H.V DC generates a series of voltage pulses on the substrate once droplets 

arrive. However, it was noticed that the pulse occurrence frequency declines with time, 

so an analysis of this behaviour was necessary. 

Pulses were divided into groups 1- 6 as shown in Figure ‎2.5a below the current wave-

form, and a Fourier transform was applied to each group to observe the behaviour of 

the frequency over time. Figure ‎2.5 shows the waveform of the pulses used in the fre-

quency analysis, and an example of the frequency analysis of the pulses in group 1. 

 

Figure ‎2.5 a) Current waveform labelled to groups 1 to 6, b) frequency spectrum of 

groups 1 and 6 of the current waveform 
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A summary of the frequency analysis is shown in Figure ‎2.6. The frequency drops with 

time which was determined to be a result of the decline in the volume of liquid in the 

meniscus as the droplets eject from it. Therefore, a method to maintain the volume of 

liquid was found to be necessary. 

 

Figure ‎2.6 Frequency analysis of the current pulses waveform showing frequency de-

cline with time 

 

2.4.3 Pressure control 

A pressure control system was considered as a method to control the volume and 

shape of the meniscus. However, ahead of designing a pressure control system, the 

range of pressure required should be theoretically calculated so the pressure parame-

ters in the system could be estimated. 
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The pressure due to surface tension in a spherical liquid droplet    can be derived 

from the surface tension of the liquid as shown in equation (2.6) in section (‎2.2) :  

   
  

 
 . However, the pressure of a liquid meniscus protruding from a tip of a capil-

lary follows the ratio (    ) as shown in Figure ‎2.7.  

 

Figure ‎2.7 Pressure analysis graph 

 

The pressure in the meniscus (  ) equals the pressure in a droplet    multiplied by 

the ratio (    ), where the radius of the droplet from Figure ‎2.7 is R2. 

   
 

  
 
 

 
 ……. (‎2.15) 

The value of the angle (   ) is the inverse sine of the capillary radius    over the radius 

of curvature   , so:          (
  

  
). So the pressure in the meniscus is: 

   
        (

  

  
)

   
 ……. (‎2.16) 

where the radius of curvature    can be calculated as:   
    

  (    )
 
, hence 

   (  
    )    . Using equation (2.16) for water in a tapered capillary with 260um 

radius, a pressure was applied to the liquid in the capillary from a syringe pump, and 
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the extension L shown in Figure ‎2.7 was measured as the pressure increases in com-

parison with the room pressure which defines the pressure difference shown in Fig-

ure ‎2.8 below.  

 

Figure ‎2.8 Theoretical calculations and empirical measurements of the pressure as it 

changes with the extension of the meniscus L 

 

The pressure range expected in these parameters was 0-300 Pa above the atmospheric 

pressure as shown in Figure ‎2.8. To confirm these results empirically, a commercial 

pressure sensor was used. Using a differential pressure sensor (MPXV7002) from Free-

scale, the pressure sensor gave results in the order of 25% below the calculated pres-

sure values. This could be due to pressure leakage in the experiment which caused the 

pressure difference. 
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As the pressure range is estimated, a pressure control system was implemented on the 

setup to maintain the shape of the meniscus using a closed-loop feedback control sys-

tem between the pressure sensor and the syringe pump as shown in Figure ‎2.9.  

 

Figure ‎2.9 EHD apparatus with pressure control system to maintain the shape of the 

liquid meniscus 

 

2.4.4 Droplet on demand 

The pressure control system described in section ‎2.4.3 maintains the stability of the 

meniscus. However, in order to print droplets on demand in a well-defined manner the 

gap between the tip of the meniscus and the substrate should be small. Bringing the 

substrate close to the meniscus will enable the droplets to be collected as they leave 

the tip of the jetting meniscus before they are scattered due to charge repulsion. Fig-

ure ‎2.10 shows the spots appearing on the substrate, and the voltage applied to eject 



  Chapter 2: Electrohydrodynamic (EHD) technology 

 27  

those droplets as well as the pulses appearing on the substrate via the oscilloscope 

channel across the resistor R4. 

 

Figure ‎2.10  a) line of spots appears while printing, b) channel 2 (blue line) is HV pulse 

line and channel 1 (green line) is the pulses generated from each droplet at the sub-

strate. 

 

The process that printed the line in Figure ‎2.10 involved applying a pulse of high volt-

age, observing the droplet occurrence, and then moving the substrate using one axis 

of the translation stage. The onset voltage to eject droplets as it appears in 

ure ‎2.10b is 350V (blue line - the graph shows the peak of the much longer pulse 

which looks like a DC voltage for this oscilloscope setting). Looking at channel 2 (blue 

line), the voltage drop from 350V to 100V suggests that a very low resistance medium 

appears in the gap at the time of droplet ejection. Comparing that observation with the 

strategy of bringing the substrate close to the meniscus so the droplets are collected 

as soon as they leave the parent meniscus, the very end tip of the jet seems to touch 

the substrate which causes the voltage drop across the gap.   
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On the same figure, pulses appearing on the green line are associated with a single 

high voltage pulse applied to the liquid, so it seems that each HV pulse generates more 

than one pulse on the substrate, or it is actually more than one droplet descending on 

the substrate in a very short time that the 30fps camera could not resolve. 

In order to verify the relationship between droplet accumulation on each spot and the 

pulses that appear on the substrate line, high speed camera verification was required. 

A RedLake HG-100K high speed camera was used. To provide sufficient lighting a high 

power LED was used to transmit light through the meniscus. Another lighting configu-

ration was also used at high frame rates of 5000 fps using a 100mW 550nm CW laser 

configured to reflect light from the meniscus. The apparatus was constructed as shown 

in figure 3.14. Frame rates were varied starting from 250fps up to 5000 fps; the re-

flected/transmitted light was hardly visible to the camera at frame rates higher than 

5000 fps.  

 

Figure ‎2.11 High-speed camera setups, a) using laser beam reflecting from the menis-

cus, b) using high power LED transmitting light through the meniscus 

 

The camera trigger was synchronised with the H.V. source, such that the camera starts 

recording as soon as the H.V. pulse is initiated. At 2000fps, images could be taken 

with sufficient lighting, showing the jet cones as they appear in Figure ‎2.12. 
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Figure ‎2.12 Samples of jet cone images taken at 2000fps 

The formation of the cone accelerates after the HV pulse is turned on, which agrees 

with the physical analysis mentioned before, where the accumulation of charge speeds 

up the cone formation. This explains the shadowy shape at the tip of the cone where 

the speed of the camera is not sufficient to capture that moment of the image. 

Answering the main question of whether we have one droplet or many in each HV 

pulse was achieved by synchronising the voltage pulses appearing on the substrate 

with the images taken at 2000fps, see Figure ‎2.13. 

 

Figure ‎2.13 High-speed camera images synchronised with the voltage oscillations ap-

pearing on the oscilloscope 
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Comparing that to another sample, where three groups of oscillations appear on the 

oscilloscope, and synchronising it with the images associated with it, three ejections 

can be seen in the images associated with the oscillations as shown in Figure ‎2.14. 

 

Figure ‎2.14 Three ejections appear in images taken at 2000fps synchronised with the 

pulses associated with their arrival to the substrate 
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From these sets of experiments using the high speed camera, the multi-ejection in 

each spot can be observed, and this demonstrates that the spots deposited in our con-

figuration are a result of multi-droplet accumulation on one position. In order to form 

single ejection on demand shorter pulses are required, which was not available using 

the HV supply in these experiments (the maximum slew rate of EMCO HV DC/DC con-

vertor is 10 V/ms). 

 

2.5 Conclusion  

Electrohydrodynamic phenomena have been studied throughout the chapter, starting 

from the theory of jetting up to demonstrating water ejection using an apparatus built 

in-house. 

The accumulation of charge on a liquid meniscus as a result of applying a high electric 

field has been analysed theoretically by studying the charge limit (Rayleigh limit) and 

the voltage required to initiate liquid ejection (onset voltage). Comparing the ejection 

onset voltage to the surface tension of materials, water was chosen to analyse the EHD 

phenomena experimentally due to its high surface tension compared to other room 

temperature liquids. 

An EHD water jet apparatus was built with a pressure control system to maintain the 

water meniscus shape as the material is ejected. Droplet ejection was monitored using 

the charge released as the droplets arrived at the substrate. High speed camera images 
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were also used to trace the ejections as they occurred, where multi-droplet ejection 

appears to form each deposited spot on the substrate. 

As the principles of jetting liquid using EHD have been studied and demonstrated, oth-

er materials could be used following the same concept and experience gained from the 

work done in this chapter. 
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Chapter 3 

 

3. Jetting glass strands using Eelectrohydro-

dynamic (EHD) technology 

 

3.1 Introduction  

 

Having conducted EHD successfully on water as discussed in chapter ‎2, this chapter 

describes work aimed at applying EHD phenomena to higher surface tension materials 

than water. 

EHD was first studied theoretically and experimentally using water in order to gain a 

better understanding of the technology, which should be useful when extending exper-

iments to molten high surface tension materials. 

Knowing that surface tension is one of the major challenging parameters expected in 

conducting EHD experiments on glasses and metals, a survey of the surface tension of 

these materials was made. From the surface tension survey, glasses exhibit lower sur-

face tension values than metals, therefore glasses were investigated and experiments 

were conducted on borate glass B
2

O
3

 owing to its low surface tension value of around 

10% above the surface tension of water. 
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Since the experiments were on molten glass, the electrical discharge issue was re-

viewed in a hot environment, and different methods to operate at high breakdown 

threshold values in air were considered. 

The study of the conditions related to conducting the experiment led to successfully 

implementing EHD on molten B
2

O
3

 in air, where glass strands of 100nm diameter were 

ejected from the apex of the glass melt. 

 

3.2 Surface tension of glasses and metals 

 

Liquids that have high surface tension are expected to require a high applied voltage in 

order to eject material from the surface of the liquid meniscus. If the surface tension of 

a liquid is too high, an electrical discharge due to breakdown of air appears prior to 

any droplet ejection. Therefore the aim of this chapter is to assess the highest surface 

tension value that allows EHD experiments to be successfully conducted in air at at-

mospheric pressure. 

The surface tension of molten metals is generally very high, as shown in Table ‎3.1, in 

comparison with room temperature liquids such as water, which has a surface tension 

value of 72 mN/m.  
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Table ‎3.1 Surface tension of molten metals [34,47,48] 

Metal Surface tension (mN/m) 

Lead (Pb) 460 

Indium (In) 560 

Zinc (Zn) 790 

Silver (Ag) 925 

Gold (Au) 1100 

 

Initial experiments were conducted on molten indium to assess the possibility of im-

plementing EHD on molten metals in air. During these experiments an electrical dis-

charge appeared before any deformation of the meniscus of molten indium, although 

indium has one of the lowest surface tension values of molten metals. This led to a 

search for materials other than metals which have lower surface tension, but still high-

er surface tensions than water to investigate the behaviour at intermediate values. 

Glasses exhibit a wide range of properties, including surface tension, based on the 

glass composition. The search for ―low‖ surface tension molten glasses, after observing 

that silicate glasses exhibit high surface tension as shown in Table ‎3.2 [49], suggested 

that very different glasses may be needed. 
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Table ‎3.2 Surface tension of some silicate glasses. S1, A5, A6 and A7 are different sili-

cate glass compositions [49] 

Glass type 

Material 

A5 A6 A7 S1 

SiO2 % 72.4 71.5 71.5 40.9 

Na2O % 13.3 8.5 12.9 15.3 

K2O % 0 3.3 0 4.5 

CaO % 9.2 13.5 12.0 8.4 

MgO % 3.4 0.1 2.5 0 

B2O3 % 0 0 0 17.5 

Al2O3 % 1.1 0.2 0.2 7.7 

Fe % 0 0 0 3.5 

CoO % 0 0 0 0.6 

Temperature (°C) 900 900 900 750 

Surface tension (mN/m) 334 312 344 262 

 

Another glass former that shows the potential to have low surface tension is boron tri-

oxide B
2

O
3

. In fact, borate glasses generally have relatively low surface tension when 

compared with all other glasses [50,51].  

Figure ‎3.1 shows different borate glass compositions and their surface tension as a 

function of temperature [51]. Boron trioxide as a glass former has a surface tension 
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range of 83-90 mN/m at 1120 – 1370 K which is much closer to the surface tension of 

water than that of other glasses. 

 

Figure ‎3.1 Surface tension of some borate glasses from [51], mol%: Ο = 100%B
2

O
3

, □ = 

70%B
2

O
3

-30%PbO, ⋄ = 70%B
2

O
3

 – 30%Bi
2

O
3

,  

 

Borate glasses have a variety of applications, particularly in medicine as a bioactive ma-

terial [52,53,54]. Borate glass medical applications include wound healing [52] and 

bone tissue scaffolding [53,54].  

Due to its variety of applications, and its low surface tension, boron trioxide was cho-

sen, and depending on the experimental results other borate glasses may also be 

used. 
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3.3 Effect of temperature and separation gap on the elec-

trical discharge  

The concept of implementing EHD on borate glass is similar to the one used for eject-

ing water droplets, except for the use of high temperature. In order to keep the borate 

glass molten, the tapered capillary is surrounded by a heating element.  

Due to the use of high temperatures, a possible concern is highlighted that the break-

down threshold of air at ambient pressure decreases when the temperature is in-

creased.  

Figure ‎3.2 contains experimental data and theoretical results showing the breakdown 

threshold of air and its variation with temperature [55]. 

 

Figure ‎3.2 The breakdown threshold of air changes with temperature. Circles represent 

empirical results, and the solid black line represents theoretical results of the break-

down voltage (     
  

  
 ) where    is the breakdown threshold of the gas at room tem-

perature,    is the room temperature in K and    gas temperature in K [55] 
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So care is required to avoid reaching the breakdown threshold of air while conducting 

experiments on molten glass. The aim is to operate at electric field levels that are suf-

ficient to cause material ejection of glass just as was done with water but not to initiate 

electrical discharge. 

The breakdown threshold of air at room temperature, as described by the Paschen 

curve, changes with the product of pressure and the air separation gap between the 

electrodes. The relationship between the pressure-gap product and the breakdown 

voltage threshold    of air can be calculated as follows [56,57]: 

 

    
  (  )

  (  )   (
 

  (  
 
  
)
)

 ……. (‎3.1) 

 

where   is the pressure of the gas,   is the gap distance between the electrodes,   and 

  are the Paschen curve coefficients (measured empirically) and    is Townsend coeffi-

cient described further in Appendix 2. 

Under atmospheric pressure, the Paschen curve can be used to calculate the break-

down threshold of air against the gap between the electrodes, as shown in Figure ‎3.3 

for flat a anode and spherical cathode [58,59,60]. 
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Figure ‎3.3 Paschen curve showing the relationship between the breakdown voltage of 

air at atmospheric pressure and the gap between the electrodes 

 

Initially the breakdown voltage from the Paschen curve falls almost linearly with the 

gap between the electrodes until the gap is below 10   . This suggests a possible re-

gion of operation, allowing for high voltages to be applied to smaller gaps, as the elec-

tric field (E =  Voltage/gap) would be higher at this region in comparison with the re-

gion of the curve above 10   . 

However, the Paschen curve has been revised by previous work, and the region of the 

curve below 10    electrode spacing has been studied in detail theoretically and ex-

perimentally [61,58,62,63].  The reason for preventing the discharge despite of the 

high electric field at this short distance is because in the very short distance between 
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the electrodes the number of electron collisions is not sufficient to form an avalanche. 

So the mechanism for electron transport in this region is different from the mechanism 

in the region above 10    in air at atmospheric pressure. Instead of an electron ava-

lanche, field emission occurs in this region and electron emission in the form of elec-

tron leakage between the electrodes takes place due to the presence of a very high 

electric field in a continuous manner rather than as a catastrophic avalanche [63,62]. 

Figure ‎3.4 shows the field emission threshold as compared to the Paschen curve at 

short gaps between the electrodes [61,59,57] . Further details of the field emission 

equations are given in Appendix 2. 

 

Figure ‎3.4 Paschen curve and Field emission threshold at short gaps between the 

electrodes 
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The comparison between the Paschen curve and the field emission region shows that 

the breakdown voltage in the region between 5    and 15    is almost constant in air 

at atmospheric pressure. In that region the electric field value will be very high as the 

voltage is constant but the gap is narrow. Although electron emission occurs between 

the electrodes, in this region EHD could potentially be implemented due to the very 

high electric field even though some current leakage will occur. Therefore operating 

EHD at small gaps was identified as a potential approach for conducting the experi-

ments on glass. 

 

3.4 Experiments on borate glass 

Having shown a potential to implement EHD using boron trioxide (B
2

O
3

), the material 

was bought from Sigma-Aldrich (purity 99.98%). The work in this section was conduct-

ed by Dr Matt Praeger, a research fellow in the project, who conducted the experiments 

on B
2

O
3

.  Initial experiments on molten borate glass (B
2

O
3

) showed that, although the 

surface tension of the glass is close to the surface tension of water, electrical discharge 

appeared when the gap between the electrodes was set to a distance larger than 10    

[64] and molten glass was widely distributed across the substrate as a result of the 

electrical discharge. This is attributed to the low breakdown threshold of air due to the 

high temperature that was used in the experiments (around 850 °C). Therefore, operat-

ing at small gaps was the next attempt. 

For simplicity and better control of small gaps, 25    diameter gold wire was set in-

side an alumina tube, and a heating element was wound around the tube in order to 
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supply the heat required to melt the glass. The gold wire was dipped into a molten bo-

rate glass reservoir nearby, and the experiment was conducted to eject material from 

the molten glass that adhered to the tip of the gold wire, as shown in Figure ‎3.5. 

 

Figure ‎3.5 Schematic diagram of EHD setup on molten B
2

O
3 

 

The substrate used was a silicon wafer with a 300 nm layer of silicon dioxide on the 

surface. The high voltage waveform was in the form of a triangle wave with a D.C. off-

set applied to the tip such that the applied voltage varied between 250 and 500 V (i.e. 

a triangle waveform of ±125 V with a D.C. offset of +375 V). The D.C. offset continu-

ously draws the molten borate glass towards the apex of the tip, which helps in resup-

plying the material to the tip when jetting occurs. The gap between the apex of the 

molten glass and the substrate was initially set to 50   ; when the voltage supply was 

turned on, the gap was gradually reduced until it reached 10   . Under these condi-

tions material deposition on the substrate could be observed, indicating a glass ejec-

tion due to the high electric field at this small gap. 



Chapter 3: Jetting glass strands using Eelectrohydrodynamic (EHD) technology 

 
44 

Analysing the deposited material on the substrate, strands of boron trioxide were seen 

with diameters in the region of 100 nm. A scanning electron microscope was used to 

obtain the micrographs, and an energy-dispersive x-ray EDX was used to analyse the 

materials of the deposition. The glass strands on the substrate appeared with overlap-

ping pattern as shown in Figure ‎3.6.  

 

Figure ‎3.6 Samples of B
2

O
3

 strands as they appeared on the substrate 

 

Although molten glass ejection was successfully demonstrated using EHD, the chal-

lenges of conducting the experiment highlighted the difficulty of implementing EHD 

for higher surface tension materials.  

An important observation from the presence of an electrical discharge was its ability to 

disintegrate material from the surface of the liquid meniscus, which led us to study the 

spark-stream technology, which then formed the major investigation of the following 

research.   
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3.5 Conclusion 

The work on ejecting material from molten glasses and metals using EHD started by 

reviewing the surface tensions of these materials. It was found that metals have very 

high surface tension values compared to room temperature liquids and even molten 

glasses. In fact, initial experiments on molten indium were frustrated by the presence 

of an electrical discharge before any deformation of the molten indium meniscus could 

be observed. This led to directing the experiments toward glasses, and searching for 

low surface tension glasses. 

Boron trioxide B
2

O
3

, a glass former, has low surface tension compared to other glasses 

that were surveyed, hence experiments were conducted using this material. As the ex-

periments were conducted on molten glass in a hot environment, it was necessary to 

study the effect of temperature on electrical discharge, and also to study the condi-

tions that cause an electrical discharge to happen in order to avoid it. As a result of 

this study, it was noticed that working with a small gap between the electrodes raises 

the breakdown threshold of air, and therefore EHD experiments were conducted in 

gaps of the order of 10   , and borate glass strands were successfully ejected. 

This experience led to the study of electrical discharges as an alternative way of depos-

iting materials.
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Chapter 4 

 

4. Introduction to Spark-Stream technology 

 

4.1 Introduction  

 

Electrical discharge has been known and experimentally demonstrated for over 200 

years [65]. In fact, throughout history man has observed the enormous effect of light-

ning which is an electrical discharge, and many applications have been generated us-

ing electrical discharges. 

Owing to the enormous temperatures that can be achieved from an electrical dis-

charge, reaching 40,000 K – 50,000 K [66,67,68,69], electrical discharge is a promis-

ing candidate for eroding a wide range of materials, through melting and vaporising 

the discharge electrodes. 

The proposed concept of spark-stream technology, as shown in Figure ‎4.1, is to gener-

ate nanoparticles by a spark discharge, and then manipulate the trajectories of the 

generated particles to follow a certain electric field path in order to achieve focussing 

of the particles into well-defined spots.  
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Figure ‎4.1 Concept of spark-stream technology 

 

In this chapter, an introduction to the electrical discharge phenomenon is given, and 

the reason for high temperatures arising in the discharge, which leads to material ero-

sion, is discussed. Particle formation and the concept of electrostatic focussing are al-

so introduced in this chapter, including the process of forming nanoparticles from the 

vapour of the electrodes and from splashes from micro-pools on the surfaces of the 

electrodes.  

This chapter is an introduction to the spark-stream technology, and in the next chap-

ters the experimental demonstration of nanoparticle generation and the focussing 

mechanism of nanoparticles will be discussed. 
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4.2 Why electrical discharge 

As was shown in chapter 3, electrical discharge appeared as a challenge to implement-

ing EHD jetting with high surface tension liquids. The occurrence of sparks highlighted 

the ability of electrical discharge to disintegrate particles from bulk materials. 

A survey of electrical discharge applications shows that electrical discharge is the main 

driver of Electrical Discharge Machining (EDM) technology, which is a widely used ap-

proach to machine metals and ceramics [70,71,72]. The technology uses the ability of 

an electrical discharge to erode materials in order to engrave a work piece and shape it 

with different patterns [73,74,75]. The eroded material in EDM is washed away with a 

dielectric liquid, unlike the proposed spark-stream technology where the material 

eroded is controlled to follow specific trajectories, as shown in Figure ‎4.1. 

Producing nanoparticles from electrical discharge has been reported in the past dec-

ade, and several materials have been demonstrated [76,77,78,79,80,81]. A number of 

studies were conducted to analyse some properties of the generated nanoparticles 

[78,79,80,81], yet to our knowledge no work has been done to control the direction of 

the generated nanoparticles for direct write purposes.  

Other recent reports have studied depositing nanoparticles on masked substrates and, 

in this way, have achieved a similar focussing effect to the one reported in this re-

search [82,83,84]. Using polymer-based masks on top of conductive substrates with 

patterns etched on the masks, it was possible to direct the nanoparticles towards the 
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conductive etched patterns, and deposit the particles to follow the shape of the 

masked patterns.  

 

4.3 Electrical discharge phenomena 

An electrical discharge is generated when a high voltage is applied across a gap - in 

our case filled with air under room conditions - and the applied potential exceeds the 

breakdown threshold of the air. Current then flows through the gaseous plasma form-

ing a conducting channel between the electrodes. 

When a high electric field is applied across two electrodes, any free electrons between 

the electrodes will accelerate toward the anode. Initial free electrons are excited by 

photo-ionisation, where photons can be absorbed by a molecule, which gives up an 

electron and becomes a positive ion [85,86]. When the initially excited electrons move 

toward the anode, collisions with other molecules excite more electrons, and a cascad-

ing effect of electrons avalanche accelerates toward the anode, leaving positively 

charged ions moving toward the cathode. The bombardment of the cathode by posi-

tively charged ions excites more electrons from the surface of the cathode, maintain-

ing the avalanche effect [85,86,87], see Figure ‎2.4.  

This sudden flow of electrons and ions generates enormous heat and pressure that can 

exceed atmospheric conditions with studies reporting temperatures of the order of 

40,000 K [67,68,69].  
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Figure ‎4.2 a) Electron avalanche cascading toward the anode, b) electrons and ions 

flow in the discharge channel 

 

When the conducting channel is formed, the potential difference between the elec-

trodes drops; this appears in the form of a sudden drop of voltage across the elec-

trodes, hence a drop in the electric field. The flow of electrons and ions driven by the 

electric field eventually loses its energy. The potential difference between the elec-

trodes recovers and raises the electric field until another breakdown occurs. This repet-

itive process appears in the oscillatory behaviour of the voltage across the discharging 

electrodes and is well reported in the literature [79,81] as shown in Figure ‎4.3. 

 

Figure ‎4.3 Oscillatory behaviour of the voltage across the discharge [79] 
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4.4 Mechanism of particle formation 

In spark discharge, two mechanisms of particle formation are discussed in the litera-

ture; one is based on the formation of particles from the vapour of the electrodes, and 

the other is from splashes of micro-pools around the discharge channel on the surface 

of the electrodes, as it will be described below. 

4.4.1 From the vapour of the electrodes 

The main mechanism of forming nanoparticles in a spark discharge is reported to be 

due to the condensation of the vapour that is evaporated from the electrodes 

[77,79,80]. 

The heat generated in the discharge is enough to melt and/or vaporise the material in 

the electrodes, forming a plasma cloud of ionised atoms and free electrons in the dis-

charge channel.  

As some of these ionised atoms move away from the discharge channel following the 

electric field gradient, they cool down and combine with free electrons around the dis-

charged channel and with other ionised or neutral atoms forming charged nanoparti-

cles. 

Also, because of the oscillatory behaviour of the discharge, when the electric field is 

low, some ions and electron combine forming neutral atoms as they lose their momen-

tum. The produced neutral atoms in the diffusive environment collide with each other 

and with other ions and electrons so charged nanoparticles are formed. 
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4.4.2 From molten micro-pools 

Another reported mechanism to produce particles in a spark discharge is due to the 

strong pressure fluctuations at the moment of discharge [76,79,88]. Although temper-

atures in the centre of the discharge can vaporise the material of the electrodes form-

ing craters on the surface, surrounding areas around these craters at the moment of 

the discharge can be molten, forming micro-pools of the electrode material, as shown 

in Figure ‎4.4. The extreme fluctuation of pressure due to the rapid heating at the mo-

ment of discharge ejects liquid material from the electrode micro-pools, forming spher-

ical particles, which are normally larger than the particles produced from the vapour.  

 

Figure ‎4.4 Effect of pressure fluctuations on the micro-pools in the electrodes 

 

4.5 Introduction to electrostatic focussing of particles 

Since J. J. Thomson demonstrated the ability to deflect cathode rays in vacuum tubes 

[89,90], the idea of controlling the trajectories of charged particles has been a major 

area of study. The concept is to use an electric field to deflect a beam of charged parti-

cles as shown in Figure ‎4.5. This concept has been in use for decades to control elec-
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tron beams and ion beams in vacuum for many applications such as scanning electron 

microscopy and focused ion beam lithography [89,91,92]. 

 

 

Figure ‎4.5 The deflection of charged particles concept 

 

In the presence of gases or liquids, the electrostatic deflection of particles appears in 

many applications in particle filtration [93,94], nanoparticle positioning [95,96,97] 

and, in recent years, in electrophoretic ink (e-ink) display applications [98,99]. 

Focussing of nanoparticles generated from an electrical discharge has been reported in 

the past few years by guiding the charged nanoparticles to follow electric field paths 

on masked substrates [82,83,84]. The concept was to use insulating masks on 

grounded substrates, and by etching specific patterns on the mask, the etched 

grounded areas attract the charged nanoparticles toward its centre. This happens be-

cause the insulating masks build up a charge that converges the arriving charged par-

ticles, focussing them in the centre of the pattern [83,84]. 
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4.6 Conclusion 

When an electrical discharge happens, a sudden flow of electrons and ions occurs. An 

electrical discharge can locally raise the temperature of electrodes to more than that 

required to melt and vaporise material from the electrodes.  

An electrical discharge is a widely used phenomenon in many research and industrial 

techniques. Electrical Discharge Machining (EDM) technology uses electrical discharge 

to erode material from a work piece and shape it. Electrical discharge is also used to 

produce nanoparticles from a wide range of materials.  

Charged particles in vacuum have been manipulated, and their trajectories have been 

studied. In the past few decades the study of charged nanoparticles in fluids was used 

in many applications. Recent reports used lithographic methods to deposit nanoparti-

cles generated by electrical discharge in masked patterns in different gases. 

Our proposed spark-stream technology uses electrical discharge to generate nanopar-

ticles and then direct the particles to follow a desired path in order to focus the parti-

cles onto small spots. The produced nanoparticles are focussed in real time as they are 

generated, and the process begins directly from bulk material with minimal pre and 

pro-processing requirements.
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Chapter 5 

 

5. Production of nanoparticles using Spark-

Stream technology 

 

5.1 Introduction  

 

Spark-stream technology is a process of producing nanoparticles using spark electrical 

discharge, and then focussing the stream of nanoparticles in pre-defined patterns. In 

this chapter, the production of nanoparticles will be discussed while in the next chap-

ter the study will be on the focussing of the particle stream.  

The setups used to produce metal, metal-oxide and glass particles using an electrical 

discharge are studied with sample graphs of the produced particles from different ma-

terials, with energy-dispersive x-ray (EDX) spectra showing the compositions of the de-

posited material. 

Finally, some properties of the generated particles are discussed; the size of the parti-

cles, the charge polarity of the generated particles, and the electrical conductivity of 

the deposition. All these properties are experimentally studied using different charac-

terisation methods. 
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5.2 Experiments on nanoparticle production 

Spark-stream setups discussed in this chapter have in common two electrodes of the 

deposition material, where a spark discharge is generated between the electrodes. In 

the case of metals, a high voltage is supplied to the electrodes directly and the dis-

charge occurs in air, so materials like zinc (Zn) and silicon (Si) oxidise as the particles 

are formed. Glass, on the other hand, is melted inside capillaries to increase its electri-

cal conductivity, and the tips of the molten glass protruding from the capillaries act as 

the discharging electrodes. The following subsections discuss each setup in detail. 

 

5.2.1 Metal and metal-oxide nanoparticles 

Gold (Au) electrodes were used in most experiments due to this material‘s chemical 

stability in air. However, other experiments on different materials were conducted to 

demonstrate the ability of an electrical discharge to produce metal oxide nanoparticles 

from zinc (Zn) and silicon (Si) electrodes, as will be described later on. 

The spark-stream setup consists of two gold electrodes located inside a focussing tube 

as shown in Figure ‎5.1.  
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Figure ‎5.1 Schematic diagram of spark-stream apparatus 

 

The gold electrodes are connected to a high voltage amplifier (from Trek Inc - provides 

up to ±10 kV, 40 mA), and a capacitor capable of working at high voltages is connect-

ed in parallel to the high voltage line. The 10MΩ resistors are used to protect the high 

voltage sources to avoid drawing current that is beyond the supply‘s limit when a dis-

charge occurs.  

The voltage supplied to the discharge electrodes was in the form of a square wave 

(100ms period and 50 % duty cycle). When voltage is first supplied, the capacitor starts 

charging and storing energy. When the voltage across the electrodes is higher than the 

breakdown threshold of air, an electrical discharge happens, and the energy stored in 

the capacitor is released in the discharge channel, generating heat and pressure as de-

scribed in the particle formation section. 
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The generated nanoparticles are collected on the grounded carbon substrate (SEM 

stub). In our experiments, the particles were clustered and observed on the substrate 

to form micro-scale islands, as shown in Figure ‎5.2.  

 

Figure ‎5.2 Scanning electron microscope (SEM) graph of clusters of gold particles 

deposited on a carbon substrate 

 

This pattern of deposition is thought to be due to guidance by the electric field; the 

first particles deposited on the substrate enhance the electric field gradient around the 

particles, and guide other generated particles towards them (See Figure ‎5.3). The is-

land-shape clusters were our first observation of particles following the electric field EF 

lines, which led to further study of nanoparticle focussing. 
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Figure ‎5.3 Clustering of particles following the electric field lines 

 

When the deposition was analysed using a transmission electron microscope (TEM), it 

was possible to see finer nanoscale clusters of gold particles, as shown in Figure ‎5.4. 

Further details of the particle size will be discussed in section ‎5.3 on the properties of 

nanoparticles. 

 

Figure ‎5.4 TEM graphs of fine clusters of gold nanoparticles (scale bar 20nm) 

The same setup was used with other metals and semiconductors in air. Zinc (Zn) and 

Silicon (Si) were used, and the depositions were analysed using scanning electron mi-
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croscopy (SEM) and energy-dispersive X-ray (EDX) in order to know the composition of 

the deposited particles (Figure ‎5.5). A strong presence of oxygen appears in the spec-

trum when the depositions are produced from zinc and silicon electrodes, suggesting 

that the zinc and silicon particles were oxidised in air as they were formed from va-

pour, as would be expected given the formation conditions. 

 

Figure ‎5.5 a) (left) SEM graph of particles deposited from gold electrodes in air, and 

(right) EDX spectrum showing gold composition, b) (left) SEM graph of particles depos-

ited from silicon electrodes in air, and (right) EDX spectrum showing silicon and oxy-

gen composition, c) (left) SEM graph of particles deposited from zinc electrodes in air, 

and (right) EDX spectrum showing zinc and oxygen composition. 
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The nanoscale cluster formation shown in the SEM images in Figure ‎5.5 is a common 

feature of nanoparticle deposition produced by electrical discharge. However, a few 

spherical microscale particles appear in the images of Figure ‎5.5, which can be gener-

ated from the molten part of the electrodes as described in section ‎4.4.2, where the 

temperature of the area around the discharge channel can be above the melting point 

of the material of the electrodes but below the boiling temperature, so the pressure 

fluctuations occurring at the moment of the discharge eject microscale droplets from 

the micro-pools as it was referred to in section ‎4.4.2. 

 

5.2.2 Glass nano and microspheres 

Although glasses are considered to be electrical insulators in most ambient conditions, 

their electrical conductivity in fact increases significantly when they are molten 

[100,101]. 

Tellurite glasses have low melting points of around 700 K, compared with 1800 K for 

silicate glasses [101,102,103]. This makes tellurite glasses more convenient for exper-

iments using metal-based heating elements that can only reach temperatures around 

1300 K. 

The electrical resistivity of a tellurite glass (75%TeO
2

 – 20%ZnO – 5%Na
2

O) made in-

house by Xian Feng (a senior researcher in the project) was measured experimentally; 

the results are shown in Figure ‎5.6. 
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Figure ‎5.6 Electrical resistivity of tellurite glass made in-house (75%TeO
2

 – 20%ZnO – 

5%Na
2

O) 

The setup for generating glass particles using electrical discharge is similar to the one 

used to generate metal nanoparticles, except for the electrodes, which are made of 

molten glass at 725 K.  

The tellurite glass was grinded and placed inside silica glass capillaries. A heating ele-

ment (80% Nickel - 20% Chromium wire) was coiled around the silica capillaries in order 

to melt the tellurite glass inside. The discharge electrodes were placed inside a silica 

glass tube which had its internal wall covered by a brass foil, as shown in Figure ‎5.7. 

Owing to the presence of the heating element, which is needed to keep the glass in a 

conducting state, and to avoid opposing the field-assisted motion by the convective 

drift of hot air, the orientation of the setup was upside-down relative to the gold setup 

in order to be able to collect all the generated particles. 
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Figure ‎5.7 Spark-stream setup diagram for producing glass particles 

Figure ‎5.8 is an SEM graph of the deposited glass particles on a silicon substrate. 

The particles on the substrate appear in two forms; microscale spherical particles, and 

fine nanoscale clusters which appear as a ripple on the surface of the substrate. Fur-

ther analysis of this behaviour is discussed in the next section ‎5.3.1. 
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Figure ‎5.8 SEM micrograph of tellurite glass particles generated by electrical discharge 

 

5.3 Properties of nanoparticles 

5.3.1 Size of nanoparticles 

We conducted most of the experiments using gold electrodes, therefore the properties 

of particles were studied mainly using gold nanoparticles. Using the TEM micrographs 

of gold nanoparticles, the size range of the particles was found to be in the range of 4 

nm to 12 nm in diameter. This size range has also been reported in other studies that 

generated gold nanoparticles from electrical discharge using similar configurations 

[79,80]. 

The clusters shown in Figure ‎5.4 have also been previously reported and explained, 

where this large aggregation of nanoparticles appears only on the substrate and not in 
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the discharge region or on flight [79]. The aerosol of gold nanoparticles generated in 

similar configurations are reported [79,80], the generated particles were analysed us-

ing differential mobility analysis (DMA) during flight, and no large aggregations are 

reported, so the conclusion is that these particles aggregate only very close to, or on, 

the substrate. 

A few larger spherical gold particles were also observed, with a size ranging from 

100nm to around 1   , as shown in Figure ‎5.9.  

 

Figure ‎5.9 SEM micrograph of spherical gold particles generated by the same spark-

stream setup 

The presence of larger particles is reported to be due to high pressure fluctuations as-

sociated with the electrical discharge [76,79,80]. Although the temperatures at the dis-

charge channels are sufficient to vaporise the material in the electrodes, the tempera-
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ture away from the discharge centre would fall between the melting and boiling tem-

peratures of the electrode material, leaving micro-scale pools of molten material [79]. 

As described in the particles formation section, the extreme pressure fluctuations dis-

integrate liquid material from the electrodes‘ micro-pools, and forms microscale spher-

ical shape particles [76,79]. The effect of this phenomenon appears on the surface of 

the electrodes after the experiment, where a torus formation appears around smooth 

craters, as shown in Figure ‎5.10. 

 

Figure ‎5.10 SEM graph of a gold electrode after an experiment, where the tori appear 

surrounding craters 

The oxidised nanoparticles from the zinc and the silicon electrodes were not analysed 

using TEM, therefore there was no exact quantitative data on their size. However, SEM 

micrographs of the oxides show the clustering effect on the substrate, where submi-
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cron branch growth is observed, similar to that described in Figure ‎5.3 in section 

58‎5.2.1.  

The tellurite glass particles shown in Figure ‎5.8 confirm the effect of strong pressure 

fluctuations in generating micro-scale particles. As the tellurite glass electrodes were 

molten to allow for electrical conduction, strong pressure fluctuations at the moment 

of the discharge initiated microscopic splashes of molten glass which formed large 

numbers of micro-scale glass spheres.  

5.3.2 Charge polarity of nanoparticles 

In order to determine the dominant polarity of the charge on the nanoparticles, a se-

ries of experiments was conducted. By altering the polarity of the potentials applied to 

the electrodes and the metal focussing tube, one could observe the behaviour of the 

deposited material and infer some basic properties of the charge of the nanoparticles. 

A potential of ±800 V was applied to the stainless-steel tube (4 mm internal diameter 

(ID)) that surrounded the discharge gold electrodes, as shown in Figure ‎5.1 in sec-

tion ‎5.2.1 above. The discharge voltage (between the gold wire electrodes) was either 

+2 kV to ground or -2 kV to ground. Regions of deposition on the substrate were ex-

amined using an optical microscope and an SEM. The results of this series of experi-

ments using different voltage configurations appear in Table ‎5.1. 
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Table ‎5.1 Effect of the focussing tube voltage polarity on the deposition of 

nanoparticles. 

 

 

Pronounced deposition (arrowed) appeared using a positive discharge polarity with a 

positive voltage on the stainless-steel tube (case 1). Cases 2, 3 and 4 generated little 

deposition. In case 4 the deposition was slightly higher than cases 2 and 3, although 

this is difficult to discern in the images shown above. 

These results suggest that positive and negative polarity nanoparticles are produced by 

the electrical discharge. However, when the discharge electrode and tube voltages are 

of the same polarity, more deposition is observed. Deposition using a positive voltage 

polarity (case 1) was much higher than all other cases, suggesting that many more pos-

itively charged nanoparticles are generated by the discharge. When the polarity of the 

tube and discharge electrodes are opposed, the majority of nanoparticles are attracted 

towards the tube walls and do not reach the substrate.  
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5.3.3 Electrical resistance of deposition 

The patterned nature of the nanoparticle-based deposition, which forms island-shape 

clusters, highlighted the need to establish experimentally the electrical resistance of 

the deposited films. Gold nanoparticles were deposited between two aluminium elec-

trodes on an insulating vinyl substrate. Because of the insulating substrate, nanoparti-

cles tend to follow the electric field lines toward the aluminium electrodes, avoiding 

the insulating gap area. So in order to make sure the particles are distributed well with-

in the gap between the electrodes, the aluminium electrodes and the gap between the 

electrodes were coated with a highly resistive carbon thin film as shown in Figure ‎5.11.  

 

Figure ‎5.11 Schematic diagram of the substrate used for resistance measurment. 

The resistance of the carbon thin film was measured before and after depositing gold 

nanoparticles. The nanoparticles were generated by 100ms high voltage pulses with 

50% duty cycle.  Each pulse is referred to as a shot, and the resistance measurement 

was conducted after a certain number of shots, by measuring the current-voltage I-V 

curves of the deposited material. Figure ‎5.12 shows the resistance of the deposition at 

different stages of accumulating gold nanoparticles between the aluminium electrodes. 

The circuit used to measure the I-V curves and a list of the I-V curves are shown in Ap-

pendix 3. 
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Figure ‎5.12 Resistance of gold nanoparticle deposition between two aluminium elec-

trodes 

 

The number of shots starts from zero, when the resistance shown is the resistance of 

the carbon thin film. As gold nanoparticles are deposited, the resistance of the bridge 

between the aluminium electrodes drops. However, a slight increase of the resistance 

appeared between 10-15 k shots, afterward a sharp drop of the resistance occurs from 

around 15 k shots onward.  

The process of forming a conductive bridge between the aluminium electrodes starts 

by forming island-shape clusters. These gold clusters form short conductive paths that 

cause a slight drop of the resistance. However, when the gold deposition is dense 

enough to link at least one complete path of clusters between the aluminium elec-

trodes, under which circumstances the conduction is referred to as percolation, a sud-

den drop of the resistance appears as shown at around 15 k shots. Further deposition 
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produces more ‗percolating‘ conductive paths and drops the resistance further. This 

percolation behaviour is reported for other material nanoparticles, where a sudden 

drop of resistance appears at certain density of nanoparticles [104,105]. 

The slight increase in resistance before 15 k shots was unexplained and required fur-

ther investigation. During the process of measuring the resistance of the carbon thin 

film, this slight increase of resistance was observed. To assess this behaviour, a carbon 

thin film similar to the one shown in Figure ‎5.11 was deposited, and its resistance was 

measured at different times for few hours as shown in Figure ‎5.13.  

The increase of the resistance of the carbon thin film could explain the overall slight 

increase of resistance of the deposition before 15 k shots. This effect of the carbon 

film resistance becomes negligible when gold clusters form complete paths between 

the electrodes, and the percolation behaviour becomes dominant.  
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Figure ‎5.13 Resistance of carbon thin film changes with time. 

 

The reason for the increase of the carbon film resistance with time could be the re-

sistance measurement method itself. Although the current used to form the I-V curves 

to measure the resistance is less than 1   , it is possible that this current is sufficient 

to affect the behaviour of the 60nm carbon thin film. Nevertheless, as the resistance of 

the carbon thin film becomes less dominant when the percolation behaviour takes 

over, there was no further investigation of the carbon film resistance. 

 

5.4 Conclusion 

Nanoparticles are generated from bulk material in air using electrical discharge. Owing 

to the enormous temperature rise at the moment of discharge, the material of the elec-
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trodes is vaporised, forming charged nanoparticles when the vapour condenses. Gold 

nanoparticles of the order of 10 nm diameter were produced. Experiments to produce 

nanoparticles of zinc and silicon oxide were also conducted. The same concept was 

used to generate glass particles using electrical discharge, where microscale glass 

spheres were produced from molten tellurite glass electrodes.  

Some properties of the produced gold nanoparticles were analysed. The dominant 

charge polarity of the majority of the particles is positive. The electrical resistance of 

the deposited material was also measured, showing percolation conduction. 

This chapter detailed the production of nanoparticles using spark electrical discharge, 

which is the first process of spark-stream technology, and the following chapter will 

discuss the focussing mechanism of the produced particles.





  Chapter 6: Focussing of nanoparticles 

 77  

 

Chapter 6 

 

6. Focussing of nanoparticles 

 

6.1 Introduction  

The concept of focussing nanoparticles generated by electrical discharge in a gas is the 

other part of studying the spark-stream technology. Nanoparticles are produced by an 

electrical discharge inside a focussing tube. This forms a stream of particles focussed 

as it moves toward the substrate.  

In air, the nanoparticles do not follow ballistic trajectories.  In the presence of an elec-

tric field, charged nanoparticles tend to move along the electric field lines. However, 

due to the presence of air and the charge of the particles, the particles deviate from 

following the field lines because of the diffusion and the particle interactions. 

In this chapter nanoparticle focussing is introduced, and the forces involved in control-

ling the particle trajectories are analysed. The theories of diffusion and charged parti-

cle interaction are also discussed, highlighting many parameters that influence the fo-

cussing of nanoparticles in flight, including the dimensions of the focussing apparatus, 

the charge of the particles and the density of particle production.  
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To reduce the deposition spot size using this direct write approach, some of the pa-

rameters involved in controlling the focussing effect were manipulated, in particular 

scaling down the focussing apparatus, and reducing the density of particles produced, 

hence spot sizes of the order of 20    were deposited. 

 

6.2 Theory of electrostatic focussing 

6.2.1 Concept of focussing 

Previously reported observations during the early stages of developing the spark-

stream technology showed the possibility of manipulating the nanoparticle trajectories. 

In particular, the island-shaped clusters that appeared while producing the nanoparti-

cles were the first indication of electric field guidance. Also, the theory of particle for-

mation from spark discharge suggests a strong presence of charge on the produced 

particles, which indicates that the particles can be influenced by electric field manipu-

lation. 

The aim of nanoparticle focussing is to guide the particles produced by the spark dis-

charge to follow converging paths. The particle guidance is achieved by producing the 

particles inside a predefined electric field gradient, so the particles follow the electric 

field lines. 

Using a simple metallic tube to surround the discharging electrodes in air, a voltage 

applied to the tube will create an electric field gradient with converging field lines at 

the bottom of the tube toward any grounded substrate, as shown in Figure ‎6.1. 
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Figure ‎6.1 Electric field lines converging as a result of the voltage applied to the stain-

less tube. 

 

In this configuration, voltage is applied to the gold electrodes to generate a spark elec-

trical discharge, producing gold nanoparticles. This high voltage also creates an elec-

tric field gradient toward the grounded substrate. The voltage supplied to the stain-

less-steel tube is not sufficient to create a spark discharge. However, it is sufficient to 

create a convergence of the field lines near the bottom centre of the tube. 

Nanoparticles generated in the tube in air under ambient room conditions will be af-

fected mainly by 3 forces: the applied electric field force   , the charged particle inter-
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action force    and the diffusion force    due to collisions with air molecules. See Fig-

ure ‎6.2.  

 

Figure ‎6.2 Forces on similar charged particles moving under an applied electric field in 

air. 

The direction of the electric field force follows the gradient of the electric field, and the 

bulk of the field lines go from the discharging electrodes toward the grounded sub-

strate converging at the bottom of the tube. As these particles are charged they will 

follow the electric field lines; however, a repulsion force is created due to the particle-

particle interaction, so this repulsion force spreads the stream of particles and defo-

cuses the beam. Also, because of the presence of air, the particles collide randomly 

with air molecules and a random diffusion force is created. 

6.2.2 Diffusion of nanoparticle 

The diffusion of nanoparticles in a gas was described in Einstein‘s study of Brownian 

motion [106], where the density profile of Brownian particles  (   ) at point   in one 

dimension at a time   is: 

 (   )   
 

√    
   

  

    ……. (‎6.1) 
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where   is the diffusivity of a particle in gas taken from the Einstein–Stokes equation, 

which depends on the temperature   of the gas, the dynamic viscosity of the gas   and 

the radius of the particle   : 

   
   

    
 ……. (‎6.2) 

The Einstein solution for Brownian motion describes the spatial distribution of particles 

in a gas with known temperature and viscosity. As an example, a 10nm particle in air 

at room conditions will be randomly moving and colliding with air molecules, and after 

50ms, its displacement probability will be distributed as shown in Figure ‎6.3 

 

Figure ‎6.3 Distribution of Brownian particles due to diffusion in air. 

To quantify the displacement distribution of the Gaussian profile, the full width at half 

maximum (FWHM) of the distribution is calculated (      √   ) for the 10nm parti-

cle after 50ms, which is 44. 4   . 
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The FWHM of the distribution increases with time as shown in Figure ‎6.4.  

 

Figure ‎6.4 FWHM of the distribution of Brownian particles increasing with time. 

 

This increase of the FWHM of the particle distribution with time means that, to reduce 

the effect of the diffusion and achieve better focussing, the transit time of the particles 

should be minimised. 

6.2.3 Analysis of particle-particle interaction 

The formation process of the particles by the discharge as described in section ‎4.4 

suggests the presence of significant charge on the particles. The polarity of this charge 

was measured as described in section ‎5.3.2, and it was shown that the dominant 
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charge on the particles was positive. Similarly charged particles repel each other due to 

the Coulomb interaction force   : 

      
    

  
 ……. (‎6.3) 

where    is Coulomb constant (8.89x10
9

),    and    are the charges on the particles, 

and   is the separation between the particles. The velocity   of a particle moving under 

a force   in a fluid is described in Einstein-Stoke equation: 

  
 

    
 ……. (‎6.4) 

where   is the dynamic viscosity of the gas and   is the radius of the particle. Substitut-

ing equation (6.3) into equation (6.4) for the force gives the velocity of the particles    

resulting from the interaction: 

   
      

      
 ……. (‎6.5) 

As the velocity of the particles in air represents a first order differential equation where  

    
  

  
 , therefore: 

  

  
 
      

      
 ……. (‎6.6) 

Solving equation (6.6) for    by separating the variables and integrating each side 

gives the separation of the particles at a particular time: 

 

∫          
 

  

  ∫          
 

  

 

    (     
 )
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  √
         

    
    

  
 

……. (‎6.7) 

Applying initial conditions when t     ,     , we have     , so equation (6.7) be-

comes: 

  √
      

    
    

  
 

 ……. (‎6.8) 

Using equation (6.8), the separation between two charged particles can be calculated 

as the time changes. For example, Figure ‎6.5 shows a 10nm diameter particle with 60 

elementary charges which is initially 10    away from another particle that carries a 

similar charge. The trajectory of the particle driven by the electric field will drift with 

time due to the interaction force. 

 

Figure ‎6.5 Particle drift due to charged particle interactions (60 elementary charges) 
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Analysing equation (6.8), the drift of a particle from its original path due to interaction 

forces is very influenced by the initial separation    of the particles, where the final 

drift is S – S
0

. 

An example of the influence of the initial separation (  ) on the final drift is shown in 

Figure ‎6.6 for a 10nm particle when the charge is 60 elementary charges and after 

50ms in air.   

 

Figure ‎6.6 Effect of the initial separation on the final drift of a particle after 50ms in air 

and a charge of 60 elementary charges 
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The initial separation is determined by the density of particles in flight, or the number 

of particles generated by the discharge. From Figure ‎6.6, when the number of particles 

generated by the discharge is high, the interaction between the particles is strong, 

causing great deviation from the electric field lines, therefore increasing the defocus-

sing. This shows that the deposition rate has an inverse relation to the focussing i.e. if 

a high deposition rate is required then the ability to focus the particle stream will be 

reduced. 

6.2.4 Calculating the transit time of nanoparticles 

As it appears in the diffusion calculation in equation (6.1) and particle interaction cal-

culations in equation (6.8), the longer the transit time the more diffusion occurs and 

the more divergence happens due to charged-particle interactions. So studying the 

time that the nanoparticles take from the moment they are generated in the discharge 

to reach the substrate should allow for further control of the focussing of nanoparti-

cles. 

In the presence of a strong electric field, charged nanoparticles will not move in a bal-

listic manner but accelerate and decelerate based on the local electric field gradient in 

the system, and the dominant force on the nanoparticles is due to the electric field   

and the charge of the particle  , where the electric field force is (     ). Therefore 

the velocity of particles moving in an electric field, as was used in equation (6.4) can be 

written as: 

  
  

    
 ……. (‎6.9) 
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Using the kinematic laws of motion, the distance d that an object travels with known 

velocity is: 

  ∫     ……. (‎6.10) 

Using a discrete form to solve the complete travel distance, by substituting equation 

(6.9) into equation (6.10) we calculate the transit time    between every two points in 

the space: 

   
       

 ∑   
   
   

 ……. (‎6.11) 

where   is the number of discrete values of the electric field within the distance   . 

For nanoparticles generated in the spark-stream configuration shown in Figure ‎6.1, the 

transit time of the particles in air can be calculated for different charge ranges if the 

electric field values are known (see Figure ‎6.7) at different points in the focussing tube.  

 

Figure ‎6.7 Electric field configuration for transit time calculations 
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As shown in Figure ‎6.7 below, the strong electric field on the gold electrodes generates 

a spark discharge and the field provides the force that is required to move the nano-

particles from the gold electrodes to the substrate. The simulation also includes a 

stainless-steel tube with 800V applied to it, which controls the electric field lines to 

follow converging paths. The electric field values of each point at the centre of the fo-

cussing tube are used to determine the transit time of the nanoparticles for a range of 

charge and different particle diameter values. 

Figure ‎6.8 shows the transit time of nanoparticles of different sizes and charge values 

calculated using equation (6.11), where the electric field, shown in Figure ‎6.7, is de-

termined from the distance between the discharge electrodes and the grounded sub-

strate using Comsol Multiphysics simulation software. 

 

Figure ‎6.8 Transit time of nanoparticles with different diameters for a range of charge 

values 
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The size of the nanoparticles is estimated to be of the order of 10nm as discussed in 

section ‎5.3. However, as the charge of the particles is not actually known for our con-

figurations, the arbitrary charge range used in Figure ‎6.8 requires experimental con-

firmation, which will be in the next section. 

 

6.3 Focussing of nanoparticles experimentally 

A series of experiments was conducted to assess the effect of some of the parameters 

that affect the focussing of the particles, e.g. the dimensions of the focussing tube, the 

voltage applied to the tube and the density of particles produced. Each of these pa-

rameters was experimentally assessed, with the results leading to the focussing of 

gold nanoparticles produced by electrical discharge down to 20    – 50    spots, and 

the printing of different patterns controlled by software. 

6.3.1 Effect of focussing tube voltage 

Initial experiments to demonstrate the focussing effect were carried out with and with-

out a metallic focussing tube. The experiment was first conducted without a tube in 

order to show the normal spread of the nanoparticles on the substrate. High voltage 

pulses were applied between two 25   diameter gold wires, and material was deposit-

ed over a wide area of the substrate as shown in Figure ‎6.9a. In a second experiment, a 

high voltage was applied to a 300    internal diameter (ID) stainless-steel tube sur-

rounding the gold discharge electrodes. This generated a small well-defined spot on 

the substrate; the diameter of the spot was approximately 15% of the internal diameter 
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of the tube, as shown in Figure ‎6.9b. This spot was generated from voltage pulses that 

are less than 3% of the number of pulses applied when no tube was used, which sug-

gests that the nanoparticles that were spread across the space between the electrodes 

and the substrate are now confined to a small area because of the modified electric 

field. 

 

Figure ‎6.9 a) Deposition on substrate without using focussing tube. b) Deposition on 

substrate using focussing tube 

 

To be able to analyse and quantify the effect of the focussing tube, a 4mm ID stainless-

steel tube was used as shown in Figure ‎6.10. The voltage on the focussing tube was 

varied in order to see its effect on the deposited spot. 
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Figure ‎6.10 Schematic diagram of the tube voltage analysis apparatus 

 

The discharge voltage was supplied from a high voltage amplifier in the form of 100ms 

square wave pulses with 50% duty cycle. The high voltage supply to the discharge elec-

trodes was set in parallel with a 300 pF capacitor (not shown in Figure ‎6.10). Two 

0.5mm diameter gold electrodes were used, and the gap between the electrodes was 

approximately 0.5mm. The voltage supplied to generate a spark discharge was +2.2kV 

and the experiment was performed in air. The voltage on the stainless-steel tube was 

varied from 400V to 2200V, supplied from a DC high voltage power supply. 

Figure ‎6.11 shows spots of different sizes deposited on carbon substrates using dif-

ferent tube voltages; the spot size (arrowed) decreases as the voltage applied to the 

focussing tube increases. 
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Figure ‎6.11 Deposited spots using a) 400V focussing tube, b) 1200V focussing tube, c) 

1800V focussing tube 

 

Optical micrographs of the deposited spots were analysed by evaluating the variation 

of the image grey level across each spot. The results of different spot intensity profiles 

are shown in Figure ‎6.12. 

 

Figure ‎6.12 Intensity profiles of deposited spot images for different tube voltages 

To illustrate the effect of the tube voltages on the size of the deposited spots, the full 

width at half maximum FWHM of the grey level profiles are plotted against the voltage 
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applied to the tube, see Figure ‎6.13. The right hand axis shows the FWHM spot size as 

a percentage of the diameter of the focussing tube; error bars reflect the ripple level in 

the grey level profile of the spots. 

 

Figure ‎6.13 FWHM of the deposited spots intensity profiles 

 

Voltages higher than 2200V were on the verge of causing a discharge between the fo-

cussing tube and the grounded gold electrode, so the voltage supply range was 

stopped at that level.  

The results in Figure ‎6.13 show one of the major advantages of the spark-stream fo-

cussing technology, which is the ability to deposit spots that are smaller than the de-

positing nozzle (the focussing tube in this case). In the configurations used above, the 

spot diameter that was achieved was around 10% of the focussing tube diameter.  
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6.3.2 Measuring transit time and particle charge experimentally 

The transit time calculations discussed in section ‎6.2.4 used a hypothetical charge 

range to calculate the range of transit time for the particles to travel from the discharg-

ing electrodes until reaching the substrate.  

Looking at equation (6.11) for measuring the transit time:    
       

 ∑   
   
   

, the variables 

of the equation are available except for the charge and the transit time, so a method 

was needed to find at least one of the two missing variables, transit time or charge, in 

order to complete the calculation.  

The transit time range calculated in section ‎6.2.4 suggests a possibility to measure the 

transit time using a mechanical apparatus. The idea is to use a spinning substrate with 

a known angular velocity, and synchronise the nanoparticle generation to one position 

of the rotation. The deposited nanoparticles are then analysed based on their position 

on the substrate, which can then be translated into the time domain.  

To measure the transit time of the nanoparticles, the spinning substrate was placed 

1mm under the stainless-steel focussing tube (10mm long), and high voltage pulses 

were triggered at one specific rotational position of the substrate as shown in Fig-

ure ‎6.14.  
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Figure ‎6.14 Schematic diagram of transit time measurement apparatus 

 

The time taken to complete one rotation of the substrate was set to 210ms, which was 

measured after trying other longer times/slower rotation, where around 200ms for one 

spin was found to give a well distributed deposition on the substrate. The HV pulse 

width was 50ms, the discharge voltage was set to 1.9kV, and the tube voltage was 

800V. A single 50ms pulse was triggered at the beginning of each complete substrate 

rotation and 3000 rotations were triggered, this was sufficient to deposit enough ma-

terial on the substrate to conduct the analysis. 

By analysing the deposition pattern using an SEM, as shown in Figure ‎6.15, it was 

found that the deposition starts at around 20ms after the discharge trigger, with the 
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highest density of deposition appearing at around 55ms. Thereafter, the deposition 

diminishes until the end of the spinning cycle.  

 

 

Figure ‎6.15 SEM graphs of the deposited gold nanoparticles on a pulse-synchronised 

spinning substrate. 

 

The dark spot at the top of the deposition ring is a contamination that occurred after 

the experiment. 

To analyse the transit time of the nanoparticles, high resolution SEM micrographs were 

obtained at different positions within the deposition pattern shown in Figure ‎6.15. The 

number of particles in each micrograph was computed assuming an average primary 

particle diameter of 10nm, and from these the density of the deposited nanoparticles 

was measured and shown in Figure ‎6.16 (dashed lines). The grey level of the deposi-

tion ring shown in Figure ‎6.15 (middle graph) is used to confirm the distribution of the 

density of particles, where high a density of particles appears brighter, see Figure ‎6.16. 
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The range of transit times shown in Figure ‎6.16 can be used to estimate the charges of 

the nanoparticles using equation (6.11) for calculating the transit time. 

 

 

Figure ‎6.16 Density of particles as a function of transit time. 

 

The distribution of charge for each assumed particle size can be estimated by applying 

the experimental distribution of transit time to the transit time equation (6.11) using 

the density profile of the particles. Using these experimental data and the electric field 

calculations shown in Figure ‎6.7, the charge of the particles becomes the only un-

known, and it can be determined for different particle sizes. Figure ‎6.17 shows a his-

togram of the charge of the nanoparticles based on their size using the theoretical and 

experimental results of this study. 
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Figure ‎6.17 Histogram of the elementary charges for each particle size. 

 

To assess the validity of the estimated charge, the highest theoretical charge that a 

particle could carry can be calculated from the Rayleigh charge limit.  

The Rayleigh limit as discussed in section ‎2.2 describes the maximum charge a liquid 

droplet can hold before it becomes unstable [36]. 

The Rayleigh charge limit depends on the surface tension of the liquid and the radius 

of the droplet as described in equation (2.3) in chapter ‎2. 

When the particles are in the formation stage, and gold vapour is condensing to form 

nanoparticles in the liquid state, the maximum charge that a gold droplet would be 

able to carry can be calculated using Rayleigh limit. 
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The surface tension of molten gold is reported to be approximately 1100mN/m 

[107,48], and the Rayleigh charge limit for that surface tension can be calculated for 

different droplet diameters as shown in Figure ‎6.18. 

 

Figure ‎6.18 Maximum charge of particles for different particle diameter. 

Comparing the theoretical charge limit shown in Figure ‎6.18 with the estimated charge 

for each particle size shown in Figure ‎6.17, for the 4nm, 8nm and 12nm particle sizes, 

the Rayleigh charge limit is 44, 124 and 228 elementary charges, respectively. This 

shows that the peaks of the charge histogram shown in Figure ‎6.17 for each size are 

well within the Rayleigh charge limit. 
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6.3.3  Effect of diffusion and particle interaction investigated ex-

perimentally 

The effect of the diffusion and particle interaction was assessed experimentally using 

different sets of experiments. The transit time experiment that showed a range of 

20ms-200ms travel time and described in section ‎6.3.2 demonstrates the effect of dif-

fusion on the particles. This transit time in vacuum is 40    calculated for 10nm gold 

particles using classical laws of motion knowing the acceleration from the electric field 

force for the same configuration of charge and electric field used in the transit time 

experiment. The difference between the two time regimes is due to the damping factor 

from the diffusion of particles in air. 

On the other hand, the effect of the particle-particle interaction can be assessed exper-

imentally by varying the density of the generated particles, which would change the 

initial separation     between the particles and therefore affect the focussing behaviour 

and spot size. 

The first set of experiments was conducted to assess the effect of the spark frequency 

on the spot size. The spark frequency refers to the charging and discharging of the 

capacitor across the discharge electrodes. The capacitor charges up when the high 

voltage is first turned on and the voltage across it ramps up; when the voltage reaches 

the breakdown threshold of air a discharge occurs, and the charge stored in the capac-

itor is discharged (Figure ‎6.19). 
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Figure ‎6.19 Voltage across the capacitor as it charges and discharges. 

 

When the frequency is increased, the rate of deposition increases as the erosion of the 

electrodes increases [79], which leads to a higher density of particles.  

Experimentally, varying the spark discharge frequency increased the deposition spot 

diameter as shown in Figure ‎6.20.  

 

Figure ‎6.20 The effect of the spark frequency on the deposition spot diameter. 
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The configurations for this set of experiments were 1.2 kV between the discharge elec-

trodes supplied for 5 seconds, electrodes were 500    diameter gold wires separated 

by 500   , 45 pF capacitor was used and 700 V DC was connected to an 800    diam-

eter stainless-steel focussing tube.  

During the experiments the spark frequency was the only parameter that was varied.  

By increasing the spark frequency, the density of produced particles increases. This 

could explain the increase of the deposition spot diameter when the density of parti-

cles increases the particle-particle interaction increases, which raises the defocussing 

effect and increases the diameter of the deposited spot. 

Another approach reported to increase the density of particles is by increasing the val-

ue of the capacitor across the discharge, which leads to an increase in the energy 

stored in the capacitor and fed to the discharge [79]. This raises the erosion rate of the 

electrodes and therefore increases the density of particles in the space. 

A number of experiments were conducted to assess the effect of the capacitor value on 

the spot diameter. Figure ‎6.21 shows the increase of spot size as the capacitor value 

increases for different tube voltages using 4mm diameter focussing tube, a fixed spark 

frequency and a fixed discharge voltage. 
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Figure ‎6.21 The effect of the capacitor value on the spot diameter. 

 

The effect of the particles interaction, particularly the initial separation between the 

particles or the density of the particles on flight suggests that to achieve higher focus-

sing results the density of the particles in flight should be lowered. This shows a trade-

off between the deposition rate and the focussing of the nanoparticles.  

 

6.4 Microstructure and patterns deposition 

In order to be able to print microstructures, and shape high resolution patterns, the 

spot diameter has to be reduced. The previous theoretical and experimental analyses 

show that many parameters are involved in reducing the spot diameter. Scaling down 
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the focussing tube dimensions will narrow the electric field trajectories as the internal 

diameter of the focussing tube is reduced, and it will also reduce the transit time of the 

particles as the length of the tube is shortened, hence the diffusion and the particle 

interaction effects will be reduced. 

To test these observations, a 3mm long and 0.8mm ID tube was used to deposit sets 

of spots from gold electrodes using different capacitor values with different focussing 

tube voltages. The results of these experiments, with the other results from experi-

ments using a 4 mm ID tube are shown in Figure ‎6.22.   

To be able to print simple patterns, the substrate was placed on motorized translation 

stages for X, Y and Z axes, and using a 0.5mm ID tube (1.5 mm long), 100 pF 

capacitor,  350 V on the 

 

Figure ‎6.22 Effect of scaling down the focussing tube on the spot diameter 
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focussing tube and 650 V for the discharge using 25    gold wire electrodes, it was 

possible to form a simple gold deposition pattern of parallel lines as shown in Fig-

ure ‎6.23. 

 

Figure ‎6.23 Gold deposition of parallel lines printed using a 0.5mm focussing tube 

with 350 V applied to it. 

To scale down the deposited feature further and implement direct writing of different 

patterns, motorised translation stages were used with a software programmed to read 

bit-map images and instruct the stages to deposit patterns following the coordinates 

from the software. A tube diameter of 0.5 mm and length of 1.1 mm was used. 

Voltages were 500 V on the focussing tube and 600 V for the discharge electrodes, 

and the capacitor value was 100 pF. Figure ‎6.24a shows the software cordinates of a 

pattern (ORC), and Figure ‎6.24b shows the pattern as printed. 
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Figure ‎6.24 a) pattern coordinates sent to the stages, b) pattern printed using a 0.5 

mm ID focussing tube (1.5 mm long) with 500 V applied to it. 

 

Further experiments were conducted using the same apparatus concept but with 

focussing tube dimensions scaled down. It was possible to deposit 31    diameter 

spots using a 350    ID focussing tube (~1.5 mm long), with a 30 pF capacitor and 

700 V on the tube. Also spots with diameters below 20    were demonstrated as 

shown in Figure ‎6.25 using 25    diameter gold wire electrodes inside a 210    ID 

focussing tube (~1 mm long) with a 45 pF capacitor and 600 V on the tube.  

 

Figure ‎6.25 a) gold deposition using 0.35 mm ID focussing tube (~1.5 mm long), b) 

deposition using 0.21 mm focussing tube (~1 mm long), (100    scale bars) 
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Details of the printing configurations for these experiments and other previously 

described ones are summarised in Table ‎6.1. 

Table ‎6.1 Summary of the configurations used to deposit microscale spots. 

Spot dia. Tube dia. Tube leng. Cap. value Tube volt. Discharge volt. 

668    4mm 10mm 300pF 1800 V 2200 V 

483    4mm 10mm 200pF 1800 V 2200 V 

313    4mm 10mm 100pF 1800 V 2200 V 

110    0.8mm 3mm 100pF 800 V 1000 V 

81    0.8mm 3mm 45pF 800 V 1200 V 

52    0.5mm 1.5mm 100pF 500 V 600 V 

31    0.35mm ~1.5mm 30pF 700 V 1200 V 

18    0.21mm ~1mm 45pF 600 V 1200 V 

 

Scaling down the apparatus further than the listed above was very challenging. Howev-

er, other possible configurations could be used to scale down the spots, which will be 

described in the Further Developments chapter. Studies have confirmed the possibility 

to focus nanoparticles generated by electrical discharge to reach submicron scales 

[83,84]. This has been demonstrated by pre-patterned masks using lithographical 

methods as shown in Figure ‎6.26. This highlights the possibility to achieve submicron 

spots using spark-stream technology for direct write purposes. 
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Figure ‎6.26 Copper nanoparticles are focussed inside photoresist PR pre-patterned 

mask from ref. [84] (scale bar is 1.5   ) 

 

6.5 Conclusion 

Using spark-stream direct write technology, it was possible to deposit gold nanoparti-

cles in air to form spots of the order of 20    using a 210    ID focussing tube 

(~1mm long). 

This was achieved by studying the parameters involved in the focussing mechanism of 

the nanoparticles generated by electrical discharge in air. Parameters including the di-

mensions of the focussing apparatus, where the length of the focussing tube affects 

the transit time of the particles, and the diameter of the focussing tube affects the 

convergence of the nanoparticles. The transit time is of great importance from the the-

oretical analysis of the forces involved in controlling the nanoparticles trajectories, 

namely the diffusion of the particles and the interaction between charged particles. 

The study of these two phenomena led to a better understanding of the parameters 

affecting the particles‘ trajectories in order to control their effect and focus nanoparti-

cles to micro-scale structures. 
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Direct write of different patterns was demonstrated using spark-stream technology. 

Computer software was programmed to coordinate motorised translation stages to 

read bit-map images and deposit gold nanoparticles following the patterns in the im-

age. 

The focussing concept of nanoparticles can be scaled down further to achieve na-

noscale deposition, as has been demonstrated in studies used pre-patterned masks to 

implement focussing. This strongly suggests the ability of spark-stream technology to 

direct write nanoscale patterns by reducing the dimensions of our focussing apparatus 

further, and by implementing other focussing configurations, as will be described in 

the further developments chapter. 
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Chapter 7 

 

7. Further developments 

 

7.1 Introduction  

Direct write technologies investigated in this research have been used to deposit glass 

and metal under ambient conditions. However many aspects of these technologies re-

quire further study.  

Although EHD was limited to a low surface tension glass (borate glass), further manipu-

lation of the experimental conditions might allow one to use other higher surface ten-

sion glasses. This might be achieved by suppressing the electrical discharge using a 

different gas instead of air, or by working in air but at slightly lower pressure using 

small gaps as will be described in this chapter. 

In spark-stream technology, the focussing configuration has been simplified by using a 

single metallic focussing tube. However, other configurations could be used to in-

crease the focussing effect and/or produce smaller spots by further manipulating the 

electric field lines. Also, as electrical discharge is mainly used to produce nanoparticles 

of various metals, using other materials in spark-stream technology would be an im-

portant investigation for future work. 
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Since it is a method to deposit nanoparticles in confined areas, spark-stream technolo-

gy could be used to incorporate metal nanoparticles inside glass fibres, as will be dis-

cussed in this chapter. 

7.2 Further development on EHD  

Although EHD was conducted successfully on molten boron trioxide glass, the fact that 

electrical discharge interrupts the EHD process for higher surface tension materials 

highlights the need to suppress the electrical discharge in order to operate at the 

higher voltages required to print higher surface tension materials. 

Using gases other than air could increase the electrical breakdown threshold. Sulphur 

hexafluoride SF
6

, for instance, has a very high breakdown threshold when compared to 

air or nitrogen [108,109]; in fact, adding only 1% of SF
6

 to nitrogen increases the 

breakdown voltage by 30%, as shown in Figure ‎7.1 [108]. 

 

Figure ‎7.1 A comparison between the breakdown voltages for nitrogen, sulphur hex-

afluoride SF
6

 and a mix of 1% of SF
6

 with N
2

 [108] 
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Another approach to avoid electrical discharge while conducting EHD experiments with 

higher surface tension liquids is to operate at pressures lower than atmospheric with 

small gaps. 

As was shown in sections ‎3.3 and ‎3.4, operating EHD at small gaps below 10    pro-

duced jetting borate glass strands. The Paschen curve describes the relationship be-

tween the breakdown voltage of a gas and the gap-pressure product. The curve shows 

that lowering the pressure of the air to only 10% of the ambient pressure at small gaps 

allows operation at significantly higher breakdown voltages, as shown in Figure ‎7.2. 

 

Figure ‎7.2 Paschen curve (—) and Field emission threshold (‐‐‐) under ambient pressure 

are compared to Paschen curve (—) and Field emission threshold (‐‐‐) at 10 kPa pres-

sure for short gaps between the electrodes. Shaded area represents a potential exper-

imental region.  
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The solid green line in Figure ‎7.2 represents the breakdown threshold of air at medium 

vacuum (10 kPa) as calculated from Paschen equation, and the dashed green line rep-

resents the field emission threshold at the same pressure. This shows that the electric 

field in the triangular shaded area between the green and red lines could be advanta-

geous to implement EHD experiments, either to work on larger gaps for convenience, 

or to work in small gaps but at higher voltages in order to conduct experiments on 

higher surface tension materials. 

To assess the effect of these predictions, the electric field is calculated from the volt-

age of the field emission threshold divided by the gap values at medium vacuum pres-

sure, and the result is then compared to the electric field from the Paschen breakdown 

voltage over the gap values under ambient pressure as shown in Figure ‎7.3.  

 

Figure ‎7.3 Electric field calculated for the potential operating gaps at 10 kPa and at 

100 kPa. 
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From the experimental results on boron trioxide at ambient pressure, molten glass 

ejection happened when the gap was around 10   , so the electric field at that point is 

31 MV/m. At the same gap value for 10 kPa pressure, the maximum electric field that 

could be used in an EHD experiment is around 67 MV/m which is more than double the 

electric field value at ambient pressure. This high electric field is proportional to the 

square root of the surface tension as described in section ‎2.3 (    √ ); this could 

enable materials with surface tension values as high as 370 mN/m to be printed which 

includes many glasses like tellurite and silicate glasses. From this analysis, when oper-

ating at small gaps, a relevantly small reduction in the pressure could allow for the use 

of much higher surface tension materials in EHD experiments. 

 

7.3 Other spark-stream focussing configurations 

In spark-stream technology, the configuration used to focus the nanoparticles was a 

simple focussing tube that manipulates the electric field lines in order to converge 

them as they move towards the substrate. However, other configurations could be 

used to manipulate the electric field lines in order to achieve additional focussing. 

An example of another focussing configuration that was investigated briefly is the use 

of different potentials at different axial positions to focus the particles, as shown in 

Figure ‎7.4. 
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Figure ‎7.4 Illustration of the tube-ring focussing configuration 

 

The potential applied to the focussing tube can now be different from the potential 

applied to the ring below it. The idea of this configuration is that the use of a lower 

potential at the tube will minimise the particle interaction defocussing effect. 

Since nanoparticles interact and repel in flight, and this repulsion is influenced by the 

separation between the particles as described in section ‎6.2.3, if the particles were to 

be more widely-separated whilst they move from the electrodes to the substrate, and 

then rapidly converge under the influence of the field lines just before the substrate, 

the defocussing effect of the particle-particle interaction will be reduced as the separa-

tion between the particles is relatively large most of time.  
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To verify this hypothetical analysis, a few experiments were conducted using a 4mm 

internal diameter stainless-steel ring under the focussing tube as shown in Figure ‎7.5.  

 

Figure ‎7.5 Schematic diagram of the tube-ring focussing configuration 

 

The voltage applied to the focussing tube was set to be half the voltage applied to the 

focussing ring. Both voltages were varied and the deposition spot diameter was ana-

lysed.  As shown in Figure ‎7.6, when compared to the spot diameter from only a single 

focussing tube using similar voltage and capacitance configurations, the spot diame-

ters using the tube-ring configuration are smaller. 
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Figure ‎7.6 Spot size comparison between single tube and tube-ring focussing configu-

rations 

 

The focussing voltage in Figure ‎7.6 is the ring voltage in the case of the tube-ring con-

figuration, while the tube voltage is set to half the ring voltage. In the case of a single 

focussing tube configuration the potential applied to the tube is the same along its en-

tire length. 

The aim of this set of experiments is to demonstrate the potential of using different 

focussing configurations to increase the focussing effect further. Other configurations, 

for instance a sequence of rings with different focussing voltages could enable the 

manipulation of the field gradient as shown in Figure ‎7.7, and give further control over 

the focussing of the particles. 
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Figure ‎7.7 Electric potential gradient and electric field lines of the ring-sequence focus-

sing configuration 

 

7.4 Electrodes of different materials 

One of the major features of using electrical discharge in spark-stream technology is 

its ability to erode metals with different melting temperatures, so a wide range of ma-

terials could be a potential future development area. 

Generating nanoparticles from silver [110,111], copper [112], silicon [113,81,114], pal-

ladium [111], platinum [110,111] and carbon [115,116] using electrical discharge has 

been well reported in the literature. However, in order to avoid oxidisation of the na-

noparticles as they are produced from vapour, gases other than air must be used. Al-

ternatively, an appropriate choice of the gas around the discharge could be used to 

deliberately produce nitrates [117] or oxides of metals [116]. 
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Bimetallic nanoparticles could be also produced using spark-stream technology. By us-

ing different electrode materials as shown in Figure ‎7.8, Ag-Pt nanoparticles were read-

ily produced by electrical discharge [110].  

 

Figure ‎7.8 Spark-stream apparatus to produce bimetallic nanoparticles 

Manipulating the material of the electrodes as well as the gas around the discharge can 

thus produce a diverse range of nanoparticles that are difficult to produce by other 

means. 

Although nanoparticles of different materials produced by electrical discharge are be-

lieved to acquire an electric charge and hence follow the field line, the particles‘ ten-

dency to follow the field lines would vary depending on the size of the particles and 

the charge they acquire. Therefore, a focussing comparison between nanoparticles of 

different materials produced using spark-stream technology could be of great interest. 
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7.5 Incorporating nanoparticles inside hollow fibres 

Spark-stream technology produces a stream of nanoparticles that could be inserted in 

small geometry structures. This fact highlights the potential to use spark-stream tech-

nology to incorporate nanoparticles inside the core of a glass fibre. 

Incorporating metal nanoparticles inside glass fibre produces an optical nonlinearity 

which can be employed in the development of optical waveguides and switches 

[118,119,120]. Also metal nanoparticles are widely used for chemical and biological 

sensing [121,122,123], which raises the need for a robust and scalable method to in-

corporate metal nanoparticles inside glass fibres.  

Incorporating metal nanoparticles inside glass fibres is normally done through com-

plex modified chemical vapour deposition (MCVD) techniques [119,124]. Another 

method reported is to splice two fibres which have nanoparticles deposited on their 

tips [118]. However, the complexity of these methods limits their use and applications. 

Using the spark-stream technology concept, nanoparticles might be directly written 

inside a glass fibre while it is being drawn, as shown in Figure ‎7.9. 
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Figure ‎7.9 Setup for incorporating gold nanoparticles inside a glass fibre using the 

spark-stream technology concept 

 

In this illustration, gold nanoparticles are generated from a spark discharge between 

two gold wires fed inside the core of a hollow glass preform as it is being drawn. The 

produced nanoparticles are densely incorporated at the tapered part of the glass pre-

form, and as the glass stretches the nanoparticles are distributed within the core of 

fibre in real time. 

A match between the nanoparticles material and the glass in use has to be considered, 

particularly the thermal properties. In this example, as gold nanoparticles are pro-
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duced, the softening point of the glass preform used has to be lower than the melting 

point of the gold nanoparticles in order to avoid melting the particles after they are 

deposited. 

 

7.6 Conclusion 

Investigating EHD and spark-stream technologies further shows the potential to over-

come challenges that appeared during the research. Working in medium vacuum at 

small gaps has a great potential to conduct EHD using higher electric field values in 

order to deposit materials of higher surface tension values than borate glass, like tellu-

rite and some silicate glasses. Theoretical analysis of the electric field at 10 kPa pres-

sure in air suggests that it would be possible to conduct experiments at more than 

double the electric field value of air under ambient pressure using a 10    gap.  

Using different focussing configurations in spark-stream technology has the potential 

to increase the focussing effect. A tube-ring configuration consisting of a metallic ring 

under the focussing tube showed a reduction of around 40% of the spot size when the 

voltage of the ring was double the voltage of the tube. This initial demonstration 

shows a promising potential to investigate other focussing configurations, like a se-

quence of rings, for instance. 

Different materials can be used in the spark-stream technology, and further study of 

the focussing effect of different materials will be an area of future investigation.  
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Finally, as spark-stream technology is a direct write deposition method and is able to 

produce metal nanoparticles in small areas, incorporating nanoparticles inside a hollow 

fibre could be done using the technology by discharging two metal wires inside a glass 

preform as it is being drawn, generating nanoparticles of the metal and depositing it at 

the inner walls of the fibre core.
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Appendices 

 

Appendix 1: EHD onset voltage equations 

 

Equations used to calculate the EHD onset voltage shown in Figure ‎1.1 are as follows: 

- Xiong’s equation: 

 

The onset voltage    required to eject material in EHD from Xiong‘s equation is calcu-

lated as follows: 

   √
   

     ( )
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 √( 

 

  
  ) (   

 

  
)) …… (A1.1) 

where   is the surface tension of the liquid,    is the radius of the emitting capillary,    

is the permittivity of free space,   is Taylor cone angle and   is the distance between 

the tip of the liquid meniscus and the substrate. 

The equation is derived from the equilibrium between the surface tension stress and 

the electric field stress, which occurs just before the EHD jetting: 
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 …… (A1.2) 

hence: 
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 …… (A1.3) 
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The electric field at the tip of the liquid cone just before a jetting occurs is calculated 

as follows: 
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 …… (A1.4) 

Substituting equations (A1.3) and (A1.4) for the electric field   gives the onset voltage: 
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- Si’s equation: 

 

The onset voltage from Si‘s equation as described by Krpoun [40] was used to show 

the trend of the    as a function of the surface tension, and to compare the results with 

other onset voltage calculations: 

   √
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 …… (A1.5) 

where   is the surface tension of the liquid,    is the radius of the emitting capillary,    

is the permittivity of free space and   is the distance between the tip of the liquid me-

niscus and the substrate. 
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Appendix 2: Paschen curve and field emission equations 

 

Details of Paschen curve and field emission graphs shown in Figure ‎3.3, Figure ‎3.4 and 

Figure ‎7.2 are as follows: 

- Paschen curve equation: 

 

Paschen curve shown in section ‎3.3 describes the breakdown voltage    of gases: 

    
  (  )

  (  )    (
 

  (  
 
  
)
)

 

As discussed in section ‎3.3,   is the pressure of the gas and   is the gap distance be-

tween the electrodes.   and   are Paschen curve coefficients, determined experimen-

tally, and depend on the molecular properties of the gas. For air,        and   

    [58].  Townsend‘s second ionization coefficient     describes the number of elec-

trons      ejected per incident ion     ; and is determined as (        ) [57,60]: 

    
    

    
 …… (A2.1) 

- Field emission equation: 

 

The field emission breakdown voltage shown in Figure ‎3.4 and Figure ‎7.2 is calculated 

as follows [57]:  

    
 (      )

   (    )
 …… (A2.2) 
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where   is a fitting constant which is experimentally determined (     ) [57], and     

is the electric field threshold required for field emission and is a function of the cath-

ode material and surface properties as follows:  

    (       
 )
    

 
 …… (A2.3) 

where   is the work function of the cathode material (assumed       ) and   is the 

geometric enhancement factor determined by Go (    ) [57]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices   

 131  

Appendix 3: Au nanoparticle deposition resistance  

 

The circuit used to measure the resistance of the gold nanoparticle deposition was 

built in-house as shown in Figure A3.1. 

 

Figure A3.1 Deposition resistance measurement circuit diagram 

 

The voltage    across the sample (nanoparticle deposition) is measured by subtracting 

the voltage    from the voltage across the potential divider (   and   ): 

     (
  

  
)     …… (A3.1) 

The current passes through the sample    is: 

    
  

  
 …… (A3.2) 

The process of measuring the resistance of the deposition was done by taking a num-

ber of measurements of    and    for each number of shots and form a current-voltage 

(I-V) curve. Figure A3.2 below shows the I-V curves of the deposition after each group  

of shots. 
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Figure A3.2 I-V curves of the gold nanoparticle deposition as it changes with the num-

ber of shots represented in each graph 

 

The resistance shown in Figure ‎5.12 in section ‎5.3.3 is calculated as the mean value of 

resistance from each I-V curve. When the resistance starts dropping at around 15 k 

shot, the I-V curves showed a chaotic behaviour. This could be due to a rearrangement 

of the nanoparticle positions as the measurement was taking place. 
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Appendix 4: Submitted paper (to journal of nanoparticle research JNR) 

 

Transit time and charge of gold nanoparticles generated by 

electrical discharge in ambient air conditions. 

E. Saleh
1
*, M. Praeger

1
, A. Vaughan

2
, W. Stewart

1
, and W. H. Loh

1
  

1 Optoelectronics Research Centre, University of Southampton, SO17 1BJ, U.K. 

2 Electronics and Computer Science, University of Southampton, SO17 1BJ, U.K. 

* ems2g09@soton.ac.uk 

 

Abstract 

In this study, we determine the transit time of charged nanoparticles moving in air under the influence of 

an electric field. Using the theory of Brownian motion and classical laws of motion, we calculate the 

transit time of charged nanoparticles moving in a strong electric field in air at room conditions. We also 

measure the transit time experimentally using a spinning disk apparatus, where nanoparticles generated 

by an electrical discharge reach a spinning substrate at different positions, which represent different trans-

it times.  

Using this method, it was found that the transit time of 10nm gold nanoparticles is distributed in a range 

of 20-210ms for 11mm travel distance, with a peak of transit time at around 55ms.  

Using the experimental results and the theory for transit time the charge range of nanoparticles is estimat-

ed. This charge and the transit time are major parameters that influence the electrostatic focusing of nano-

particles in direct write applications, which is the main motivation of this study. 
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1. Introduction 

Focusing nanoparticles using electrostatic techniques in air requires knowledge of the time of flight of the 

particles (transit time), and the charge carried by these particles [1-3]. Optical techniques have been re-

ported to measure the velocity and time of flight of micro and nano-scale particles moving in fluids [1, 4, 

5]. However, in the presence of a strong electric field, and for nano-scale particles, measuring the behav-

iour of nanoparticles in flight is a challenging task that requires direct optical detection of the nanoparti-

cles [1, 2, 6]. 

Nanoparticles moving in a fluid and driven by an electric field have their motion damped by collisions 

with the fluid molecules. In air at ambient conditions, the particle mean free path is around 70nm [7], 

which is larger than the dimensions of the nanoparticles but small compared with the propagation distanc-

es usually involved, and motion is thus field-driven-diffusion-based.  

In this study, we use a spinning substrate with a known angular velocity, and synchronise the nanoparticle 

generation to one position of the rotation. The deposited nanoparticles are then analysed based on their 

position on the substrate, which can be translated into the time domain. The deposited nanoparticles give 

an accurate distribution of transit time, where the position of the particles on the substrate indicates the 

transit time. 

The electrical charge on the nanoparticles is determined by comparing the theory for the transit time with 

the experimental results. The theoretical analysis of the transit time is based on the study of Brownian 

motion and the classical laws of motion, where the velocity of particles in a fluid is calculated from Ein-

stein’s solution of Brownian motion, and the transit time is derived from the calculated velocity using 

classical laws of motion. 
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2. Motivation: 

Nanoparticle focusing in ambient conditions is reported using lithographical techniques [8-10] as well as 

direct writing techniques [11]. The focusing is achieved by manipulating the particle trajectories to follow 

converging electric field lines. However, countering this focusing in air, the nanoparticles diffuse due to 

collisions with air molecules and cause a spreading effect.  Also similarly charged particles mutually re-

pel and diverge from following the electric field lines. 

The‎diffusion‎of‎nanoparticles‎in‎a‎gas‎was‎described‎in‎Einstein’s‎study‎of‎Brownian‎motion‎[12],‎where‎

the density profile of Brownian particles ( (   )) on point ( ) in one dimension at a time ( ) is: 

 (   )   
 

√    
   

  

    ………‎(1) 

where ( ) is the diffusivity of a particle in gas, which depends on the temperature ( ) of the gas, the dy-

namic viscosity of the gas ( ) and the radius of the particle ( ): 

   
   

    
 ………‎(2) 

On the other hand, the interaction between charged nanoparticles whilst in transit is not just dependent on 

the transit time, but also on the charge (  ) of the particles [13], where the force (  ) between two 

charged particles is: 

      
    

  
 ………‎(3) 

where (  ) is the coulomb constant, (  ) and (  ) are the particle charges, and (s) is the separation be-

tween the particles (s  ).‎From‎Einstein’s‎solution‎of‎Brownian‎motion,‎the‎velocity‎( ) of a particle 

moving under a force ( ) in a fluid is: 
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 ………‎(4) 

Substituting equation (3) with (4) for the force (  ) gives the velocity of the particles (  ) due to interac-

tion: 

   
      

      
 ………‎(5) 

As the velocity of particles in air represents a first order differential equation where      
  

  
 , solving 

equation (5) for (  ) gives: 

  √
        

    
    

  
 

 ………‎(6) 

where (  ) is the initial separation between the particles at time (t = 0).  

As shown in equation (1) and equation (6) for the particle diffusion and particle interaction, respectively, 

the longer the transit time the more diffusion occurs and the more divergence happens due to charged-

particles interaction. So studying the transit time and the charge of the particles will allow for further con-

trol over the focusing of nanoparticles. 

 

3. Particle formation in an electrical discharge: 

Although not the primary subject of this investigation we note that an electrical discharge is generated in 

ambient conditions when high voltage is applied between two electrodes, and the applied potential ex-

ceeds the breakdown threshold of the gas in the gap between the electrodes, which is in our case is filled 

with air. When the voltage is high enough to breakdown the air, current suddenly flows within the gas 

forming a conducting channel.  
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The sudden flow of electrons and ions generates enormous heat and pressure that can exceed the atmos-

pheric conditions by more than 3 orders of magnitude [14-17], which is sufficient to melt and vaporise the 

material of the electrodes.  

The main mechanism of forming nanoparticles in a spark discharge is reported to be due to the condensa-

tion of the vapour of the electrodes [18, 19], as the vapour cools down, charged nanoparticles are formed 

and follow the electric field gradient.  

 

4. Transit time theoretical analysis: 

Nanoparticles produced in an electrical discharge diffuse in air as they follow the electric field gradient 

whilst continuously exchanging momentum with the air molecules. Einstein studied the theory of diffu-

sion in his analysis of Brownian motion, and related the velocity of particles ( ) to the force ( ) applied 

on the particle, the dynamic viscosity ( ) of the fluid and the radius ( ) of the particle as shown in equa-

tion (4). 

In the presence of a strong electric field and under these diffusive conditions, charged nanoparticles will 

not move ballistically but accelerate and decelerate based on the local electric field gradient in the system. 

The dominant force on the nanoparticles is due to the electric field ( ) and the charge of the particle ( ), 

which is the electric field force     . Therefore the velocity of particles moving in an electric field can 

be written as: 

  
  

    
 ………‎(7) 

Using the kinematic laws of motion, the distance (d) that an object travels with known velocity is: 

  ∫     ………‎(8) 



Appendices 

 
140 

Using a discrete form to solve the complete travel distance, by substituting equation (7) in (8) we can 

calculate the transit time (  ) between every two points in the space: 

   
       

 ∑   
   
   

 ………‎(9) 

where ( ) is the number of discrete values of the electric field within the distance (  ). 

 

5. Transit time of nanoparticles generated by electrical discharge: 

For nanoparticles generated using an electrical discharge and reported for ion induced focusing and direct 

writing purposes [8-11] the transit time can be computed using equation (9) for the configuration shown 

in figure 1.  

The strong electric field on the gold electrodes generates a spark discharge and the field provides the 

force that is required to move the nanoparticles from the gold electrodes to the substrate. The simulation 

also includes a stainless-steel tube with 800V applied to it, which controls the electric field trajectories 

and confines them to follow converging paths. The electric field value of each point in the particles trajec-

tory is used to determine the transit time of the nanoparticles providing values for the charge ( ) and the 

radius of the particles ( ). 
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Figure 1 Electric field configuration.  

Figure 2 shows the transit time of nanoparticles of different sizes, and the effect of the charge of the parti-

cles on the transit time derived using equation (9), where the electric field is determined for the distance 

between the discharge electrodes and the grounded substrate using Comsol Multiphysics simulation soft-

ware shown in figure 1. 

 

Figure 2 Transit time of nanoparticles with different diameters for a range of charge values. 
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6. Experimental analysis and results: 

To measure the transit time of the nanoparticles for the configuration shown in figure 1, a spinning sub-

strate is placed 1mm under the stainless-steel focusing tube (10mm long), and a high voltage (HV) pulse 

is synchronised to be triggered at one rotational position of the substrate as shown in figure 3.  

 

Figure 3 schematic diagram of nanoparticles transient time measurement apparatus. 

The time taken to complete one rotation of the substrate is set to 210ms, and the HV pulse width is 50ms. 

By analysing the deposition pattern (figure 4), it was found that the deposition starts at around 20ms after 

the discharge trigger, with the highest density of deposition appearing at around 55ms. Thereafter, the 

deposition diminishes until the end of the spinning cycle as shown in figure 4. The dark spot at the top of 

the deposition ring is contamination that occurred after the experiment. 
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Figure 4 SEM graphs of the deposited gold nanoparticles on a pulse-synchronised spinning substrate.  

 

The deposited nanoparticles generated by an electrical discharge were analysed using a transmission elec-

tron microscope (TEM) and a scanning electron microscope (SEM), from which, the diameter of the na-

noparticles is in the order of 10nm with strong clustering effect, as shown in figure 5. This diameter range 

agrees with previous reports for electrical discharge generated nanoparticles produced under similar con-

ditions [18, 19].  

 

Figure 5 TEM graphs of the generated particles.  

To analyse the transit time of the nanoparticles, high resolution SEM micrographs were obtained at dif-

ferent positions within the deposition pattern shown in figure 4. The number of particles in each micro-
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graph was computed assuming an average primary particle diameter of 10nm, and from these the density 

of the deposited nanoparticles was estimated. As an independent measure the grey level of the deposition 

ring shown in figure 4 (middle graph) is used to confirm the distribution of the density of particles, where 

a high density of particles appears brighter (see figure 6). The distributions from these measures are seen 

to agree quite well. 

 

Figure 6 Density of particles against transit time.  

 

The range of transit times shown in figure 6 can be used to estimate the charge on the nanoparticles using 

equation (9) providing an estimation of particle diameters. The distribution of charge for each assumed 

particle size can be estimated by applying the experimental distribution of transit time using the density 

profile of particles. Figure 7 shows a histogram of the charge of nanoparticles based on their size using 

the theoretical and experimental results of this study. 

To assess the validity of the estimated charge, the highest theoretical charge that a particle could carry can 

be calculated from the Rayleigh charge limit.  
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Figure 7 Histogram of the elementary charges for each particle size. 

 

The Rayleigh limit describes the maximum charge a liquid droplet can hold before it becomes unstable 

[20]. A high charge concentrated in a liquid drop generates an electrostatic force repelling the atoms or 

molecules of the liquid. This repulsion force works against the bonding force between the liquid mole-

cules represented in the surface tension of that liquid ( ). When the electrostatic force due to the charge is 

higher than the surface tension force in a liquid drop, instability of the liquid droplet occurs causing a 

burst of material from the liquid droplet. 

Rayleigh charge limit (  ) depends on the surface tension of the liquid ( ) and the radius ( ) of the liquid 

droplet, where (  ) is the permittivity of free space: 

      √    
  ………‎(10) 
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When the particles are in the formation stage, and gold vapour is condensing forming nanoparticles in the 

liquid state, the maximum charge that a gold droplet would be able to carry can be calculated using the 

Rayleigh limit. 

The surface tension of molten gold is reported to be in the order of 1100mN/m [21, 22], and the Rayleigh 

charge limit for different droplet diameters is shown in figure 8. 

 

Figure 8 maximum charge of particles for different size calculated from the Rayleigh charge limit. 

 

Comparing the theoretical limit of charge from Rayleigh limit with the estimated charge for each particle 

size shown in figure 7, for the 4nm, 8nm and 12nm particle sizes, the Rayleigh charge is 44, 124 and 228 

elementary charges, respectively. This shows that the peaks of the charge histogram shown in figure 7 for 

each size are well within the Rayleigh charge limit. 
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7. Conclusion: 

We have used a theoretical analysis and experimental study to determine the transit time and charge of 

nanoparticles that are generated by an electrical discharge. A spinning disk with known angular speed is 

used, and the transit time of the nanoparticles is represented by the position of particles on the spinning 

disk. This method gives a distribution of time rather than an average transit time for all particles, and it 

allows for further analysis on the deposited nanoparticles, unlike the on-flight measurements which al-

lows only for short period observations.  

Using this spinning disk method it was found that the transit time of the nanoparticles generated by an 

electrical discharge is ranging from 20ms to 210ms with the highest density of deposition appearing at 

around 55ms. When the theoretical analysis is combined with the experimental results it was possible to 

estimate the charge of the nanoparticles for different particle size, where the peak of the charge distribu-

tion appears at around 60 elementary charges for 10nm diameter particles. 

The results of this study led to further understanding of the time it takes nanoparticles generated by an 

electrical discharge inside a focusing tube to reach the substrate, which allows for more control over the 

nanoparticles motion in order to manipulate their trajectories for electrostatic focusing purposes. 
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