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Zusammenfassung

Die vorliegende Doktorarbeit befasst sich mit den thermophysikalisehen Abläufen, welche

während dem Auftragen von kolloiden Flüssigkeitstropfen („Nanotinten") und dem

laserinduzierten Schmelzen von in niedriger Volumenkonzentration enthaltenen ultrafeinen

Partikeln auftreten. Darauf aufbauend wird ausserdem eine neuartige Methode vorgestellt, um

Goldleiterbahnen mit einer Dicke von 10 - 1000 nm und einer Breite von 10 - 500 |im

herzustellen. Besonderes Interesse gilt dabei den beteiligten komplexen, ineinander

verflochtenen Transportphänomenen mikroskopisch kleinen räumlichen Ausmasses. Zu

nennen sind hierbei die Absorption und Diffusion der mittels Laserstrahlung induzierten

Energie, das Verdampfen des Tintenlösungsmittels, die durch thermokapillare Bewegungen
stattfindende Umverteilung der Nanopartikel und das Verschmelzen dieser Partikel bei relativ

niedrigen Temperaturen, welches zur Entstehung von festen Mikrostrukturen führt. Abstrakter

formuliert werden untersucht: Phasenänderungen von Nanopartikel in Kombination mit

Verdampfungsvorgängen des Trägermediums unter gleichzeitiger Einwirkung der von den

Gesetzen der Thermofluiddynamik bestimmten Bewegung der freien Flüssigkeitsoberfläche.
Mit einem modifizierten Tintenstrahldrucker werden zweidimensionale Mikromuster

aus einer Suspension von Nanopartikeln in einem Lösungsmittel auf ein ebenes Substrat

gedruckt. Laserlicht wird verwendet, um das Lösungsmittel zu verdampfen und die

Nanopartikel miteinander zu verschmelzen. Dabei wird die Wellenlänge entsprechend den

Absorptionseigenschaften der Nanopartikel gewählt. Im Gegensatz zum Lösungsmittel
(Toluol), das quasi durchlässig für das Argon-Laserlicht ist, absorbieren die Partikel das Licht

innerhalb einer Eindringtiefe des Lichtes in die Suspension von O (1 |im) praktisch

vollständig. Nanopartikel haben im Vergleich zum Vollmaterial durch Oberflächeneffekte

bemerkenswerte thermophysikali sehe Eigenschaften, insbesondere die deutliche

Herabsetzung des Schmelzpunktes. Die in dieser Studie verwendeten Goldpartikel (mittlerer
Durchmesser 4 nm) schmelzen bei ca. 400 °C im Gegensatz zu 1063 °C für herkömmliches

Gold. Daher eignet sich die beschriebene Methode auch für temperaturempfindliche
Substrate. Das Aufheizen und Schmelzen der Nanopartikel wird durch Wärmeleitung von der

bereits gefertigten Goldschicht in das Substrat zu dem momentanen Schmelzbereich

unterstützt. Die umgebende Flüssigkeit wird durch Wärmeleitung der erhitzen Partikel

erwärmt und schlussendlich vollständig verdampft, wobei der thermokapillare Effekt, d.h. die

temperaturabhängige Oberflächenspannung, eine Marangoni-Strömung induziert, die das

Fluid um den sich bewegenden Laserfokuspunkt verdrängt. Der Marangoni-Effekt erzeugt
ebenfalls Zirkulationsströmungen, die in Verbindung mit der gleichzeitig stattfindenden

Verdampfung zu einem Anstieg der Partikelkonzentration in der Nähe der Kontaktlinie führt.

Dieser Partikelüberschuss verursacht für bestimmte Prozessparameter seitliche Überhöhungen
und eine deutliche Veränderung der Topographie der gedruckten Goldlinie.

Die minimale Dauer des Prozesses sowie die transienten Schmelz- und Koaleszenz-

phänomene wurden mit Infrarot (IR) Transmissionsmessungen bestimmt, welche die

zunehmende Blockierung des IR-Lichtes durch die sich bildende Goldschicht zur Messung
nutzen. Der Prozess kann je nach Laserleistung sehr schnell sein. Die Messung erlaubt es,

passende Kombinationen zwischen Laserleistung und Heizdauer zu bestimmen.

Die hergestellten Mikrostrukturen wurden mit herkömmlicher Mikroskopie, Raster¬

kraftmikroskopie (AFM), Rasterelektronenmikroskopie (REM), Optischer-Raster-Nahfeld-
Mikroskopie (SNOM) und Energiedispersiver Röntgenanalytik (EDX) untersucht. Die

Geometrie des Leiters ändert sich abhängig von den Betriebsbedingungen (Laserdurchmesser
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gegenüber Breite der gedruckten Linie) von einer Struktur mit seitlichen Erhöhungen und

mikrometer hohen Nadelstrukturen bis zu einer beinahe rechteckigen Querschnittsfläche.
Mittels Ätzexperimenten, bei denen die Querschnittsflächen der Goldleiterbahnen mit

und ohne der Goldschicht gemessen wurden, konnte die hitzeverursachte Beschädigung des

Substrates in der Mitte des Goldleiters nachgewiesen werden. Diese Beschädigung entsteht

durch eine irreversible thermische Expansion des Glassubstrates bei grosser Laserleistung.
Die Volumenzunahme des Glases wird mit Hilfe einer fiktiven Temperaturkarte erklärt. Das

Temperaturprofil innerhalb des Substrates wird mittels eines Modells berechnet, welches die

Erhitzung des Substrates durch einen darüber gleitenden Laser (mit Gauss'schem

Intensitätsprofil) beschreibt. Die Berechnungen zeigen, dass die Substrattemperaturen die

Erweichungstemperatur überschreiten, was für eine Volumenzunahme erforderlich ist. Die

Beschädigungen können durch die Verwendung von chemisch gestärktem Glas mit höheren

Erweichungstemperaturen reduziert werden.

Experimente mit Si- und SiÛ2- (kristallinem Quarz) Substraten demonstrieren den

grossen Einfluss der thermischen Diffusion beim Verschmelzen der Partikel. Die Wärmeleit¬

fähigkeit beider Substrate übersteigt diejenige des Glases, weshalb die Wärme schneller ins

Substrat abgeführt wird und für den eigentlichen Schmelzprozess nicht mehr zur Verfügung
steht. Dadurch reichen Laserleistungen, welche Glassubstrate völlig zerstören, nicht aus, um

die Si- oder Si02-Substrate genügend zu erhitzen und dauerhafte Goldleiter zu produzieren.
Die Koaleszenz von zwei gleich grossen Goldpartikeln wurde mit einem

phänomenologischen, makroskopischen Modell untersucht, wobei auch energetische
Einflüsse der Umgebung eingebunden werden konnten. Das Modell basiert auf einer

Energiebilanz des Systems, welches die Oberflächenveränderungen und die krümmungs¬
abhängige Schmelzpunktherabsetzung der Nanopartikel berücksichtigt. Die Partikel wurden

für den Fall ohne energetische Wechselwirkungen mit der Umgebung in einem Vakuum

angenommen, wodurch die Resultate mit Molekular-Dynamik (MD) Simulationen verglichen
werden konnten. Gute Übereinstimmung wurde für Partikel mit einem Radius von mehr als

2 nm und einer Starttemperatur nahe der Schmelztemperatur gefunden. Dies weist auf die

Wichtigkeit der Korngrenzendiffusion während des Koaleszenzprozesses hin. Für kleinere

Partikel und niedrigere Starttemperaturen stimmen die Resultate weniger gut überein. Es wird

gefolgert, dass für diesen Prozessbereich andere Mechanismen als Korngrenzendiffusion
überwiegen. Wird eine energetische Wechselwirkung zwischen Partikel und Umgebung

zugelassen, so stimmen die Sinterzeiten aus den Simulationen mit den Resultaten der Infrarot-

Transmissionsexperimenten ausgezeichnet überein.

Diese Studie demonstriert klar das Potential, welches in der Verwendung von

ultrafeinen Partikeln suspendiert in einer flüchtigen Trägerflüssigkeit für neuartige,
thermoaktuierte und -kontrollierte Herstellungsmethoden steckt. Die Erkenntnisse aus den

ausgedehnten Analysen führten zusammen mit in-situ Aufnahmen des Prozesses zu einem

besseren Verständnis der relevanten physikalischen Vorgänge. Dieses Verständnis wird die

Auslegung zukünftiger industrieller Anwendungen bedeutend unterstützen.
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Summary

This dissertation investigates the process of deposition and low-temperature laser annealing of

nanoparticle inks, referring to volatile liquids suspending ultrafine particles in low volumetric

concentrations, and introduces a novel technique producing electrically conductive gold

stripes of thickness and width in the order of 10 - 1000 nm and 10 - 500 urn, respectively. Of

interest are the complexes and interweaved small scale transport phenomena involved,

focusing hereby on the absorption and diffusion processes of the irradiated laser energy. This

energy input fuels evaporation of the solvent, particle redistribution through thermocapillary
flow and curing of the nanoparticles at low temperatures to form solid microstructures, in the

present case continuous, electrically conducting gold lines. The underlying physical

phenomena are the phase change of nanoparticles in the presence of an evaporating carrier

liquid and free surface thermofluidics.

A drop-on-demand ink jet is employed to print the solvent loaded with gold
nanoparticles in two-dimensional micro-patterns on a flat substrate. Irradiated laser heat is

used to evaporate the solvent and to initiate the melting and curing process of the

nanoparticles. The laser wavelength is chosen from calculations of the absorption properties
of the nanoparticles inside the carrier-liquid. Contrary to the solvent, which is practically

transparent to the argon ion laser radiation, the particles absorb almost entirely the incoming
laser radiation within a laser light penetration depth in the order of 1 urn from the surface of

the solution. Nanoparticles exhibit due to curvature and surface effects remarkable different

thermophysical properties compared to the bulk material, to name is especially the

pronounced lower melting point. The gold nanoparticles utilized in this study (mean diameter

4 nm) melt at around 400 °C instead of 1063 °C for bulk gold, which enables to employ this

technique also for temperature sensitive substrates. The subsequent heating and melting of the

nanoparticles is supported by heat diffusion from the gold layer formed previously through
the substrate to the leading edge of the material. The surrounding liquid is heated and finally

evaporated through thermal diffusion from the heated particles, whereby the thermocapillary
effect, i.e. the dependence of liquid surface tension on temperature, induces Marangoni flow

displacing the ink around the scanning laser spot. The Marangoni flow also generates a

circulation inside the nanoink, leading in conjunction with the evaporation to an increase in

particle concentration in vicinity of the contact line. This pool of particles supplies material to

the edges of the developing gold line, fostering for certain process parameters rim formation

and a distinct change in the line topography.
The minimum time required for the curing process and the transient phenomenon of

melting and coalescence of the thin gold layer are investigated with infrared (IR) transmission

measurements, which uses the fact that the forming gold layer is increasingly intransparent for

IR-light. The curing process is shown to be a relatively fast process depending on the laser

power. This method allows for the determination of appropriate combinations of process

parameters, such as heating power and heating time.

The microstructures produced are analyzed with optical microscopy, Scanning Force

Microscopy (SFM), Scanning Electron Microscopy (SEM), Scanning Near field Optical
Microscopy (SNOM) and Energy-Dispersive X-ray analysis (EDX). Depending on the

operating conditions (laser focal diameter vs. width of the printed ink line) the conductor

geometry varies from featuring elevated rims at the sides with submicron sized needle

structures on top, to a near rectangular cross section.
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Etching experiments, where the cross-sectional area of the gold conductor is profiled with and

without gold layer, confirmed a bump formation of the substrate in the centre of the gold
conductor caused by an irreversible thermal expansion of the glass substrate for high laser

power. A fictive temperature map is utilized to explain the volume gain of the glass.
Calculations of the substrate temperature profiles induced by a scanning continuous Gaussian

laser beam affirm the transgression of the glass softening temperature within the bumpy

region which is the precondition for a glass expansion. The bump formation is shown to be

reduced by the employment of chemically strengthen glass with higher softening temperature.

Experiments with Si and SiÛ2 (crystalline quartz) substrates demonstrate the importance of

the thermal diffusion in the curing process. The thermal conductivities of both materials are

larger than the thermal conductivity of glass and therefore the heat induced by the laser

diffuses faster into the substrate, effectively providing less heat for the melting / curing

process. In this context, a laser power which would destroy the glass substrate is not sufficient

to heat up the Si or SiÛ2 substrate to produce sustainable gold conductors.

The coalescence process of two single gold particles with identical initial diameter with

and without energetic influences from the surroundings is investigated with a

phenomenological macroscopic model. The model is based on a system energy balance

supplemented by a model for the surface variation of the system, and accounting also for the

curvature dependence of the nanoparticle melting temperature. In the case without energetic
interactions with the surrounding, the particles are placed in vacuum and the results are

compared with Molecular Dynamics simulations. Good agreement with the simulations for

particles close to their melting temperatures and radius larger than 2 nm is achieved,

indicating that grain boundary diffusion plays an important role during coalescence. For

smaller particles and lower initial temperature the predictions of the phenomenological model

differ from the MD simulations, concluding that different mechanism than grain boundary
diffusion are dominating the coalescence process. The case including energetic interactions

with the surroundings shows excellent agreement with experimental data obtained from

infrared transmission measurements with respect to sintering times.

This work unequivocally demonstrates the potential of the utilization of ultrafine

particles suspended in volatile carrier liquids in novel, thermally initiated and controlled

manufacturing technologies. Moreover, the conclusions drawn from extensive analysis
together with in-situ pictures of the curing process led to an improved understanding of the

physics of the process, providing profound support for the layout of later large scale industrial

applications.
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Fig. 5.2: Laser curing "configuration B": The laser beam on a y-z plane is guided by

mirrors to the substrate 66

Fig. 5.3: a) Nanoink line (approximately 280 urn) printed with a frequency of 30 Hz and

a translation velocity of 3 mm/s before laser curing, b) Nanoink line after laser curing.

The shiny line in the centre is the produced gold conductor surrounded by displaced

uncured nanoink (width around 1 mm) 68

Fig. 5.4: Optical micrographs of gold conductors cured with different laser powers of 50

mW (a, e), 100 mW (b, f), 300 mW (c, g) and 500 mW(d, f) and curing velocities 1

mm/s (left row) and 2 mm/s (right row). The laser beam diameter is 17 urn 70

Fig. 5.5: Line width of gold conductor as a function of laser power for curing velocities

of 1 mm/s (circles) and 2 mm/s (triangles) and a laser beam diameter of 17 urn 71

Fig. 5.6: Intensity distribution of a Gaussian laser beam with 17 urn diameter for a laser

power of 50 mW (solid line) and 300 mW (dotted line). The radius of the laser is

defined where the intensity drops by 1/e2 (= 0.135) with respect to the peak value L 72

Fig. 5.7: 3-dimensional (SFM) visualization of gold lines cured with a laser beam

diameter of 17 urn, a curing velocity of 1 mm/s and a laser power of a) 50 mW and b)

300 mW. Both lines show needles on both sides (scale of the pictures is not the same).

More detailed information is seen in Figs 5.8 and 5.9 73

Fig. 5.8: a) Contour plot and b) cross-section of a gold line cured with a laser beam

diameter of 17 urn, a laser power of 50 mW and a curing velocity of 1 mm/s. Typical

cross-section (solid line), cross-section with nanoneedle peak (dashed line) 74

Fig. 5.9: a) Contour plot and b) cross-sectional profile of a gold line cured with a laser

beam diameter of 17 urn, a laser power of 300 mW and a curing velocity of 1 mm/s.

Typical cross-section (solid line) and cross-section with nanoneedle peak (dashed line) 75

Fig. 5.10: In-situ image of the laser curing process at 200 mW and 2 mm/s with a laser

beam radius of 27 urn (1/e2). The ellipse indicates the position of the laser focal point on

the line. Nanoparticle suspension (NPS) is pushed away due to Marangoni effect (Fig. 6

ofBierietal., 2004) 77

Fig. 5.11: Single laser cured gold lines at a laser power of 300 mW, 0.2 mm/s of curing

velocity and a laser beam radius of 27 urn (1/e2). (a) In-situ reflection image of laser

curing process (top view) and calculated temperature isotherms, (b) AFM cross-

sectional profile. The vertical elevation distances of the A and C points are 256.4 and
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248.1 nm, respectively and the horizontal distance separating the B points is 123.1 urn.

(Fig. 2 of Chung et al., 2004) 77

Fig. 5.12: Schematic of physics: A highly reflective gold layer begins to form near the

evaporation interface contact line ahead of the laser spot. The toluene evaporates due to

laser radiation absorption in the gold layer and the subsequent thermal diffusion trough

the substrate and gold layer toward the evaporation interface. Due to the reduction of

the surface tension (thermocapillarity) caused by the heating a Marangoni flow is

evolving which is displacing the ink ahead and around the scanning laser spot forming

an U-shaped convex ink meniscus. The Marangoni flow generates also a circulation

inside the ink and the concentration of nanoparticles is increased near the contact line.

Gold nanoparticles are mainly deposited right at the evaporation interface contact line

building the high rims 78

Fig. 5.13: SEM images of gold line cured with a laser beam diameter of 17 urn, a curing

velocity of 1 mm/s and a laser power of a) 50 mW and b) 300 mW 79

Fig. 5.14: Close up view of Fig. 5.13 b. a) Transition of smooth gold layer to single

agglomerated gold particles, b) close-up view from the break up of the continuous layer

and of the agglomerated gold particles 80

Fig. 5.15: SNOM images of cured gold lines with a laser beam radius of 8.5 urn, a

curing velocity of 1 mm/s and a laser power of a) 50 mW and b) 300 mW. The dark

regions represent the gold film blocking the transmitted light to the SNOM collection

optics and the bright regions correspond to the bare glass substrate 81

Fig. 5.16: EDX analysis of the two different regions in wt% of the pure elements 82

Fig. 5.17: Electrical circuit to measure resistance of the gold conductor, RT. The DC

power supply applies a voltage to the gold conductor. The current, im, and the voltage

over the gold conductor, Um, is measured with the current meter and the voltmeter,

respectively. If the gold conductor is removed the current meter measures the fault

current of the voltmeter 84

Fig. 5.18: Glass substrate with metallized contact pads. The gold conductors are printed

and cured across the area of the contact pad 84

Fig. 5.19: Test prongs with pointed tip and embedded spring to ensure constant contact

pressure 85

Fig. 5.20: Nanoparticle suspension lines printed with a droplet generation frequency of

30 Hz but different printing velocities: a) 1, b) 2, and c) 6 mm/s 87
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Fig. 5.21: Cross-sectional areas of gold lines cured with a laser beam diameter of 78

urn, a laser power of 1.2 W as a function of curing velocity for different printing

velocities: 6 mm/s (triangles), 3 mm/s (squares) and 1 mm/s (circles) 88

Fig. 5.22: Cross-sectional areas of gold lines cured with a laser beam diameter of 78

urn, a laser power of 0.6 W as a function of curing velocity for different printing

velocities: 6 mm/s (triangles), 3 mm/s (squares) and 1 mm/s (circles) 89

Fig. 5.23: Resistivity of gold lines cured with a laser beam diameter of 78 urn, a laser

power of 1.2 W as a function of curing velocity for different printing velocities: 6 mm/s

(triangles), 3 mm/s (squares) and 1 mm/s (circles) 90

Fig. 5.24: Resistivity of gold lines cured with a laser beam diameter of 78 urn, a laser

power of 0.6 W as a function of curing velocity for different printing velocities:

triangleô mm/s (triangles), 3 mm/s (squares) and 1 mm/s (circles) 91

Fig. 5.25: Evolution of cross-sectional profiles of gold lines cured with a laser beam

diameter of 78 urn, a laser power of 0.1 W with curing velocities of: a) 0.05 mm/s and

b) 0.5 mm/s. With a curing velocity of 0.5 mm/s the "bowl" shape is not recognizable

and the structure shows deep crevices in the middle region 92

Fig. 5.26: Evolution of the cross-sectional profiles of gold lines cured with a laser beam

diameter of 78 urn, a laser power of 0.2 W with curing velocities of: a) 0.05, b) 0.1, c)

1.0 and d) 2.2 mm/s. The width and height of the profile is decreasing with increasing

curing velocities a result of less power input 93

Fig. 5.27: Evolution of the cross-sectional profiles of gold lines cured with a laser beam

diameter of 78 urn, a laser power of 0.4 W with curing velocities of: a) 0.1, b) 1.0 c) 2.2

and d) 3.4 mm/s 94

Fig. 5.28: Evolution of the cross-sectional area of gold lines cured with a laser beam

diameter of 78 urn, a laser power of 1.2 W with curing velocities of: a) 0.1, b) 1.0, c)

2.6 and d) 3.4 mm/s 95

Fig. 5.29: Cross-sectional profile of a gold conductor with (solid line) and without

(dotted line) gold layer cured with a laser beam diameter of 78 urn, a laser power of 0.8

W and a curing velocity of 1.0 mm/s. The substrate is totally destroyed in the centre

region 96

Fig. 5.30: Left column: Cross-sectional areas with (solid line) and without gold layer

(dotted line) of gold conductors cured with a laser beam diameter of 78 urn, a laser
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power of 0.8 W and a curing velocity of: a) 1.0 mm/s and b) 3.4 mm/s. Right column:

optical micrograph of the profiled gold conductor 97

Fig. 5.31: Left: Cross-sectional areas with (solid line) and without gold layer (dotted

line) of a gold conductor cured with a laser beam diameter of 78 urn, a laser power of

0.4 W and a curing velocity of 1.0 mm/s. Right: optical micrograph of the profiled gold

conductor 98

Fig. 5.32: Left: Cross-sectional areas with (solid line) and without gold layer (dotted

line) of a gold conductor cured with a laser beam diameter of 78 urn, a laser power of

0.2 W and a curing velocity of 1.0 mm/s. Right: optical micrograph of the profiled gold

conductor 99

Fig. 5.33: a) Phase diagram of glass (v-T-diagram). Tm freezing temperature, Tg glass

transition temperature and T0 ambient temperature. The double lines indicate stable

states and the slash-dotted line is the equilibrium line. (Nolle, 1997; Bennett et al.,

1998) 101

Fig. 5.34: Phase diagram of glass: Heating and cooling cycle (qualitatively) "a - c - d".

Transition temperature (Tg2) and the glass volume are higher for a sample that has been

cooled rapidly relative to one cooled slowly (Tgi). Therefore, glass samples of the same

composition but with different cooling histories will have different T0 densities 102

Fig. 5.35: Comparison of bump formation for different substrates: (a, b) soda-lime

glass, (c, d) AF 45 and (e, f) quartz (crystalline), having different softening temperature

cured with a laser beam diameter of 78 urn, an identical laser power of 0.8 W for curing

velocities of 1.0 mm/s (left column) and 3.4 mm/s (right column) resulting in different

bump formation. The bumps are smaller for the substrates with higher softening

temperatures 105

Fig. 5.36: Resistivity of gold conductors produced on soda-lime glass with a laser beam

diameter of 78 urn as a function of curing velocity for different laser power: 0.2

(circles), 0.4 (squares), 0.6 (triangles), 0.8 (diamonds), and 1.0 W (crosses) 107

Fig. 5.37: Top: cross-sectional profiles before (solid line) and after (dotted line) the

etching process of a gold conductor cured with a laser beam diameter 78 urn, a laser

power of 1.0 W and a curing velocity of 3.4 mm/s are shown together with an optical

micrograph of the gold conductor before etching. The discontinuity in the profile

indicates the crack present either in the gold layer and the substrate. The location, where

the profile is measured is indicated in the optical micrograph with the horizontal solid
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line and the dashed line indicates the crack location. The crack is formed inside the

substrate by strong quenching and is transferred to the gold layer 108

Fig. 5.38: Comparison of the resistivity of gold conductors cured with a laser beam

diameter of 78 urn, a laser power of: a) 0.4 W and b) 0.8 W, as function of curing

velocity for the different substrates: soda-lime glass (diamonds), AF 45 (triangles) and

quartz (crystalline) (squares) 110

Fig. 5.39: Resistivity of gold conductors produced on quartz (crystalline) substrate with

a laser beam diameter of 78 urn, as a function of curing velocity for different laser

power: 0.4 (squares), 0.8 (diamonds), 1.0 (crosses) and 1.2 W (solid diamonds). The

single value for a laser power of 0.4 W at a curing velocity of 0.1 mm/s indicates that

the this laser power is not sufficient to produce gold conductors on quartz. The thermal

conductivity of the quartz substrate is higher than that of the glasses, therefore the heat

diffuses fast into the substrate and the substrate temperature is not high enough to allow

a complete sintering of the gold nanoparticles. At 0.8 W the heat input is also not high

enough to allow for a complete sintering with high curing velocities. With increasing

power (1.0 and 1.2 W) the resistivity stays low for increasing curing velocities because

of the reduced bump formation Ill

FFig. 5.40: Resistivity of gold conductors produced on an AF 45 substrate with a laser

beam diameter 78 urn, as a function of curing velocity for different laser power: 0.4

(squares) and 0.8 W (diamonds) 112

Fig. 5.41: Comparison of the resistivity as a function of curing velocity for a laser beam

diameter of 78 urn with (solid marker) and without (void marker) correcting the cross-

sectional area for the glass bump: a) soda-lime glass and b) AF 45. The bumps of the

soda-lime glass have almost double the height of the AF 45 bumps and therefore the

error in resistivity with uncorrected area is much higher than the one for the AF 45 113

Fig. 5.42: Specific heat capacity of soda-lime glass as a function of temperature.

Experimental data (triangles) (McLellan and Shand, 1984; Johnson et al., 1987). Curve

fit (with corresponding equation used in the program code) (dashed line) 116

Fig. 5.43: Thermal diffusivity and thermal conductivity of soda-lime glass as a function

of temperature. Triangles: experimental data (Schott, PCE - TKT for B 270 Superwite).

Dashed line: a) fitted curve (with corresponding equation used in the program code), b)

values calculated with the temperature dependent equations derived for c(T) and D(T) 117
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Fig. 5.44: Specific heat capacity of AF 45 glass as a function of temperature.

Experimental data (communication with Schott) (diamonds). Curve fit (with

corresponding equation used in the program code) (dashed line) 118

Fig. 5.45: Thermal diffusivity and thermal conductivity of AF 45 glass as a function of

temperature. Diamonds: experimental data (Schott, PCE - DGS for AF 45). Dashed

line: a) curve fit (with corresponding equation used in the program code), b) values

calculated with the temperature dependent equations derived for c(T) and D(T) 119

Fig. 5.46: a) Cross-sectional profiles of gold line cured with a laser beam diameter of 78

urn, a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms

as a function of penetration depth in a soda-lime substrate calculated for a laser with

identical parameter as in the experiment. The softening temperature (thick solid line) is

700 °C. The maximal temperature is 1400 °C 122

Fig. 5.47: a) Cross-sectional profiles of gold line cured with a laser beam diameter of 78

urn, a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms

as a function of penetration depth in a soda-lime substrate calculated for a laser with

identical parameter as in the experiment. The softening temperature (thick solid line) is

700 °C. The maximal temperature is 800 °C 123

Fig. 5.48: Comparison of the temperature profiles right at the surface of a soda-lime

substrate for two different surface reflectivities (p = 0.68 and p
= 0.5), a laser power of

0.8 W, a laser beam diameter of 78 urn, at a constant curing velocity of 1 mm/s and two

different curing velocities (uc = 1 mm/s and uc
= 3.4 mm/s) at a constant surface

reflectivity of p
= 0.68. For the reduced reflectivity ((p = 0.5) the maximal temperature

is more than 1800 °C compared to 1400 °C. The higher curing velocity reduces the

temperature in the centre region slightly. The temperature reduction at both sides arises

from the reduction in time for the heat to diffuse into the substrate 124

Fig. 5.49: a) Cross-sectional profiles of gold line cured with a laser beam diameter of 78

urn, a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms

as a function of penetration depth in a AF 45 substrate calculated for a laser with

identical parameter as in the experiment. The softening temperature (thick solid line) is

900 °C. The maximal temperature is 1400 °C. The thermal conductivity is slightly

higher than for soda-lime glass 125

Fig. 5.50: a) Cross-sectional area and b) optical micrograph (nanoink not washed away)

of the gold conductor cured with a laser beam diameter of 78 urn, a laser power of 0.4
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W and a curing velocity of 1.0 mm/s on a AF 45 substrate of 0.1 mm thickness. The

profile is asymmetric because the laser light is reflected at the surface of the supporting

base 127

Fig. 5.51: Sketch of the reflection of a laser beam with incident angle (0i) at the base

plate after traveling through a substrate of thickness d having a refractive index n2. The

base plate is semi-infinite and has a refractive index n3. The distance x is the distance

from the spot where the incident laser beam hits the surface of the substrate and to the

place where the reflected laser beam hits the surface again 128

Fig. 5.52: a) Cross-sectional area and b) optical micrograph (nanoink not washed away)

of the gold conductor cured with a laser beam diameter of 78 urn, a laser power of 0.8

W and a curing velocity of 1.0 mm/s on a AF 45 glass substrate with a thickness of 0.1

mm. The width of the gold line is larger than the field of view of the optical microscope

and is therefore not fully shown. The profile is asymmetric because the laser light is

reflected at the surface of the supporting base. The entire substrate is deformed by the

high laser power 129

Fig. 5.53: Resistance per length for gold conductors manufactured on three synthetics a)

polyimide, b) epoxy, and c) resin) with a laser beam diameter of 78 urn as a function of

curing velocity for different laser power, (crosses) 0.05 W, (circles) 0.1 W, (squares) 0.2

W and (triangles) 0.3 W. For all substrates a laser power of 0.05 and 0.1 W show high

resistance 132

Fig. 5.54: Comparison of the resistance per length for gold conductors manufactured on

polyimide (squares), epoxy (triangles) and resin (triangles upside down) with gold

conductors manufactured on glass (solid triangles) with a laser beam diameter of 78 urn

as a function of curing velocity for different laser power a) 0.2 W and b) 0.3 W. The

values of the synthetics cured with 0.3 W are compared with values of glass cured with

0.4 W because no glass datais available for 0.3 W 133

Fig. 5.55: Resistance per length and corresponding standard deviation as a function of

curing velocity for gold lines cured with a laser power of a) 0.4 andb) 0.8 W 136

Fig. 5.56: Comparison of the cross-sectional areas and their corresponding standard

deviation as a function of curing velocity for gold conductors manufactured on glass

substrates with a laser beam diameter of 78 urn, a laser power of 0.4 (triangles) and 0.8

W (squares). The cross-sectional areas are not corrected for the bump formation of the
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glass substrate and therefore the cross-sectional areas of the lines cured with 0.8 W are

larger (almost no bump formation with a laser power of 0.4 W) 138

Fig. 6.1: Sketch of the sintering of two equally sized particles with N atoms with a

center-to-center approach 143

Fig. 6.2: Excess surface area reduction and temperature increase as a function of time

predicted by the analytical model for gold particles with an initial radius and

temperature of 2 nm and 895 K, respectively 147

Fig. 6.3: Comparison of the temperature as a function of time calculated with the

analytical model and with MD simulations during the sintering of two gold

nanoparticles with an initial radius and temperature of 2 nm and 895 K, respectively 148

Fig. 6.4: Comparison of the time evolution of neck growth evaluated via MD

simulations and the analytical model for the sintering of two gold nanoparticles with an

initial radius of 2 nm and different initial temperatures. The results of the analytical

model are only valid to a maximal neck to particle radius, (x/r)sphencai= v2 149

Fig. 6.5: Comparison of the time evolution of neck growth evaluated via MD

simulations and the analytical model for the sintering of two gold nanoparticles with an

initial radius of 2.23 nm and different initial temperatures. The results of the analytical

model are only valid to a maximal neck to particle radius, (x/r)sphencai= v2 150

Fig. 6.6: Comparison of the time evolution of neck growth evaluated via MD

simulations and the analytical model for the sintering of two gold nanoparticles with an

initial radius of 1.5 nm and different initial temperatures. The results of the analytical

model are only valid to a maximal neck to particle radius, (x/r)sphencai= v2 151

Fig. 6.7: Comparison of the time evolution of neck growth evaluated via MD

simulations and the analytical model for the sintering of two gold nanoparticles with an

initial radius of 1.3 nm and different initial temperatures. The results of the analytical

model are only valid to a maximal neck to particle radius, (x/r)sphencai= v2 152

Fig. 6.8: Incident laser radiation IL on two identical particles with radius rp and cross

section Cat,s 154

Fig. 6.9: Temperature as a function of time of two coalescing gold particles with a

radius of 2 nm and an initial temperature of 895 K with energy gain due coalescence

and energy loss by collisions with surrounding nitrogen gas molecules 156
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Fig. 6.10: Excess surface area as a function of time of two coalescing gold particles with

a radius of 2 nm and an initial temperature of 895 K with energy gain due coalescence

and energy loss by collisions with surrounding nitrogen gas molecules 157

Fig. 6.11: Absorption efficiency as a function of wavelength for gold particles of radius

of 2 nm in nitrogen calculated with the Rayleigh theory 158

Fig. 6.12: Comparison of the temperature as a function of time of two coalescing gold

particles with a radius of 2 nm and an initial temperature of 895 K for two different

laser spot diameters of 1 and 85 urn; a) without laser irradiation, b, c) with laser

irradiation of 0.1 or LOW (laser spot diameter 1 urn) and d) with laser irradiation of 0.1

or LOW (laser spot diameter of 85 urn) 160

Fig. 6.13: Comparison of the excess surface area as a function of time of two coalescing

gold particles with a radius of 2 nm and an initial temperature of 895 K: a) without laser

irradiation, b, c) with laser irradiation of 0.1 or LOW (laser spot diameter 1 urn) and d)

with laser irradiation of 0.1 or LOW (laser spot diameter of 85 urn) 161

Fig. 6.14: Comparison of the temperature of two coalescing gold particles with a radius

of 2 nm and an initial temperature of 895 K: a) without any interaction with the

surrounding b) with only the diffusive losses c) with energy gain from laser irradiation

(0.1 W or LOW laser power and a laser spot diameter of 1 urn) and losses by radiation

and diffusion, d) with energy gain from laser irradiation (0.1 W or LOW laser power

and a laser spot diameter of 85 urn) and losses by radiation and diffusion) 162

Fig. 6.15: Comparison of the excess surface area and temperature of two coalescing

gold particles with a radius of 2 nm and an initial temperature of 298 K as a function of

time: a) with energy gain from laser irradiation (0.1 W laser power and a laser spot

diameter of 85 urn, b) with all gains and losses to the surrounding (1.0 W laser power

and a laser spot diameter of 85 urn), and c) without any interaction with the

surrounding 164

Fig. 6.16: Comparison of the excess surface area and temperature of two coalescing

gold particles with a radius of 2 nm and an initial temperature of 298 K as a function of

time for three different cases, a) without any interaction with the surrounding b) with

energy gain from laser irradiation only (1.0 W laser power and 85 urn laser spot

diameter) and c) with all gains and losses to the surrounding (1.0 W laser power and 85

urn laser spot diameter) 165
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Fig. A.l: TEM picture of the Aul02T suspension provided by the manufacturer

(Vacuum Metallurgical Co., Ltd.) 171

Fig. A.2: Particle distribution provided by the manufacturer (Vacuum Metallurgical Co.,

Ltd.) 172

Fig. A.3: TEM picture of gold nanoparticles purchased as Aul02T solution from

(Vacuum Metallurgical Co., Ltd.). The circles are hand-drew 173

Fig. A.4: Particle distribution of gold nanoink Aul02T evaluated from TEM pictures 174

Fig. C.l: Beam traces of laser beam after a focusing lens (focal length f). Typical

parameter of a laser are laser diameter D before lens, beam waist radius rL at z = 0 and

the beam divergence 6 186

Fig. F.l: SEM picture of gold conductor analyzed with EDX. The cross (on disturbed

middle region) and circle (on smooth gold layer) indicate the position of analysis 209

Fig. F.2: EDX spectra off the smooth gold layer (circle in Fig. F.l). The detailed

information in weight percent for each occurring element is given in Fig. F.3 210

Fig. F.3: EDX spectra off the smooth gold layer (circle in Fig. F.l). The detailed

information in weight percent for each occurring element is given in Fig. F.5 212
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Nomenclature

ax absorption coefficient

a area of particle (m )

as area of totally coalesced spherical particle (m2)

an, bn scattering coefficients

A surface area of flat surface (m2)

A cross sectional area of gold conductor (m )

AL laser spot area (m2)

c speed of wave propagation in medium (m/s)

c speed of light (m/s)

Co speed of wave propagation in vacuum (m/s)

cP specific heat capacity at constant pressure (J/kg K)

C Cross section (m2)

d substrate thickness (m)

de counted diameter (m)

dd droplet diameter (m)

dL laser diameter (m)

do orifice diameter (m)

dp particle diameter (m)

ds Sauter diameter (m)

D(T) thermal diffusivity (cm2/s)

Dgb grain boundary diffusion coefficient (m2/s)

Do grain boundary diffusion pre-exponential factor (m /s)

e complex dielectric function, complex dielectric function of particle

Cm complex dielectric function of medium

Cav Maxwell Garnett average dielectric function

ep plasma energy (J)

e' real part of complex dielectric function

e" imaginary part of complex dielectric function

E total energy (J)

Ea activation energy (J/mol)
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EDX energy dispersive x-ray

fp printing frequency (Hz)

fv volume fraction of particles (#/m )

F particle cross-sectional area projected onto perpendicular plane to the

incident beam (m2)

G Gibbs free energy (J)

G(n) Function of n in Rayleigh scattering relation

h;% hj^ spherical Bessel function of the third kind

Ahis specific latent heat of melting (J/kg)

Ahvs specific latent heat of sublimation (J/kg)

Ahvi specific latent heat of evaporation (J/kg)

h Planck's constant (Js)

i complex number

id fault current (A)

im measured current (A)

ix current through gold conductor (A)

I intensity (W/m2)

Io maximum intensity (W/m2)

Im imaginary part of complex number

IR infrared

jv spherical Bessel function of first and second kind

Jv Bessel function of first and second kind

k imaginary part of complex index of refraction (extinction coefficient)

K(T) thermal conductivity (W/cm-K)

1 absorption depth (m)

1 length of conductor (m)

L effective mean free path (m)

L latent heat of fusion (J)

m relative refractive index

m mass (kg)

Mg molecular weight (kg/mol)

n complex index of refraction

n! real part of complex index of refraction (simple index of refraction)
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N number of atoms in solid

N' number of atoms in liquid layer

Q Gaussian source term (J)

Q. efficiency factor

Re real part of complex number

P pressure (Pa)

Ap pressure difference (bar)

Pl laser power (W)

Ptot total laser power (W)

r,R characteristic radius (m)

rL laser radius (m)

rP initial particle radius (m)

*

solid particle radius at its melting point (m)

rx minor axis of the ellipse (m)

ry major axis of the ellipse (m)

R universal gas constant (J/mol K)

R(T) temperature dependent reflectivity

Rx resistance of gold conductor (Q)

s specific entropy (J/kg-K)

S, S' change in surface energy (J/m2)

SEM scanning electron microscopy

SFM scanning force microscopy

SNOM scanning near field optical microscopy

t time (s)

T temperature (K)

Ta glass annealing temperature (°C)

Tg glass transition temperature (°C)

Tm freezing temperature (°C)

Tm melting temperature (K)

Ts glass softening temperature (°C)

Tst glass strain temperature (°C)

To temperature of infinite bulk material (K)

TEM transmission electron microscopy
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Uc curing velocity (m/s)

Ud droplet velocity (m/s)

Up printing velocity (m/s)

Um potential over gold conductor (V)

v specific volume (m3/kg)

V volume of particle (m3)

wi/e laser radius, defined where intensity is 1/e of maximal value (m)

wi/e2 laser radius, defined where intensity is 1/e2 of maximal value (m)

x coordinate

x size parameter

x length (m)

x neck radius (m)

y coordinate

yv spherical Bessel function of first and second kind

Yv Bessel function of first and second kind

z coordinate

z distance from substrate (m)

Greek letters and symbols

a linear expansion coefficient

ß eccentricity of ellipse

X isothermal compressibility coefficient

8 liquid layer thickness (m)

e permittivity of medium (AsV'W1)

£o permittivity of free space (AsV" m" )

y damping constant

y surface tension (J/m2)

r\ viscosity (Ns/m )

À, wavelength (m)

À,m wavelength in surrounding medium (m)

À,p plasma wavelength (m)

u chemical potential (J/kg)

u permeability of medium (VsA" m" )
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Uo permeability of free space (VsA'W1)

e linearized temperature (K)

0 angle of incident (°)

G surface tension (J/m2)

CTsZ scattering coefficient

P density (kg/m3)

P resistivity (flm)

P total reflectivity

P-1- reflectivity perpendicular to substrate

Pll reflectivity parallel to substrate

Pp particle density (kg/m )

Ts characteristic sintering time (s)

Q molar volume (m3/mol)

Vf electron velocity at the Fermi surface (m/s)

S characteristic length describing short range interaction in

liquid metals (m)

wA Riccati-Bessel functions

CO frequency (1/s)

CO angular frequency (1/s)

COf Fröhlich frequency (1/s)

COp plasma frequency (1/s)

Subscripts

ab s absorption

av average

bulk bulk material

diff diffusion

ext extinction

1 liquid

lv liquid - vapor

L laser

m medium
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M Melting

p particle

rad radiation

s solid

sea scattering

surf surface

sv solid - vapor

si solid - liquid

v vapor

v the order v = n + 1/2 is half integral
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1. Introduction

1.1 Introduction and Motivation

Driven by the continuous need for advancement in the state of the art of micro- and

nanomanufacturing in a host of fields, exemplified prominently by electronics, new

methodologies and processes need to be developed, after overcoming formidable scientific

challenges, to engineer nanostructures with desired properties and functionality. At the same

time, the emergence of consistent manufacturing methods of ultra fine particles (UFP) (or,

after the more popular terminology-nanoparticles) of many materials, is creating a vivid

activity related to their utilization. The potential they possess through remarkable

thermophysical properties (significantly different than those of their bulk counterparts), can

play a pivotal role in the development of emerging technologies of the kind mentioned above.

The reason for using nanoparticles in this work lies in the significant melting temperature

depression compared to their bulk counterpart (Buffat and Borel, 1976).

The handling of nanoparticles by themselves is difficult because a dust free and inert

atmosphere is needed. Schaefer et al. (1995) and Ben Ali et al. (2002) manipulated single

nanoparticles with an atomic force microscope whereas Krinke et al. (2001) directly

deposited nanoparticels on a Si substrate from the gas phase attracted by charge patterns

(created by contact charging) and Xu et al (2004) used laser-based direct deposition of

nanoparticles from the gas phase on a substrate to build one- and two-dimensional structures.

Another method to handle nanoparticles is their dispersion in a carrier-liquid, a so called

nanoparticle suspension or nanoink. Many applications utilize nanoparticle suspensions with a

volatile solvent as carrier-liquid which evaporates naturally or by heating leaving the

nanoparticles in the desired two- or three-dimensional structures, either by self assembling

(Maillard et al., 2000; Stowell and Korgel, 2001; Shah et al., 2003) or in combination with

pre-patterning the substrate (Liu et al., 2002; Santhanam et al., 2003), or by using

prefabricated traces or moldings to fill with the nanoparticle suspension (Rogers et al., 1998;

Iwashige et al., 2001) or by printing the nanoink into the desired pattern (He et al., 2000;

Fuller et al., 2002; Szczech et al., 2002; Huang et al., 2003; Magdassi and Ben Moshe, 2003;

Voit et al., 2003). The self assembling technique is restricted by the limited number of

possible patterns without pre-patterning and the pre-patterning itself counteracts the simplicity
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of the process. Printing nanoink with drop-on-demand (DOD) ink jet technology was

accomplished by several authors who attempted different methods to produce conductive

patterns and to manipulate the feature size. Szczech et al. (2002) baked the printed nanoink

pattern in the oven. The achievable feature size of O (120 urn) is limited by the smallest

droplet-size of the DOD ink jet printer. In order to reduce the features size of the printed line,

Fuller et al. (2002) heated the substrate to evaporate the carrier-liquid upon impact and

subsequently baked the nanoparticles in the oven. He et al. (2000) fabricated designed

architectures of Au nanoparticles with printed self-assembled monolayer as templates.

Organic-encapsulated gold nanoparticles are printed and subsequently annealed at

temperatures < 200 °C to form low resistance conductor pattern by Huang et al. (2003).

This work introduces and investigates a novel technique producing electrically

conductive gold lines by low temperature laser induced curing of nanoparticle suspensions.

Drop-on-demand ink jet printing is utilized to print the nanoink into desired micro-structures

and a laser with appropriate selected wavelength is melting the nanoparticles inside the

suspension, evaporating the solvent to produce a continuous, electrically conducting line.

Instead of heating/baking the whole substrate in the oven a laser is used to melt and sinter the

nanoparticles to form a continuous line and therefore elevates the temperature only locally

and in a controlled manner, protecting thermally sensitive electrical components on the

substrate. The feature size is not defined by the size of the printed line but by the focal

diameter of the laser and can be decreased down to micrometers size by a tight focusing.

The reason for using nanoparticles lies in the significantly reduced melting temperature

of approximately 400 °C for single nanoparticles with a mean diameter of 4 nm compared to

1063 °C for bulk gold (Buffat and Borel, 1976). Microfabrication of electronics and

mechanical structures are commonly accomplished with lithography which is a time

consuming and expensive process. The use of DOD ink jet printer is an alternate approach of

depositing conducting material on a substrate with the advantage of the precise drop wise

deposition of small amounts of liquid at desired locations saving expensive materials. In

lithography a metal coating is applied over the entire substrate, followed by a photoresist. A

mask of the line pattern is placed on the photoresist. After exposure, the developed photoresist

prevents the covered metal from being etched away in a chemical bath. This chemical etching

produces highly toxic waste which is not an issue of the method introduced herein. Drop-on-

demand ink jet printing is successfully used for MEMS packaging with molten solder

picoliter droplets (Hayes et al., 1992; Attinger et al., 2000; Haferl et al., 2000; 2003), métallo-
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organic decomposition ink (Teng and Vest, 1988) and organic light emitting materials

(Bharathan and Yanga, 1998; Hebner et al., 1998; Percin et al., 1998; 1999; Sirringhaus et al.,

2000; Calvert et al., 2002; Blanchet et al., 2003; Burns et al., 2003) but the usage of molten

gold requires temperatures higher than the melting point of bulk gold (1063 °C) which

exceeds the temperature range of ink jet technology. This work deposits a nanoparticle ink to

circumvent the problem with the melt and to allow applicability to temperature sensitive

substrates.

1.2 Melting point reduction of nanoparticles

The influence of the surface and in particularly its shape (curvature) on the melting point of a

material is gaining importance with decreasing size of the sample (particle) under

investigation. The effect of surface energy on the melting of small particle was first

considered in 1909 by Pawlow (1909a; 1909b) who predicted that there would be a change in

melting point from the bulk value inversely proportional to the particle radius. He identified

the melting temperature as the temperature (triple point) where a solid particle and a liquid

particle of identical mass and their vapor are in equilibrium. Technical difficulties prevented

an experimental proof until Takagi (Takagi, 1954) observed this effect on thin metal films in

1954. Several authors conducted experiments on different materials and particle sizes and

defined different theoretical models to explain the so called "thermodynamic size effect"

(Reiss and Wilson, 1948; Hanszen, 1960; Semenchenko, 1962; Wronski C. R. M., 1967;

Sambles, 1970; Sambles et al., 1970; Berman and Curzon, 1974; Peppiatt, 1975; Peppiatt and

Sambles, 1975; Buffat and Borel, 1976; Curzon et al., 1976; Hasegawa et al., 1980). Sambles

(1970) compared in his thesis his experimental results with three different theories assuming

a) equilibrium of a solid particle, a liquid particle and their vapor (1909a; Pawlow, 1909b), b)

equilibrium of a solid particle within an infinite liquid (Rie, 1923) and c) equilibrium of a

solid body surrounded by a thin liquid layer which in turn is surrounded by vapor (Reiss and

Wilson, 1948; Hanszen, 1960; Wronski C. R. M., 1967). He derived the equations for the

melting temperature reduction again and fit the unknown parameters in the equations with

values evaluated in his experimental data. He rejected the theory b) of the solid particle within

a liquid and found that for the other two theories correspond well with his experimental

results.
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The reduced melting temperature, T, for a simultaneous existence of a solid particle and a

liquid particle of identical mass and a vapor phase reads (Pawlow, 1909a; 1909b; Sambles,

1970):

1-
T Ps^Vs

t sv I h

f V3

\Pj
(1.1)

where TM is the melting temperature of the bulk phase, Ahu is the latent heat of melting,

subscripts s, I and v mean solid, liquid and vapor, p and yt is the density and the surface

tension, respectively. The theory of Pawlow predicts too high temperatures for small particles

(Borel, 1981).

The temperature reduction of a solid particle embedded in a thin molten layer

surrounded by a vapor phase is given by (Hanszen, 1960; Sambles, 1970):
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where r*\% the radius which would characterize the particle at its melting point assuming that

it remains entirely in the solid form, £is the liquid layer thickness and ysi is the solid-liquid

interfacial tension.

Buffat and Borel (1976) measured the melting temperature of gold particles having

diameters down to 20 Â and compared the results with the two investigated and accepted

phenomenological models by Sambles (1970). They derived the reduced melting temperature

relation of Pawlow for a simultaneous existence of a solid particle and liquid particles of

identical mass and a vapor phase again and extended the derivation by considering a higher-

order approximation of the chemical potential leading to:
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where cp is the specific heat capacity at constant pressure, tjs = -(1/y) yf T, a and x is tne

linear-expansion coefficient and isothermal compressibility coefficient, respectively.

Neglecting the second order terms of Eq. (1.3) leads to the same equation as derived by

Pawlow (Eq. (1.1)).

The "thermodynamic size effect" is still investigated with new more accurate

experimental methods and improved phenomenological models (Borel, 1981; Solliard, 1984;

Frenken et al., 1986; Garrigos et al., 1989; Nenow and Trayanov, 1990; Wautelet, 1991;

Kofman et al., 1994; Lai et al., 1996; Bacheis and Güntherodt, 2000) and with molecular

dynamics simulations (Ercolessi et al., 1991; Chushak and Bartell, 2001; Arcidiacono et al.,

2004).
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Fig. 1.1: Melting temperature of gold particles as a function of particle radius for two

models: a) a simultaneous existence ofa solidparticle and liquid particles of identical mass

and a vapor phase (Pawlow, 1909b; Sambles, 1970) and b) solidparticle embedded in a thin

molten layer surrounded by a vapor phase (Hanszen, 1960; Sambles, 1970). All needed

physical values are takenfrom Buffat andBorel (1976).
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The reduced melting temperature of small particles can be derived in the following way.

Consider a one component capillary system consisting of two phases, a continuous or phase

and a ß phase, which is a spherical drop of radius r within the phase a, in equilibrium. Phase

/?is a pure liquid droplet and the or phase is its vapor. Figure 1.1 shows a capillary system

consisting of two phases with liquid/vapor interface. The freely moving piston maintains a

constant pressure of phase a, pa-

I I I

Pm Vf£

Vapor

Fig. 1.2: Concept ofa capillary system of two phases with liquid/vapor interface. The freely

movingpiston maintains a constantpressure pa inside the system.

Assuming that a differentially small amount of the droplet evaporates under constant vapor

pressure, the Gibbs-Duhem equation for the two phases is:

Phase a: svdT + dpv=0 (1.4)

Phase ß: s1dT-v1dp,+dp1=0 (1.5)

The chemical potential, ph includes the surface energy of the spherical a, /? interface phase.

The condition for equilibrium in a one-component system (if the chemical potential

includes surface energies) is:

P,=PV (1-6)

and therefore

dßt=dpv (1.7)

The subtraction of Eq. (1.5) from Eq. (1.4) together with Eq. (1.7) yields:

(s^s^dT + Vjdp^O (1.8)
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The Laplace equation (with dpv= 0) is defined as:

dpl=d\
2K

(1.9)

Substituting Eq. (1.9) into Eq. (1.8) and using the latent heat of evaporation, Ahvi, which is

defined asAAw = T(sv-s{) results in:

(^dT+v^yo (1.10)

The accurate solution of Eq. (1.10) by integration from qo to ri with the assumption,

Ahvi = const, yields:

dT
_

vi }J2n
J T Ah J

rB
T M,

In
T

T

vt 2n

oj AK\ r, j

(1.11)

(1.12)

Equation (1.12) is well known as the Thompson equation, where T0 is the temperature of the

bulk material.

Solving Eq. (1.12) by a Taylor series of the logarithm accurate to 1st order the equation results

in:

AT_T-T0_ vt (27y
T T M,

V ri J

(1.13)

The influence of curvature on the equilibrium temperature of a solid particle with its

vapor can be similarly derived. The phase ß is a pure solid particle and the phase d is its

vapor. The pressurepà is again constant. The Gibbs-Duhem equations for the two phases are:

Phase cd.

Phased':

svdT + dpv =0

ssdT-vsdPl+dps=0

(1.14)

(1.15)



Neglecting the crystalline structure of the solid by assuming a perfect spherical particle the

Laplace equation is (with dpv = 0):

dps=d\
2L,

(1.16)

Similar to the previous case, Eq. (1.14) is subtracted from Eq. (1.15). Substituting the latent

heat of sublimation, Ahvs, which is defined as, Ahvs = T(sv-ss) together with Eq. (1.16) and

the condition for equilibrium in a one-component system, dpv = dps, results in:

^y+v/^]=o (1.17)

The accurate solution (integration from qo to rs) of Eq. (1.17) (with the assumption:

Ahvs = const) is:

In
T

v~ (2r^
Ah

(1.18)
vs V s J

Solving Eq. (1.18) by a Taylor series of the logarithm accurate to 1st order results in:

Ar T-T
0
_

v. (2r^
T T Ah

(1.19)
vs V s J

The equilibrium condition of a solid and a liquid particle of identical mass in vacuum can be

derived simply by combining the liquid/gas system with the solid/gas system by subtracting

Eq. (1.10) from Eq. (1.17), resulting in:

T
dT +vd '^y(^y+vj^y0 (1.20)

Using the latent heat of melting, Ahsi, which is defined as, Ahls =T(s{ -ss), and the same

integration limits as before, Eq. (1.20) results in:
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JI^M*
T

27sv^-vl]d(2^\ = 0 (1.21)

In the case of melting T0 is the melting temperature, TM, of the bulk solid.

The exact solution of Eq. (1.21) (assuming ms = ml and hsi = const) is:

In
T AAV.

t sv t h

p

kPj
(1.22)

which is called the Semenchenko equation.

Solving Eq. (1.22) by a Taylor series of the logarithm accurate to 1st order Eq. (1.22) results

in the Pawlow equation:

T
f

TM pMslr
/sv / Iv

p

\Pj
(1.23)

The work of Kofman et al. (1994) investigated the surface melting of spherical and non-

spherical nanometric lead inclusions and proved experimentally the existence of a liquid layer

below the melting temperature at the surface of the inclusions whose thickness is much larger

than that observed on the bulk (zero curvature). The proposed phenomenological model is

based on the minimization of the Gibbs free energy in equilibrium and shows good agreement

with the experimental results, therefore the derivation of Kofman etal. (1994) is discussed.

In a first approach Kofman et al. (1994) showed the existence of surface melting for

surfaces with no curvature. Figure 1.2 shows the two possible configurations of a solid with a

flat surface in contact with a fluid at the melting temperature. In configuration (1) the solid is

in contact with vacuum or its vapor whereas in configuration (2) the solid is in contact with its

liquid melt. The liquid wets the solid well. He defines the change in surface energy, S,

between configurations (1) and (2) as:

s = r,v-{rs, + r,v) (1.24)
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where yt are the surface tensions (s = solid, / = liquid and v = vapor). Because the liquid wets

the solid, configuration 2 is energetically favored and S is positive.

©
Vacuum or Matrix

Solid

©
Vacuum or Matrix

Liquid

Solid

Fig. 1.3: The two configurations: solid/external medium with (2) or without (1) an inter¬

mediate liquid layer (Fig. 10 ofKofman etal, 1994).

The Gibbs free energy of configuration (1) at constant pressure and temperature is:

Gx=Ntit+AY„ (1.25)

where A, ps and N is the free surface area, the chemical potential of the solid phase and the

number of atoms of the solid. In this annotation (in contrast to the previous example) the

chemical potential does not include the surface energy.

In configuration (2), N' atoms are in the liquid state. Neglecting the volume change, the Gibbs

free energy is:

G2={N-N')ps+N'pl+AY (1.26)

where /"depends on the thickness S of the liquid layer. For 8= 0, /" = yv and /" = yi + yv\î

the layer is a bulk liquid. For thin liquid layers the value /"is an intermediate value which

accounts for the interactions between the two layers.

r= r* + K+sé
iSlÇ)

(1.27)

where ^is the characteristic length describing the short range interactions in liquid metals.

The system equilibrium is obtained by the minimization of AG = G2-GX

ÄO^^,-^^--!) (128)
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Using the approximation (close to the melting temperature Tm):

/v'(A-//J = FAAÄfa(Ar/rM) (1.29)

where V= A Sis the volume of the melted layer, pi the density of the liquid and AT = TM-T

0 =AM
AT_^
TM <?'

s-m
(1.30)

The liquid layer thickness Sin equilibrium at temperature /is given by:

£ = #ln
r

S
^

fyhls(AT/TM)
(1.31)

In a second step surface melting with curved surface is investigated. The system is

assumed to be a spherical particle of Radius R, containing N atoms. The liquid layer contains

N' atoms. The three configurations shown in Fig. 1.4 are described with the Gibbs free

energy:

G^N/is + ^R2^

G2={N-N')ps + N'p1+4xR2 W^+n+s'e
G3=Npl+4xR2yv

with

s' = r„- Yiv "" Y
si

R-S

R

(1.32)

(1.33)

(1.34)

(1.35)

Similar to the case with flat surface the change in surface energy between configuration (1)

and (2) is expressed with S' (Eq. (1.35)) and the interaction of the thin liquid layer with the

solid is represented with £ In Eq. (1.34) the assumption R ~R{ is made.
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Fig. 1.4: The three configuration: solidparticle (1), solidparticle with a surface-melted layer

(2) and liquidparticle (3) (Fig. 11 ofKofman etal, 1994).

The equilibrium condition between configuration (1) and (2) is found again by the

minimization of the change in the Gibbs free energy at constant pressure and temperature.

d-^à = o = ^NU-Ps)+^R2 rJ^f] +r»+s'ew-r„,(-*/*) (1.36)

Using Eq. (1.29) again, Eq. (1.36) results in:

AT
0 = {R-S) pAhls—+R

T

1M

-2Ysi
R-ô\ dS

R
' '+aT

(-*/<?) [ piJ-W

£
S'ey (1.37)

The melting temperature reduction can then be written as:

Ar
_

2ysl

TM PlAhls(R-S)
_(l-e(-))+

S'R2 S-8IÏ)

PlAhJ(RSy
(1.38)

If ^^0, representing a sharp interface, Eq. (1.38) is reduced to Eq. (1.39) which is giving

the same result as if we go directly from configuration (1) to (3):

AT

TM PAKR
{Ysv Yiv ) (1.39)

This is the Pawlow relation obtained by applying the approximations: Rs ~ R{ and

P = Ps=P-
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It is worth mentioning in closing that the derivation of Kofman et al (1994) uses the Gibbs

free energy corrected with a surface energy term accounting for capillary effects. The

employment of Eq. (1.29) which is a macroscopic relationship and does not account for

capillarity is not appropriate in the employed formulation. Additionally the latent heat of

melting, Ahis, is taken independent of particle size, whereas in reality the latent heat of

melting is also a function of curvature. Nevertheless Kofman et al. (1994) found good

agreement of his model with experimental data which can be explained by an elimination of

neglected dependencies.

1.3 Outline of the work

The present dissertation is a combined experimental and theoretical investigation of a novel

concept for producing conducting micro-structures by printing and laser curing of a gold

nanoink. The work involves the drop-on-demand printing of suspensions highly loaded with

nanoparticles, the calculation of an appropriate curing wavelength and the actual

manufacturing of the gold conductors, containing interesting and unexplored physics. The

produced gold structures are analyzed with different optical and mechanical methods and the

achieved resistivities are compared to those of bulk gold. Studies are also conducted to

determine useful parametric domains.

The minimum curing time required is determined with a novel non-intrusive infrared

(IR) transmission measurement technique described herein. This technique takes advantage of

the optical behavior, exemplified the absorption depth, of the gold nanoink which is

transparent to infrared radiation but is blocked by the thin gold layer forming during the laser

curing.

The coalescence of two equally sized gold nanoparticles with and without energetic

influences from the surroundings is investigated with a macroscopic model. The results for a

system without influences from the surroundings are compared with the results obtained with

MD simulations. The results for the system with interactions with the surrounding showed

good agreement with the experimental results.
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2. Microdroplet generation

Suspensions of solid nanoparticles in liquids generate what we term herein as nanoparticle

suspensions or nanoinks. Nanoinks serve as carriers of nanoparticles, thus alleviating the

significant problem of handling the nanoparticles themselves (transporting and accurately

depositing, on surfaces before further processing, for example). Nanoparticle technologies

involving nanoliquids benefit from the existing knowledge related to the handling of the

liquid itself. A particular class of nanoliquids at the center of interest of the present article are

"nanoinks", the name originating from the fact that printing technologies (such as inkjet,

bubble jet etc.) after appropriate modifications, can be used for their handling and deposition.

Both inkjet and bubble jet are evaluated to produce microdroplets of a nanoink

(Leuenberger, 2000). The herein used "nanoink" consists manly of toluene as carrier liquid

and 30 wt% gold nanoparticles (exact composition can be seen in appendix A) which makes

the bubble jet unusable because of an increase of the suspension viscosity and the

covering/clogging of the microheaters by the nanoparticles due to the evaporation of the

toluene. Preliminary experiments with a piezoelectrically driven drop-on-demand (Fig. 2.1a)

microdroplet jetting device (Microfab Inc., Dallas, Texas), originally used for the generation

of picoliter-sized solder droplet (Attinger et al., 2000; Haferl et al., 2000; 2002; 2003) proved

the possibility of the generation of nanoink droplets (Leuenberger, 2000).

2.1 Experimental Setup

The microdroplet generation and deposition of the nanoink is accomplished with an

appropriately modified piezoelectrically driven microdroplet jetting device used for the

preliminary study. A schematic of the deployed droplet jetting head is given in Fig. 2.1b. The

circled parts consist of a high temperature piezoelectric jetting device (MJ-SF-01-060,

Microfab Inc., Dallas, Texas) with an orifice diameter of 60 |im, which is attached to the body

with the liquid reservoir. The size of reservoir is drastically reduced and the nanoink is

injected into the reservoir with a syringe to prevent a contamination of the nanoink resulting

in a clogging of the printing system.
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This piezoelectric jetting device allows for the generation of monodispersed droplets at

demand with diameters in the range of 60-100 |im. The procedure of generating a droplet

can be described as follows: By applying a bipolar electric pulse (Fig. 2.2) to a piezoelectric

ceramic tube enclosing a glass capillary containing the nanoink, a microdroplet is ejected at

demand. The glass capillary is in contact with the fluid reservoir. The bipolar electric pulse

shape (Fig. 2.2) is of particular importance for controlling the size, velocity and stability of

the generated droplets and especially avoiding satellite droplets (Bogy and Talke, 1984;

Dijksman, 1984).

Fig. 2.1: Jetting device : a) original device, b) modified device. The circledparts consist ofthe

high temperature piezoelectric jetting device (MJ-SF-01-060, Microfab Inc., Dallas, Texas)

which is attached to the body with the liquid reservoir. The size of reservoir is drastically

reduced and the nanoparticle suspension is injected into the reservoir with a syringe.
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Fig. 2.2: Bipolar electric pulse shape to drive the piezoelectric jetting device. The parameters

used in the experiment are listed in Table 2.1.

The experimental setup for the microdroplet generation and deposition consisting of the

piezoelectrically driven DOD jetting device, a backpressure control and a de-clogging

nitrogen backpressure system and the equipment for the visualization is depicted in Fig. 2.3.

The suspension is filled into a small reservoir situated above the glass capillary by a syringe

(Fig. 2.1b) and is sealed leak-proof To prevent the nanoink from leaking out of the glass

capillary tube due to the strong wettability of the glass capillary by the toluene, (the carrier

liquid of the gold nanoparticles), a low vacuum of the order of 10 mbar is sustained in the

reservoir. A constant extraction by suction would end in successive evaporation of the toluene

and a coagulation of the suspension. Therefore, a magnetic valve (VV6C, Vacuubrand

GmbH) with a vacuum control system (CVC211, Vacuubrand GmbH) is installed between the

reservoir and the vacuum pump. The capacity of the pump is regulated by two hand-

controlled needle valves. During standstill periods the nanoink tends to clog the orifice. With

a short nitrogen gas (Pangas, Switzerland) puff the orifice is cleared again. This cleaning

procedure is controlled by a pressure regulating valve (ER3000, Tescom) to control the

needed nitrogen backpressure (0.3 - 0.6 psi) and a magnetic valve (Lucifer, Switzerland) to

produce a short impulse. To print lines and various two-dimensional patterns, the substrate is
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placed on an x-, y-, fast precision positioning stage (x - direction: ALS 130-150, y - direction:

ATS 100, AEROTECH). The distance, z, between the substrate and the orifice can be

adjusted with a z - translation table (16611, Linos). The velocity of the stage determines how

the droplets are deposited on the substrate, how much they overlap or if they do not even

touch each other. In Fig. 2.4 the evolution of the nanoink line as a function of printing

velocity from 1 to 9 mm/s at a constant droplet generation frequency is shown. The printing

velocity of 8 mm/s is the limit for the formation of a continuous line but is susceptible for

interruption which can be caused by dust prohibiting the merge of the droplets or an

irregularity during droplet generation (delayed or omitted droplet ejection). The uniform

substrates are fixed on a surface mounting placed on the z-translation stage. The jetting device

and the positioning stage are controlled by a digital control system.

Suspension

Injection

J

di-

£-*-

Framegrabber;
PC

Piezoelectric

Jetting Device

!CCD Camera

Flashlight

6
DD

0 0 0

X-Y-Z Positioning State

Delay, Circuit

1 m
m • • • • t J Digital

r\
Vacuum

Pump N.

Anti-Clog
Waveform Generator i ControfSystem Backpressure

Fig. 2.3: Experimental setup for the nanoink droplet generation and deposition consisting of

a piezoelectrically driven DOD jetting device, a backpressure control (vacuum pump) and a

de-clogging nitrogen backpressure system and the equipmentfor the visualization.



19

Fig. 2.4: Evolution of the printed nanoink line from a wide continuous line composedfrom

multiple overlapping droplets to single droplets with increasing printing velocity: a) 1, b) 3,

c) 6, d) 8 and e) 9 mm/s. The printing frequency and droplet size is 30 Hz and 85 pm,

respectively.

The parameters used for printing the nanoink lines used in the curing experiments are

summarized in Table 2.1.
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Table 2.1: Printing parameter usedfor the experiments resulting in a stable, satellite free

droplet generation.

Description Value

Voltage idle [V] 0

Voltage dwell [V] 36

Voltage echo [V] -36

Time interval rise [ps] 95

Time interval dwell [ps] 112

Time interval fall [ps] 95

Time interval echo [ps] 220

Time interval final rise [ps] 92

Printing frequency^ [Hz] 15,30

Orifice diameter do [pm] 60

Droplet diameter dd[pm] 85-90

Droplet velocity Ud [m/s] 1.7

Nitrogen backpressurepN [psi] 0.4

Pressure difference Ap [mbar] 10

Printing velocity up [mm/s] 1 - 10

Distance between orifice and substrate z [mm] 1

2.2. Visualization Method

2.2.7 Flash video microscopy

Flash video microscopy (Yarin and Weiss, 1995; Attinger et al., 2000; Haferl and Poulikakos,

2002; 2003) is used to record and monitor the droplet generation and deposition process. The

reason for using this technique instead of a high speed camera lies in the short time scale of
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the process, O (100 |is), for the impact, and a visualization was so far not possible with high¬

speed camera (see chapter 2.2.2) (Haferl and Poulikakos, 2003). In flash video microscopy

only one picture is taken at one instant during a steady state droplet generation for each drop

studied. Increasing the delay between the droplet ejection and the acquisition of each picture

allows reconstruction of the entire process. Additionally, the droplet velocity and size can be

determined by the pictures. The high-speed camera records the highest possible number of

frames of a single event. The time resolution of the high-speed camera is therefore limited to

the largest number of frames recordable whereas with the strobe technique time resolutions of

order O (l|is) are achievable. Another drawback of the high-speed camera is the poor

resolution of the picture acquired at high record rates whereas the flash video microscopy has

always the same resolution of the utilized CCD camera. To this end flash video microscopy is

utilized to visualize the droplet generation and droplet impact on a substrate. A triggered

progressive scan CCD camera (MIO, JAI) and a microscope objective (Zoom 70, Microtech)

are used for the imaging. The backlighting is provided by a triggered Xenon flash light

(L4634, Hamamatsu) with a flash energy of 0.15 J/flash having a burst duration of 1 |is with

less than 200 ns jittering. The pictures are recorded with a framegrabber (ICI-PCI, Stemmer

Imaging).

The droplet generation of on single droplet is initialized by a single electric pulse (drop-

on-demand), having the bipolar shape (Fig. 2.2) to actuate the piezoelectric tube in the

appropriate way, generated by a waveform generator (LW420, LeCroy). Coevally another

pulse is generated by the waveform generator with a delay to trigger the strobe and the

camera. The principle of the flash video microscopy is explained with a schematic of the

trigger pulse sequence in Fig. 2.5. The trigger pulse used to initiate the droplet generation

additionally starts the translation stage and opens the mechanical shutter for the laser to

initialize the curing process (see chapter 5).

The droplet is visualized basically to control the size, velocity and quality of the droplet

prior to every experiment. The driving bipolar waveform is adjusted to achieve a stable and

satellite free droplet. In Fig. 2.6 the evolution of the deforming meniscus is shown as it is

pushed out of the orifice and breaks up to form gradually a ligament and then forms a droplet

of the energetically favored spherical shape under the action of surface tension. The time

delay between each frame is 70 (as.
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Droplet
Generation

L^ 2*At 3 *At

Strobe Flash

I
1001

Fig. 2.5: Principle of the flash video microscopy: Schematic of the trigger pulse sequence

coordinating droplet generation and strobeflash/image acquiring.

100 um

Fig. 2.6: Flash video microscopy micrographs ofdroplet generation. Evolution of the droplet

from ejection to the final spherical shape. The droplet consists of the nanoink (70 wt%

toluene, 30 wt% gold nanoparticles, see appendix A). The time between eachframe is 70 ps.
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It is also possible to visualize the droplet impact on the substrate. The substrate has to be

translated after every droplet impact to allow for a free surface for the following droplet.

Figure 2.7 shows the impact of a pure toluene droplet on a copper surface. The droplet

diameter and velocity is 85 urn and 1.6 m/s, respectively. The time between each frame is

10 us.

Fig. 2.7: Impact of a pure toluene droplet on a copper surface. The droplet diameter and

velocity is 85 pm and 1.6 m/s, respectively. The time between eachframe is 10 ps.

2.2.2 High speed camera

The visualization of the impact of microdroplets in the size of hundred micrometer and a time

scale on the order of O (100 us) was so far only possible with flash video microscopy. For the

first time a high-speed camera is used to visualize the droplet impact and the spreading of the

droplet. The benefit lies in the possibility to track the impact of one single droplet by record

the highest number of frames whereas as pointed out before with the strobe technique only

one picture is taken at one instant during a steady state droplet generation for each drop

studied and the substrate has to be translated after every impact of a droplet to allow for a free

surface for the following droplet. As the substrate is not totally plane the reconstruction of the

spreading process is difficult whereas with the high-speed camera the substrate stays

immobile. To this end a triggered high-speed camera (Redlake MotionXtra HG-100K,

USA) with record rates up to IIO'OOO frames per second at 64 x 16 pixel resolution, is

employed for the digital imaging. A microscope objective (Zoom 70, Microtech) is used to
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magnify the droplet images. An optical magnification of 29x on the CMOS sensor is utilized

giving a spatial resolution of 3.6 um in the object plane.

Figure 2.8 shows the impact of a nanoparticle suspension droplet on a copper substrate

recorded with 96'990 frames per second. The temporal resolution of 10 us allows a spatial

resolution of only 96 x 24 pixels. It is shown that the spreading versus time can be measured

more accurately with this method than with the flash video microscopy (Dietzel, in progress).

Fig. 2.8: Impact ofa nanoink droplet on a copper substrate. The resolution is 96 x 24 pixels

at a record rate of 96'990 frames per seconds. The time between each frame is 10 ps. the

temporal resolution is smaller than withfiash video microscopy but because the substrate is

fixed at on location the spreading ofthe droplet is more precise recognizable.

In Fig. 2.9 the droplet impact of a nanoparticle suspension droplet on glass with a resolution

of 24 x 160 pixels at a rate of 90'025 frames per second is shown. The time between the

shown frames is 55 us. The high-speed camera allows for the first time the simultaneous

visualization of the droplet generation and droplet impact.
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Fig. 2.9: First visualization of the whole process ofa nanoink droplet generation and impact

on a glass substrate with a high-speed camera. The record rate is 90'025 frames per seconds

at a resolution of24 x 160 pixels. The time between each shownframe is 55 ps.
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3. Theoretical evaluation of the laser curing wavelength

3.1 Objectives

A new technique is presented in this dissertation to print and laser-cure a suspension of

nanoparticles. The nanoparticle suspension (nanoink) (Aul02T, Vacuum Metallurgical Co.,

Ltd., Japan) consists mainly of 30 wt% gold, 50 ~ 70 wt% toluene (see appendix A). The

average particle diameter is in the range of 2 to 4 nm (communicated by manufacturer); the

TEM analysis gives a mean average diameter of 3.7 nm (see appendix A). The wavelength of

the laser is selected from calculations of the optical behavior of the nanoink quantifying the

energy coupling between the laser beam and the suspension. The optical properties of the

suspension are calculated with Rayleigh scattering, Mie scattering, effective medium theory

with and without mean free path correction. The optical data for gold for the entire spectrum

are taken from Palik (1985) as a function of wavelength.

The most important optical property for the curing process is the absorption depth of the

suspension since the laser radiation should be absorbed well by the gold particles to initiate

vaporization near the surface of the deposited solution. The refractive index of ultra-small

nanoparticles may be different from the refractive index of bulk material (Bohren and

Huffman, 1983) because of electron scattering effects. Therefore the absorption depth was

calculated by the four different models mentioned above.

3.2 Optical behavior of a toluene mixture with ultra fine gold particles

It is necessary to study the scattering behavior of the mixture to determine the optical

properties of ultrafine gold particles dispersed in toluene particularly the absorption depth.

Scattering is a collision between a photon and a particle where the photon can loose a part of

its energy. If no energy is lost, the scattering is called elastic otherwise it is called inelastic.

Isotropic means that scattering denotes directional independence, while anisotropic scattering

exhibits directional dependence (Siegel and Howell, 1992).

When a particle is placed inside a radiation field, some of the incident radiation is

reflected by its surface while some radiation will penetrate into the particle and after partial
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absorption re-emerge traveling in a different direction. This change in direction is called

scattering by refraction. Another kind of scattering, called diffraction is produced simply by

the presence of the particle. The radiation wave never comes into contact with the particle but

its direction is changed by bending (Bohren and Huffman, 1983). The interaction of radiation

(electromagnetic wave) and particle produces scattering by reflection, refraction, diffraction

and absorption and depends on particle properties and size relative to the wavelength. This is

represented by the size parameter, x:

7tdn

where dp is the particle diameter and Am is the radiation wavelength in the surrounding

medium. When x < 0.3, meaning that the particle size is smaller than the radiation

wavelength, scattering is described by the Rayleigh theory, while for 0.3 < x < 5 the scattering

is described by the Mie theory. For x > 5 the scattering is a combination of geometrical optics

(ray tracing) and diffraction.

The amount of scattering (and absorption) of a particle is represented by the cross

section C. The parameter C is the apparent area that a particle presents to an incident beam in

relation to the ability of the object to deflect radiation from the beam (Siegel and Howell,

1992). This area may be quite different than the physical cross-section of the particle,

depending on size, shape, material properties and wavelength of the incident beam. The

scattering cross section can be determined experimentally by measuring the amount of

radiation in a beam that penetrates through a cloud of scattering particles. Efficiency factors,

Qi, are more often used instead of cross sections, where the dimensional cross section is

divided by the particle cross-sectional area projected onto a plane perpendicular to the

incident beam, F (e.g. F = 7tr2 for a sphere of radius rp):

a=% (3-2)
F
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3.2.1. Rayleigh Scattering

In the Rayleigh regime, the scattered energy is proportional to (Siegel and Howell, 1992):

G2(n)V2/A4 (3.3)

where Fis the particle volume and G(n) is a function of the complex refractive indices of the

scattering material and surrounding medium. The scattered energy in any direction is

proportional to the inverse fourth power of the wavelength, Â (Siegel and Howell, 1992). The

particles are dispersed in a medium therefore the relative refractive index m is calculated as:

m
"M)

n2(A)
(3.4)

where nx [X) is the complex refractive index of the particles at a given wavelength and n2 [X)

is the complex refractive index of the medium.

The Rayleigh scattering efficiency, Qsca, for particles of a conducting (absorbing)

material e.g. gold with a complex index of refraction nx =nx +ikx, where n} is the simple

index of refraction and k the extinction coefficient, and a non absorbing surrounding medium

(n2 =n2) for an incident beam is (Bohren and Huffman, 1983):

Q =-x4
z-'Sca ~

m 1

m + 2
(3.5)

The simple index of refraction, nx =c0/c, is the ratio of the speed of propagation of the wave

in vacuum, c0, to the speed of the wave in the medium, c.

The extinction efficiency, Qexh is defined as (Bohren and Huffman, 1983):

a,
a t

\m2-\
:4xlm<^—:

I m +2

2 f 2

1+-
15

ml -1

Km +2j

rm4 + 27m2+38

2m2+3

Y

> + -x4Re<
fm2-\^

Km +2j
(3.6)
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If \m\ x «: 1, hereafter called the Rayleigh criterion, the Qext can be simplified as:

m -l] 8

ß-=4*Im -T-
+-x4Re

[m +2} 3

(m2-\^

Kmz+2j
(3.7)

With this restriction of the Rayleigh criterion, the absorption efficiency, Qabs, is:

\m -1

Qabs = Qext ~ Qsca = 4X !m 1 ~T^T
m +2

l-^Im< vW2+2y
(3.8)

For(¥x3/3j/w| (ot — l)/(m2 + 2U <sr 7, meaning the condition for a particle with sufficiently

small x, the absorption efficiency is approximately:

m -1

w +2
ôflfa=4xlm- (3.9)

For monodispersed particles the effective scattering area per unit volume is defined as the

scattering coefficient, osx.

<?s^CscaN = 7rd2pQscaN = —fvQ: (3.10)

where dp is the particle diameter, N is the total number of particles per volume and/, is the

volume fraction of the particles.

The absorption coefficient, ax, can be written analogously as:

aX
. -,

JvSd abs

4dp
(3.11)

leading to the absorption depth, /:

/ =

a,

(3.12)
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3.2.2. Mie Scattering

The Rayleigh formula is in fact the first term of the power series of the Mie solution, or the

second term in the parentheses is the first correction to the Rayleigh theory.

Qsca ~
~

X

m2-\f

m2 +2
1 +
3m2-2

2

^

x +..

5ml+2
J

Qabs ~ -4xlm<^
Km2+2j

1 + -

-2(V-O

15 Km +2j

(^ 2
, <JQA

m* + 21ml+3%

2m2+3
+

.

(3.13)

(3.14)

For the exact computation of the efficiencies, hence the absorption coefficients, the following

equations, derived from vector wave equations (Bohren and Huffman, 1983), are used:

QsCa=\È(2"+ ^{\an\2+\bn\2}
X

n=\

ö-=-Z(2w+1)Rek+M
X

n=\

(3.15)

(3.16)

where a„, bn are the scattering coefficients:

a„
my/n{mx)y/'n {x)-y/n {x)y/'n(mx)

my/n (mx)?n (*)-£, (x)y/'n {mx)

b =

yn [mx)w'„ {x)-y„ [x)w'„ {mx)

y/n(mx)Çn(x)-mÇn(x)y/'n(mx)

(3.17)

(3.18)

and \jf, ^are the Riccati-Bessel functions:

Wn{p) = PJn{p)

L(p) = ph{:\p)

(3.19)

(3.20)

Where p
= kr and k2 = afep with r the spherical coordinate.
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Jv, Yv are the Bessel functions of first and second kind (the order v = n + 1/2 is half integral).

j„, y„ are the spherical Bessel functions and /*„,/*„ the spherical Bessel function of the third

kind.

Jn{P)=Jw-J»V2{P) C321)
2P

y»(p) = j£:Y~V2(p) (3-22)
V ^P

li\p) = jn{p) + iyn{p) (3-23)

h(-){p) = Jn{p)-iyn{p) (3-24)

3.2.3. Effective medium theory

There are two different quantities which are describing the optical properties of a material, the

complex refractive index, n(=n + ik), and the complex dielectric function, e(=e' + e"),

where e' is the real part and e" the imaginary part. These two quantities are not independent;

they may be thought of as describing the intrinsic optical properties of matter. The relations

between the two are (Bohren and Huffman, 1983):

e=— = n2-k2 (3.25)

e" = — = 2nk (3.26)
£0

where e and £o is the permittivity of the medium and the permittivity of free space,

respectively. The Maxwell Garnett average dielectric function, eav, describes a two-

component mixture composed of spherical inclusions - in this case modeling the gold

nanoparticles with the complex refractive index n1 - embedded in an homogeneous matrix -

the toluene - with the complex refractive index n2. The inclusions are identical in

composition but may be differ in volume, shape and orientation. The function e is the

dielectric function of the particle and em the one of the medium.
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e = n2 = («j +ik)

em=n2=n22

(3.27)

(3.28)

The average dielectric function can be defined as (Bohren and Huffman, 1983)

e =e
av m

3/

1 + -

fe-e ^
m_

l-/v
'
e-e

^
m_

(3.29)

The real, n, and imaginary part, k, of the complex refractive index can be calculated with the

average dielectric function using the following equations (Bohren and Huffman, 1983):

n = .

u
'2 . "2

,
f

e +e +e
av av a

w
'2 . "2 '

e +e -e
av av a

(3.30)

(3.31)

The absorption coefficient, ax, and the absorption depth, /, are defined as:

a,

47tk

i =

a,

(3.32)

(3.33)

3.2.4. Effective medium theory with meanfreepath correction

Small particles, especially metals, have a class of electromagnetic modes, called surface

modes, which result in interesting absorption spectra. These absorption spectra can have

features and can appear over broad frequency region that do not exist in the bulk material. If a
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metal particle is smaller than the mean free path of conduction electrons in the bulk metal, the

mean free path can be dominated by collisions with the particle boundary. One way to

consider this behavior is the splitting of the dielectric function into a free-electron term and a

bound-electron term. Only the free-electron term is modified by increasing the damping

constant of the Drude theory (Bohren and Huffman, 1983) because of the increased number of

collisions with the boundary of the particle. The damping constant, % is the inverse of the

collision time for conduction electrons. This is valid under the assumption that the electrons

are diffusely reflected at the boundary.

r=rbulk+^ (3.34)

where, %uik, is the damping constant of the bulk metal, vF is the electron velocity at the Fermi

surface, and L is the effective mean free path for collisions with the boundary. For example L

is equal to 4r^3 for a sphere of radius rp.

Near the plasma frequency in metals, co2 » y2 ; therefore the imaginary part of the

Drude dielectric function is (Bohren and Huffman, 1983):

co2

co{co2 + f)
(3.35)

or

„co2 co2 ( v„\
„

3 co2 v.,

of of y L ) 4 co rp

0)P=-— (3.37)
AP

XP =
2-^

(3.38)
eP

where C0p is the plasma frequency, Âp the plasma wavelength, c the speed of light, eP
= 8.55eV

is the plasma energy and h is the Planck's constant. The dielectric function can be written as:

3 (O2 Vr,
e = e' + ie" = ni2+i±^LlE. (3.39)

4 of rp
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Again, the average dielectric function, eav, has to be calculated with Eq. (3.29), where e is the

dielectric function of the particle (Eq. (3.39)) and em the one of the matrix medium. From the

average dielectric function the real, n, and imaginary part, k, of the complex refractive index

(and therefore the absorption coefficient, ax, and the absorption depth, I), can be calculated

(Eqs. (3.30)- (3.33)). Unlike the effective theory without mean free path correction, here the

particle size exerts influence on the optical constants.

3.3. Results

Four computer programs are written to calculate the optical properties on the basis of the four

different models. The complex refractive index of gold, which depends on the wavelength, is

used to calculate the optical constants. The necessary data are taken from Palik (1985) and

interpolated to finer resolution (Figs. 3.1 and 3.2). For the "matrix" carrier liquid, toluene, a

constant refractive index, n2 =n2 =1.5, is chosen (Lide, 1993). The nanoink consists of 30

wt% gold (average particle size 2 to 4 nm, see appendix A). The following calculations of the

optical constants are made for particle diameter of 2 and 10 nm to cover the size range of the

particles and to account also for particle agglomeration.
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F/g. 3.2: Imaginary part of the complex index of refraction, k, of gold as a function of

wavelength (Palik, 1985).

3.3.1 Comparison ofthe different models

In the following sections the analysis and results of the four different models are shown, first

separately. A comparison of all models is made at the end of this section for the absorption

depth, the optical behaviour of which is our main interest.
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3.3.1.1 Rayleigh Scattering

As mentioned before, the particles have to fulfill the Rayleigh criterion |/w|x <§; 1 and need a

sufficient small size parameter (x < 0.3) such that the Rayleigh approximation can be utilized.

Figures 3.3 and 3.4 show the Rayleigh criterion and the size parameter as a function of

wavelength for the two investigated particle sizes, respectively. The 2 nm particles satisfy

better both conditions in the entire wavelength spectrum compared to the 10 nm particles. The

latter also satisfy both conditions. The Rayleigh approximation seems to be an appropriate

way to calculate the absorption depth of the employed nanoink.
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Fig. 3.3: Rayleigh criterion for a toluene/gold nanoink as a function of wavelength for

particle diameters of2 and 10 nm.
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Fig. 3.4: Size parameter for a toluene/gold nanoparticle suspension as a function of

wavelengthfor particle diameters of2 and 10 nm

The absorption coefficient, thus, the absorption depth is proportional to the absorption

efficiency (Eqs 3.11 and 3.12). Figure 3.5 shows the absorption efficiency as a function of the

incident wavelength. The absorption is very high at small wavelengths (0.2 - 0.6 urn) and is

maximal at a wavelength of 0.52 urn. Since the absorption depth is inversely proportional to

the absorption efficiency, the maximal efficiency corresponds to the shortest absorption depth

meaning that the radiation is absorbed almost instantaneously at this wavelength (Fig. 3.6).

The larger particles (10 nm) exhibit a higher absorption efficiency but the difference to the

2 nm particles is only a parallel shift of the curve towards higher efficiencies (Fig. 3.5).

However, the absorption depth is identical for both sizes (Fig. 3.6). This is because for the

absorption depth, the reciprocal of the absorption efficiency is multiplied with particle

diameter.
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Fig. 3.5: Absorption efficiency for a toluene/gold nanoink as a function of wavelength for

particle diameters of2 and 10 nm calculated with the Rayleigh theory.

The absorption frequency at 0.52 urn is called the Fröhlich frequency, 0)f (Bohren and

Huffman, 1983). The Fröhlich frequency is the wavelength at which the absorption is

maximal (Doremus, 1964; Granqvist and Hunderi, 1977). If the formula of the Rayleigh

absorption efficiency is written in terms of dielectric functions, it can be seen that if the

absorption efficiency goes to infinity the denominator in Eq.(3.40) has to be zero This is

occurs if e = -2em .

Q* 4xlm<
e + 2e„

^ n.

(3.40)

where e is the dielectric function of the particle and em the dielectric function of the

surrounding medium (which is non absorbing). In terms of the complex dielectric function,
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e[=e'+ e"), e'and e" can be written as e =-2em, e" = 0
. Figure 3.7 shows the real part of the

dielectric function of the gold particles calculated with the complex refractive index of Palik

(1985). The dielectric constant of the medium (toluene) is 2.38 (Lide, 1993) satisfying the

condition e = -2em at 0.52 urn.
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Fig. 3.6: Absorption depthfor a toluene/gold nanoink as afunction ofwavelengthfor particle

diameters of2 and 10 nm calculated with the Rayleigh theory.
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3.3.1.2 Mie Scattering

A comparison of the absorption efficiencies and the absorption lengths calculated with

Rayleigh and Mie theory as a function of wavelength is shown in Figs 3.8 and 3.9. Both

theories give analogous results. As mentioned before, the Rayleigh formula is the first term of

the power series of the Mie solution, therefore the influence of the additional terms of the

power series is negligible for particle diameters of 2 and 10 nm.



43

(/)
Q
CO 0.1
a
s*-^

>
o
c
d)

o

it 0.01
d)

c

o

+J

Q.
>_

o
(0 0.001

0.0001

- Rayleigh efficiency
- Mie efficiency

0.2 0.4 0.6 0.8 1.0

Wavelength (A), (im

1.2

Fig. 3.8: Comparison ofRayleigh andMie absorption efficiencyfor a toluene/gold nanoink as

afunction ofwavelengthfor particle diameters of2 and 10 nm.



44

E
zL

Q.
d)

Ö

C

O

o
(0
.Q

<

100 7

10 7

Rayleigh absorption depth
- - - Mie absorption depth

0.2 0.4 0.6 0.8 1.0

Wavelength (À), (im

1.2

Fig. 3.9: Comparison ofRayleigh and Mie absorption depth for a toluene/gold nanoink as a

function ofwavelengthfor particle diameters of2 and 10 nm.

3.3.1.3 Effective medium theory

The effective medium theory uses the complex dielectric function e[=e' + e") instead of the

complex index of refraction to describe the optical properties of a material. The utilized

suspension is described by the average dielectric function (Eq. 3.29). The functions

e = n2 = (nx +ik) (Eq. 3.27) and em =n2 =n\ (Eq. 3.28) are calculated with the real, n, and

the imaginary part, k, of the complex refractive index of the particles (Palik, 1985) and the

medium, respectively (see section 3.2.3). A retransformation of the average dielectric function

back to components n and k of the average refractive index to compare bulk gold with the

suspension is shown in Figs 3.10 and 3.11. Both, the real part, n, and the imaginary part, k, of
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the complex refractive index, calculated based on the dielectric function are entirely different

than the data from Palik (1985), because in the first case a mixture and in the second case

pure gold is represented. The absorption depth is shown later (Fig. 3.14) in comparison with

the absorption depth of the effective medium theory with mean free path correction
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Fig. 3.10: Comparison of the real part of the average refractive index calculated with

effective medium theory and the real part of complex refractive index taken for gold (Palik,

1985) as afunction ofwavelength.
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3.3.4 Effective medium theory with meanfree path correction

In Figs 3.12 and 3.13, both the real and imaginary part of the average refractive index

calculated with the effective medium theory with and without mean free path correction are

compared for particle diameters of 2 and 10 nm.

In both cases, the method without mean free path correction results in the highest peak at

the Fröhlich frequency. The effective medium theory with mean free path correction for 2 nm

particles results in the smallest peak. The smaller peak depicts the damping effects due to

electron scattering on the nanoparticle boundary surface for particle with sizes comparable to

the electron mean free path. With increasing particle diameter, this damping is decreasing and
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loses its importance. The maximum of the extinction coefficient k (imaginary part of complex

refractive index) results in a minimal absorption depth at the Fröhlich frequency (Fig. 3.14).
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Fig. 3.12: Comparison of the real part of the averaged refractive index calculated with and

without mean free path (mfp) correction as a function of wavelength. The effective medium

theory with mean free path correction is calculatedfor particle diameters of 2 (dotted line)

and 10 nm (double dot-dashed line).
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Fig. 3.13: Comparison of the imaginary part of the averaged refractive index calculated with

and without mean free path (mfp) correction as a function of wavelength. The effective

medium theory with meanfree path correction is calculatedforparticle diameters of2 (dotted

line) and 10 nm (double dot-dashed line).
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3.4 Conclusions

A comparison of the absorption depth as a function of wavelength is shown in Fig. 3.15 for all

four models. There is good agreement of all models at small wavelengths. Towards larger

wavelengths the effective medium theory with mean free path correction, especially for the

2 nm particles, results in a slightly different absorption depth. Accounting for the effect that

the electron mean free path becomes comparable to the particle size using the mean free path

correction (by modifying the imaginary part of the dielectric function) does not alter the basic



50

spectral dependence of the absorption coefficient shown in Fig. 3.15. This procedure

smoothes the spectrum in the neighborhood of the Fröhlich frequency at 0.52 urn.

On the basis of these predictions, efficient processing (small absorption depth) could be

achieved at wavelengths in the range of 0.35 to about 0.5 urn. The radiation of the argon ion

laser with wavelength in the range of 488 - 514 nm, is shown to be entirely absorbed within a

depth of about 1 urn below the surface of the gold nanoink (Fig. 3.15).

It is important to note that only the gold particles absorb the laser light while the solvent

is effectively translucent. Larger absorption lengths are suspect to cause structural problems

to the cured line due to volumetric boiling.
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Fig. 3.15: Comparison of the absorption depth as a function of wavelength calculated with

the different modelsforparticle diameters of2 and 10 nm.
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4. Time resolved infrared transmission experiments

4.1. The Concept and Objective of the Novel Measuring Technique

The speed of the curing process is limited by the minimum laser irradiation time required for

curing at a certain laser power. Infrared (IR) transmission measurements are carried out to

determine the minimum laser irradiation time and to study the transient phenomenon of

melting and coalescence of the gold ultra thin film. This novel non-intrusive technique

presented herein is based on the fact that the optical absorption depth of the 30 wt% gold

nanoparticle/toluene suspension increases to over 100 urn for wavelengths in the near-IR

region (see chapter 3). Since the optical penetration depth of infrared radiation in bulk gold is

of the order of a few tens of nanometers, it is expected that the transmission of an IR probing

laser beam focused inside the spot heated by an argon ion laser beam (Ar+) will be

extinguished as nanoparticles form a continuous layer which is thicker than a few tens of

nanometers. Additionally, the surface reflectivity will be increased dramatically as the

reflective gold layer is formed. Hence, transmission measurements can provide quantitative

information on the processing time as a function of laser power.

4.2. Experimental setup

Figure 4.1 shows the experimental setup of the IR transmission experiment. A pulsed argon

laser (pulslength: 1 - 300 ms) is focused to a beam waist of 43 urn (defined where the

intensity drops by 1/e2 = 0.135, measured with knife edge, see appendix C.3) on the center of

a stationary nanoink line with 45° of incidence angle. The laser beam is expanded with a

convex lens (focal length /= 400 mm) and is directed through an acousto-optic modulator,

AOM, (AOM80, IntraAction) to achieve pulses from a continuous argon ion laser (Lexel

3500, 7 W, operating at 514 nm wavelength, Lexel). The output of the AOM consists of

pulsed beams of different order. A knife edge cuts off the higher order beams. The first order

beam is guided through a focusing lens (f= 200 mm) to counteract the expansion of the laser

beam after the AOM. The Ar+ laser is guided by mirrors to the substrate and is focused with a

convex lens (f= 200 mm) resulting in a laser spot diameter of 43 urn. The IR helium/neon



52

(HeNe) laser (LfflP-0101-152, A= 1.52 urn, Research Electro-Optics Inc.) is expanded 8

times by a beam expander consisting of two focusing lens (f= 25 and/= 200 mm) and is

finally focused on the substrate with a focusing lens of/= 50 mm. The beam with a diameter

of 7 urn is pointed inside the heating argon spot to observe the transient phenomena in the

center region where the melting and coalescence of the gold layer occurs. The transmitted IR

probing beam is focused on the photoreciever (Model 1811, 125 MHz, New Focus) behind

the substrate. In order to receive only the IR wavelength, a narrow pass filter (Â = 1.52 urn) is

used. An infrared camera (Indigo, filter nr. 2) with a 4x IR objective (CAGE 1HT10, DIOP) is

used to accurately align the probe beam (HeNe) at the center of the curing laser beam (Ar+) in

the center of the previously printed line.
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IR HeNe Probing Laser

(1.52).im)

Knife Edge

Acousto-Optic
Modulator

Delay/Pulse
Generator

^

M

Oscilloscope
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Beam Expander

Sample on Glass Substrate

4x Objective Lens

Narrow Pass Filter-"'1*

(1.52|jm)
-*-

Photoreciever
Monitor

IR Camera

Photoreceiver & IR Camera on

Automatic Translation Stage

Fig. 4.1: Experimental setupfor time resolved infrared transmission experiments.

The pulse duration of the transistor transistor logic (TTL) signal of the AOM driving signal is

generated with a four channel digital delay/pulse generator (DG 535, Stanford Research

Systems Inc.). The signal is synchronically recorded together with the photoreciever signal on

an oscilloscope (hp infinium, 500 MHz, 1 Gs/s, hp). Figure 4.2 shows an original signal

recorded with the oscilloscope. The heating pulse and the laser power are 40 ms and 100 mW,

respectively. In the next figures the heating pulse will not be shown anymore and the
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transmission signal will be normalized with the transmission intensity through the glass slide

without gold suspension, which is used as the substrate. Additionally, the amount of data is

reduced for a better comparison of the experiments using the linear interpolation function of

Igor Pro (WaveMetrics Inc., 1988-2000).
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Fig. 4.2: Typical IR transmission signal and the corresponding heatingpulse as afunction of

time with corresponding heating pulse (40 ms) of an original signal recorded with an

oscilloscope. The laser power and laserfocal diameter is 100 mWand 43 pm, respectively.

The laser power and the heating time are varied from 50 to 800 mW and from 0.5 to 400 ms,

respectively. The nanoink lines are printed on glass substrates (objective slides, 76 mm x 11

mm x 1 mm, Mentzel) in a separate step analogically to the printing (see chapter 2). The

printing parameters are identically for all nanoparticles suspension lines (f= 15 Hz; Ap = 10

mbar; rise = 60 ps, dwell = 120 ps, fall = 95 ps, echo = 200 ps, final rise = 95 ps, voltages
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= 0 V ± 140V, printing velocity up= 1 mm/s) and result in droplets having a diameter of 90

urn (controlled with flashlight microscopy (see chapter 2)).
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data. The measured signal is normalized with the transmission intensity through the object

slide which is used as the substrate. The original data (a) is reduced using the linear

interpolation function of Igor Pro (WaveMetrics Inc., 1988-2000) for reducing noise of the

signal. The laser heating time, laser power and laser focal diameter is 400 ms, 200 mW and

43 pm, respectively.
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4.3. Results and discussion

4.3.1 Variation ofheatingpulse duration

The influence of heating time on formation of the continuous gold layer is investigated by

varying the laser pulses from 0.5 to 200 ms at 200 mW heating power and a focal diameter of

43 urn. Figure 4.4 shows normalized IR-transmission signals for different laser pulse

durations with a constant laser power of 200 mW. For all laser pulses it can be seen that the

transmission decreases as the curing laser is irradiated from time equals 0 ms due to the rapid

formation of a continuous gold film. The laser energy absorption by the gold particles and the

simultaneous evaporation of the toluene leads to accumulation and agglomeration of the gold

particles in the region exposed to sufficient laser power input, thus, forming a continuous (or

partially continuous) gold film which results in a decrease of transmission according to high

reflection of the gold layer. For a laser pulse of 10 ms the transmission remains almost at the

minimum value of 0.15, while with increasing duration of the laser pulses the transmission

increases again. The transmission signal of the heating pulse of 200 ms represents the

transient of the whole curing process (Fig. 4.4). With the laser pulse duration of 50 ms the

transmission signal is following this transient solely up to the time corresponding to the pulse

duration and remains constant afterwards. The transmission signal represents the thickness

and condition of the gold layer at a specific moment.

Figure 4.5 shows normalized IR-transmission signals for shorter laser pulse durations

(0.5 to 20 ms) with the same laser power of 200 mW. As for the longer pulse durations, the

transmission signals decreases fast, as the gold layer is formed. However, the heating pulse of

0.5 ms is too short to generate the layer thickness needed to achieve the minimum

transmission signal of 0.15 (Fig. 4.5). The normalized transmission signal is not equal unity at

the beginning (the transmission signal must be equal unity if the IR beam meets only the glass

substrate) because the nanoink line absorbs a part of the IR radiation. Additionally, the initial

values of the transmission are different in all cases. Due to small differences in the alignment

of the laser spot on the printed nanoink line the thickness and therefore the absorption of the

IR radiation is varying, resulting in different initial IR transmission signals, a fact not critical

to the experiments.
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4.3.2 Variation ofheatingpower

For two different heating times/pulse durations (40 and 100 ms) the laser power is varied

from 50 to 800 mW (focal diameter 43 urn). Figure 4.6 shows the normalized IR transmission

for a heating pulse of 100 ms and heating powers of 50, 100, 400, and 800 mW, whereas in

Fig. 4.7 the results of a heating pulse of 40 ms for the same laser powers are depicted. For

small heating power (Figs 4.6 and 4.7) or short heating durations (Figs 4.4 and 4.5) the

transmission signal remains at the minimum whereas for high power or long heating pulses an

increase of transmission after the minimum is observed. The transmission increases due to

remelting of the continuous gold layer in the center region and redistribution of gold material
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into agglomerated particles by capillary action, leaving the center without a continuous gold

layer. The transmission microscope image shown in Fig. 4.8 and the SEM analysis (see

chapter 5) are also confirming the formation of gold agglomerates in the center of the gold

spot/line. The dark area at the boundary represents the not remelted gold layer blocking the

light from below (Fig. 4.8). The bright area in the center is bare glass, transparent to the light

indicating that the gold is remelted. The dark spots inside the bright center region are the

agglomerated particles. Only the center is remelted because the intensity of the Gaussian laser

beam is maximal at the center. To clarify, the transmittance through the bare glass is much

higher than through the nanoink explaining why the final signal is higher than the initial

value. The transmittance is not equal 1 because the agglomerated particles absorb some of the

IR radiation (Fig. 4.6).
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For lower laser powers, i.e. 50 mW, the signal remains at the minimum (Fig. 4.7) as the laser

power is not sufficient to remelt the continuous gold layer having a higher melting point than

the gold nanoparticles (see chapter 1). With increasing heating power or increased heating

pulse duration, the gold layers can absorb enough radiation to be melted with a delay (Figs 4.4

and 4.7). Thus for certain combinations of laser power with heating time, the gold layer is not

destroyed immediately but after an elongated heating pulse. The goal is to find the ideal

combination of laser heating power and heating time to produce uniform gold conductors. In

the real process the heating time is controlled by the translation velocity of the stage.

Figure 4.9 shows a close up of the curing starting at 0 ms for a 40 ms laser pulse with heating

laser power of 50, 100, 200, and 600 mW with a focal diameter of 43 urn. With increasing

heating power the formation of the gold layer is accelerated.

0.0 ' ' ' ' ' ' ' '

0 20 40 60 80 100 120

Time (t), ms

Fig. 4.7: Normalized IR transmission as afunction of time for a constant heating pulse of 40

ms and heatingpower of50, 100, 400, and 800 mWwith a laserfocal diameter of43 pm.
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Fig. 4.8: Optical microscope image in transmission mode of a gold layer generated with a

pulse duration of300 ms, a laser power of400 mWanda laserfocal diameter of43 pm.

0.14

-0.5 0.0 0.5 1.0 1.5 2.0

Time (t), ms

Fig. 4.9: Normalized IR transmission for a constant heating pulse of 40 ms and variable

heating power of 50, 100, 200, and 600 mW with a laser focal diameter of 43 pm. With

increasing heatingpower theformation ofthe gold layer is accelerated.
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4.3.3 Minimalprocessing time and transientprocessing time

A special effort is made to find the minimal processing time as a function of laser power.

Here, the minimal processing time is defined as the heating duration which leads to a

recognizable continuous gold layer after the washing process. The washing process is simply

the dipping of the sample in toluene. As described in the experimental setup, the argon ion

laser is directed for a defined heating pulse onto the printed nanoink line evaporating the

solvent and melting the nanoparticles to form a gold layer. Figure 4.10 shows two optical

microscope images in reflection mode of a gold layer before and after washing away the

leftovers of the nanoink. Because all the experiments are conducted in stationary mode, the

circular laser spot is directed for a defined time period to the middle of the printed

nanosuspension line. The result is a circular gold layer.

Fig. 4.10: Optical microscope images in reflection mode ofa gold layer generated with laser

pulse duration of 300 ms, a laser power of 200 mW and a laser focal diameter of 43 pm

before and after the washingprocedure, a) The bright spot in the middle ofthe dark region is

the gold layer and the dark material around the spot is the nanoink. b) Gold layer after

washing away the leftover ofnanoink. The dark spots in the middle of the gold layer in both

images are some leavings of the nanoink remaining in all stationary curing processes but

never occurred with moving substrate.

In Fig. 4.10a the gold layer is still surrounded by not cured nanoink (dark region) because the

laser spot is smaller than the width of the printed line. In Fig. 4.10b the uncured suspension is



62

washed away. The laser power is 200 mW and the pulse duration is 300 ms. The dark spot in

the middle of the gold layer, recognizable in both images, are leftovers of the nanoink

consisting of an accumulation of agglomerated nanoparticles. This is only observed in the

stationary experiment but never with moving substrates.

In order to determine the minimum required processing time pulse duration is decreased

from 300 ms down to 50 us with a constant heating power and a focal diameter of 200 mW

and 43 urn, respectively. The sample is investigated before and after the washing procedure.

Figure 4.11 shows optical microscope images in reflection mode of gold layers cured with

different pulse durations (a) 200, b) 100, c) 5, and d) 1 ms). On the left side the unwashed and

on right side the washed samples can be seen. The size of the gold spot is decreasing with

decreasing heating time (Fig. 4.11). Initially the laser radiation is absorbed by the

nanoparticles inside the suspension. After the gold layer is formed, the radiation is absorbed

by the gold layer and the heat is transferred by diffusion. If the laser pulse is too short (1 ms,

Fig. 4.1 Id) no stable gold layer is visible after the washing procedure even though in the not

washed image a change in the surface of the nanoink is recognizable (Fig. 4.1 Id). Increasing

the heating pulse (2 ms, Fig. 4.1 le), a gold layer of the laser spot size is formed (Fig. 4.1 lc).

This heating time is the minimum processing time. Additional increase of the heating time

results in a progressive growth of the gold layer (Fig. 4.11a) and b). The experiment is

repeated with different heating powers to find the minimum processing time as a function of

laser power (Fig. 4.12). For small powers, heating pulses up to 40 ms are needed in order to

generate a stable gold layer whereas with high powers the processing time is reduced to only

0.4 ms. However, with high heating power, the structure of the gold line is disrupted (chapter

5) thus setting an upper limit for the laser power. The lower power limit is decided by the

maximum allowed processing time, since too small laser powers result in undesirably large

pulse durations which is not favorable for applications where high throughputs are an issue.

The size of the gold layer is increasing with increasing pulse duration since after the

first formation of the gold layer the laser radiation is absorbed by the later, the suspension

around the gold layer is heated and the particles are melted by heat diffusion through the gold

layer and the substrate. Losses to the surroundings are limiting this behavior and define the

heating time, where the energy transport to the suspension is not high enough to melt the

nanoparticles and the size of the gold layer remains constant. The gold layers in Fig. 4.9b and

4.10a have the same size after heating times of 300 and 200 ms.
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Fig. 4.11: Optical microscope images in reflection mode ofa gold layer generated with pulse

duration of a) 200, b) 100, c) 5, and d) 1 ms, a laser power of 200 mW and laser focal

diameter of43 pm.
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Fig. 4.12: Minimalprocessing time as afunction of laser powerfor a laser focal diameter of

43 pm and 30 wt%. gold nanoparticle/toluene suspension (dp = 4 nm). The minimalprocess-

sing time is defined as time needed to create a recognizable gold layer.

The curing process is a relatively fast process depending on the laser power. Appropriate

combinations of heating power and heating time can be determined resulting in an optimal

energy input, according to the application of interest. The energy input has to be large enough

in order to melt the nanoparticles completely to form a continuous film, while the threshold

value for destroying this gold film through remelting should not be exceeded. Additionally, a

characteristic time exists, after which the added thermal energy dissipates into the

surroundings.
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5. Laser curing experiments

5.1. Experimental setup

Figures 5.1 and 5.2 show the experimental setup for the laser curing experiments consisting of

two main parts, the drop-on-demand (DOD) jetting device to generate two-dimensional

pattern of the gold nanoink which includes also a visualization part to guarantee a consistent

droplet generation (see chapter 2) and the curing system. The visualization equipment is

described in detail in chapter 2 and is not shown here for simplicity. The laser curing

assembly consists of a continuous single mode argon Ar+ion laser (Lexel 3500-7, wavelength:

488 - 514 nm, Lexel). The laser beam is directed in two different ways to the experiment. In

"configuration A" (Fig. 5.1) the laser beam is coupled by a fiberlaucher (LVO 800, Polytec)

into a fiber cable (LVO-810/811, Polytec) having collimating lenses at both ends for guiding

the laser beam safely and easily to the substrate. The beam with an initial diameter of 1.45

mm is expanded with a beam expander (magnification 7x, Leica) before focusing in order to

achieve spot sizes in the range of 10 to 100 urn with a long focal waist. The focal waist

defines the length where the laser spot is constant (minimal) before expanding and is

important for the positioning of the substrate. The substrate has to be planar in order to have a

constant distance between the lens and substrate otherwise the laser spot does not have the

same size everywhere. The planar position is measured with an indicator caliper having an

accuracy of 5 urn. A beam splitter is used to monitor the laser power (FieldMaster GS,

Coherent) simultaneously. The printing (including the positioning) and curing processes are

synchronized by a digital control system. The control system which is a mechanical shutter is

placed between the argon laser and the fiber optic coupling system and blocks the laser beam

when closed. The laser beam is focused on the printed line with an incident angle of 30°

parallel to the translation direction (x-direction), preferably close to the point of droplet

impact. In "configuration B" (Fig. 5.2) the main changes contain the replacement of the fiber

optics (50% power loss during coupling process) by dielectric mirrors (reflectance > 99%)

and the incident direction of the laser which is perpendicular to the translation direction x in

this configuration.
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Control System

Glass Substrate on

XYZ-Positionig Stage

Anti-Clog

Backpressure

Fig. 5.1: Laser curing "configuration A": The laser beam on a x-z plane is guided by an

opticalfiber to the substrate.

Control System

Glass Substrate on

XYZ-Positionig Stage

Anti-Clog

Backpressure

Fig. 5.2: Laser curing "configuration B": The laser beam on ay-zplane is guided by mirrors

to the substrate.
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Analogously to "configuration A", a beam splitter is utilized to monitor the laser power and

the printing and curing processes are synchronized by the same digital control system.

A typical experiment cycle starts with a cleaning pulse of nitrogen to de-clog the orifice

of the print head. Upon initiation of the droplet generation sequence, the mechanical laser

shutter opens and the positioning stage moves the substrate according to the programmed line

pattern. Finally, a nanoink line is printed and subsequently cured by the laser.

5.2 Characterization of the cured gold conductors

A number of parameters can influence the properties of the manufactured conductor, e.g.

droplet diameter and velocity, laser power, exposure time to the laser as a function of the

stage translation velocity and focus diameter of the laser. The main parameters are the

intensity of the curing laser and the translation velocity (also called curing velocity herein) of

the substrate. Gold conductors are cured with laser power of 50 - 500 mW at two different

velocities. The cured lines are analyzed by different methods: optical microscope, Scanning

Force Microscope (SFM), Scanning Electron Microscope (SEM), Scanning Near field Optical

Microscope (SNOM), and Energy Dispersive X-ray analysis (EDX).

In the conducted experiments the beam diameter is always smaller than the width of the

printed nanoink line which is defined by the reliably achievable droplet size and translation

velocity of the substrate. Figure 5.3 shows optical micrographs of the deposited nanoink line

before (Fig. 5.3a) and after laser curing (Fig. 5.3b). The nanoink is displaced outward due to

surface tension gradient induced by the heating of the laser focused in the middle of the

nanoink line. In addition, the liquid is displaced outward due to the evaporation of the carrier

liquid during the curing process. The portion of uncured solution at the sides of the cured

region can be washed away in an additional step by simply dipping the sample in a toluene

bath.

The laser beam diameter is 17 urn (defined where the intensity drops by 1/e2 (= 0.135)

with respect to the peak value) as measured with the knife-edge experiment (see Appendix

C.3), the wavelength 488 nm and the laser incident angle 30°. The incidence plane of laser is

defined by the translation direction and the normal to the substrate ("configuration A"). The

printing and curing is performed simultaneously and the process parameters are listed in

Table 5.1.
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Fig. 5.3: a) Nanoink line (approximately 280 pm) printed with a frequency of 30 Hz and a

translation velocity of 3 mm/s before laser curing, b) Nanoink line after laser curing. The

shiny line in the centre is the produced gold conductor surrounded by displaced uncured

nanoink (width around 1 mm).

Table 5.1: Processparametersfor the curing experiment using "configuration A ".

Variable Value

Droplet diameter dd [urn] 90

Droplet velocity Ud [m/s] 1.8

Printing frequency/, [1/s] 15

Laser wavelength X [nm] 488

Lens, focal length/[mm] 250

Laser diameter dL [urn] 17

Curing velocity uc [mm/s] i;2

Laser power PL [mW] 40 - 500
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5.2.1 Optical microscopy analysis

First, the analysis of the cured gold conductors is conducted using an optical microscope (BX

60, Olympus). Figure 5.4 shows a selection of optical. The curing velocity for the left and

right column is 1 mm/s and 2 mm/s, respectively. The laser power is increasing from 50 mW

(a, e) to 100 mW (b, f) to 300 mW (c, g) and to 500 mW (d, h). The width of the line cured at

50 mW and a curing velocity of 2 mm/s corresponds to the focal diameter of the laser

(17 urn). The heat input at identical laser power is larger with a curing velocity of 1 mm/s

compared to a curing velocity of 2 mm/s which is indicated by the larger width of the cured

lines (Fig. 5.4a and e). Figure 5.5 shows the line width as a function of laser power for the

two different curing velocities. The higher energy input due to the slower curing velocity of

the series cured with 1 mm/s results in larger line widths reaching a maximum value at

400 mW. Higher energy input results in no additional growth of the layer but in an increase of

the dark disturbed region in the centre of the gold layer (Fig. 5.4d and h). As already reported

in chapter 4 the line width increases with increasing power input. One reason is the increase

of the area where the laser intensity (Gaussian profile) is higher than the threshold value

corresponding to the initiation of the curing process (Fig. 5.6). Figure 5.6 shows the intensity

distribution of a Gaussian laser beam for different laser power. The width of the gold line

cured with a laser power of 50 mW is identical to the laser diameter (34 urn) therefore it can

be assumed (neglecting the influence of the curing velocity) that the intensity We , defining

the radius of a Gaussian laser beam, represents the threshold intensity for the curing. The

radius of a Gaussian laser is defined as the distance from the centre where the intensity has

reached 1/e2 of the maximum intensity Io at the centre. With a power of 300 mW the I(/e2

intensity is much higher than the threshold intensity and the radius at the threshold value is

12 urn. Hence, the expected width of the produced gold line would be 24 urn. However, it is

over 100 urn (Fig. 5.4c and g). This can be explained with the lateral heat diffusion. After the

formation of a first gold layer, the laser radiation is absorbed by the later, the suspension

around the cured gold layer is heated and the particles are melted by heat diffusion through

the gold layer and the substrate. Losses to the surroundings are limiting this behavior.
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1 mm/s 2 mm/s

Fig. 5.4: Optical micrographs ofgold conductors cured with different laser powers of50 mW

(a, e), lOOmW (b,f, 300 mW (c, g) and 500 mW(d, f) and curing velocities of 1 mm/s (left

row) and 2 mm/s (right row). The laser beam diameter is 17 pm.
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Fig. 5.5: Line width ofgold conductor as a function of laser power for curing velocities of

1 mm/s (circles) and 2 mm/s (triangles) and a laser beam diameter of17 pm.

The cured gold lines (Fig. 5.4c and d) show a pronounced disturbance in the centre region.

This disturbance extends laterally as the total width of the line increases with increasing laser

power until the width of the disturbance is comparable with the diameter of the laser.

Therefore the assumption is made that the gold layer is destroyed by the high intensity of the

laser beam. In some pictures of Fig. 5.4a periodic pattern is visible at both sides of the gold

line. At a first glance it looks if the gold layer has a series of small cracks at its edge.
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Fig. 5.6: Intensity distribution of a Gaussian laser beam with 17 pm diameter for a laser

power of 50 mW (solid line) and 300 mW (dotted line). The radius of the laser is defined

where the intensity drops by 1/e2 (= 0.135) with respect to the peak value Iq.

5.2.2 Scanning Force Microscope (SFM) analysis

TM
A Scanning Force Microscope (SFM), a Topometrix Explorer in contact mode, with a

lateral resolution of micrometers and vertical resolution in the order of angstroms is used to

obtain information about the topography, height and cross sectional area, needed for the

calculation of the resistivity of the produced gold conductor. In contact mode the SFM

measures the topography by rastering the probe tip over the sample while in contact with the

sample surface. Figure 5.7 shows 3-dimensional visualizations of the gold lines cured with

laser power of a) 50 mW and b) 300 mW and a curing velocity of 1 mm/s.



73

The scanned area is a square of 100 um x 100 urn. The height of the structures is amplified in

order to highlight the surface structure because the height of the surface structure is in the

order of 10 - 1000 nm. The topography of the 50 mW line (Fig. 5.7a) is very smooth which is

in agreement with the optical microscope analysis. The expected edge cracks on both sides,

from the optical microscopy, are surprisingly high peaks of needle-like nature. These

nanoneedle structures occur also at lines cured with 500 mW (Fig. 5.7b). Representative

cross-sectional areas of the gold conductors are shown together with corresponding contour

plots in Figs 5.8 and 5.9.

Fig. 5.7: 3-dimensional (SFM) visualization ofgold lines cured with a laser beam diameter of

17 pm, a curing velocity of 1 mm/s and a laser power ofa) 50 mWand b) 300 mW. Both lines

show needles on both sides (scale of the pictures is not the same). More detailed information

is seen in Figs 5.8 and 5.9.
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Fig. 5.8: a) Contour plot and b) cross-section ofa gold line cured with a laser beam diameter

of 17 pm, a laser power of 50 mW and a curing velocity of 1 mm/s. Typical cross-section

(solid line), cross-section with nanoneedle peak (dashed line).
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Fig. 5.9: a) Contour plot and b) cross-sectionalprofile ofa gold line cured with a laser beam

diameter of 17 pm, a laser power of300 mW and a curing velocity of 1 mm/s. Typical cross-

section (solid line) and cross-section with nanoneedle peak (dashed line).
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Both lines exhibit elevated rims at the edges and the evolution of the structure bears some

similarity to the one described and investigated by Bennett et al. (1997b) regarding laser

texturing of surfaces. The profile in Fig. 5.8 is from now on called "bowl" shape and the

profile in Fig. 5.9 "sombrero" shape.

In-situ images (Figs 5.10 and 5.11a) of the curing process (Bieri et al., 2004; Chung et

al., 2004) help to explain the lateral rims. The pictures are taken during an experiment where

the printing and curing processes are decoupled. The glass substrate, upon which a line has

been pre-printed, is placed on the positioning stage and the laser beam (Â = 514 nm) is

focused with 45° incidence angle at the center of the printed nanoink line. A fixed

microscope, a CCD camera with a long working objective lens (20x) and a filter eliminating

reflected Argon laser light from the curing line is used to take in-situ pictures. The incident

laser beam axis lies, unlike in the latter experiment, on a plane normal to the printed NPS line

(Fig. 5.10). The beam diameter (1/e2) is 27 urn. From Fig. 5.10 it can be clearly seen that the

nanoink is displaced outward due to the Marangoni effect (Bieri et al., 2004). The ellipse

indicates the position of the laser spot on the line. The curing process appears to be driven by

heat diffusion since a continuous gold film is developing ahead of the laser beam. All these

observations lead to the following curing mechanism, which is also depicted in the schematic

of Fig. 5.12: A highly reflective gold layer begins to form near the evaporation interface

contact line ahead of the laser spot. The toluene evaporates due to laser radiation absorption in

the gold layer and the subsequent thermal diffusion through the substrate and gold layer

toward the evaporation interface. Due to the reduction of the surface tension

(thermocapillarity) caused by the heating, a Marangoni flow is evolving which is displacing

the ink ahead and around the scanning laser spot forming a U-shaped convex ink meniscus.

The Marangoni flow generates also a circulation inside the nanoink, leading in conjunction

with the evaporation to an increase in particle concentration in vicinity of the contact line.

This pool of particles supplies material to the edges of the developing gold line, fostering rim

formation and a distinct change in the line topography (Bieri et al., 2004).
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Fig. 5. 10: In-situ image ofthe laser curingprocess at 200 mWand 2 mm/s with a laser beam

radius of 27 pm (1/e2). The ellipse indicates the position of the laser focal point on the line.

Nanoink ispushed away due to Marangoni effect (Fig. 6 ofBieri et al, 2004).
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Fig. 5.11: Single laser cured gold lines at a laser power of 300 mW, 0.2 mm/s of curing

velocity and a laser beam radius of27 pm (1/e2). (a) In-situ reflection image of laser curing

process (top view) and calculated temperature isotherms, (b) AFM cross-sectional profile.

The vertical elevation distances of the A and C points are 256.4 and 248.1 nm, respectively

and the horizontal distance separating the Bpoints is 123.1pm. (Fig. 2 ofChung et al, 2004).
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Fig. 5.12: Schematic of physics: A highly reflective gold layer begins to form near the

evaporation interface contact line ahead ofthe laser spot. The toluene evaporates due to laser

radiation absorption in the gold layer and the subsequent thermal diffusion trough the

substrate andgold layer toward the evaporation interface. Due to the reduction ofthe surface

tension (thermocapillarity) caused by the heating a Marangoni flow is evolving which is

displacing the ink ahead and around the scanning laser spotforming an U-shaped convex ink

meniscus. The Marangoni flow generates also a circulation inside the ink and the

concentration of nanoparticles is increased near the contact line. Gold nanoparticles are

mainly deposited right at the evaporation interface contact line building the high rims.

This theory is confirmed in Fig. 5.11, where a gold line is produced without a displacement of

the ink with a very slow curing velocity of 0.2 mm/s and a laser power of 300 mW (Chung et

al., 2004). Because no ink is present at the boundary of the forming gold layer no rims are

generated due to additional deposition of nanoparticles. The submicron scale needle structures

with heights between 500 nm and 1000 nm at the rim, periodically spaced, are also only

present if the ink is displaced around the laser spot. Note that the length (microns) and height

(nm) scales in Fig. 5.7 are different. Although these needle strictures are practically negligible

compared to the width of the cured stripe, their presence is of scientific interest. A possible

explanation of the formation of the needle microstructures is that convection micro-cells

which are formed in the displaced ink delivering particles that are cured at the locations of the

curing line where the needle microstructures appear. The upward motion of the toluene vapor

should also influence the formation of these structures
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5.2.3 Scanning Electron Microscope (SEM) analysis

Figure 5.13 shows the two conductors cured with 50 mW (Fig. 5.13a) and 300 mW (Fig.

5.13b) at a curing velocity of 1 mm/s are examined using a scanning electron microscope

(S-900, Hitachi) in order to gain more information about the rough elevated surface in the

centre of latter. The surface of the 50 mW line is very smooth with no recognizable structure

except the peaks at both sides (Fig. 5.13a). In the middle region of the gold line cured with

300 mW, the continuous film degenerates to a fractal-like structure (Fig. 5.13b).

Fig. 5.13: SEM images of gold line cured with a laser beam diameter of 17 pm, a curing

velocity of1 mm/s and a laser power ofa) 50 mWandb) 300 mW.

In a close up view of Fig. 5.13b (Fig. 5.14a, b) the break up of the continuous smooth film

into isolated and connected agglomerated gold particles in the order of hundred nanometers

diameter size is shown. This break-up occurs when at high power the center of the laser spot,

passes over the smooth gold layer formed ahead by diffusion causing additional heating and

remelting. Similar morphological structures to those described above, with the exception of

the rims have been reported during the deposition process of ultra thin gold films evaporated

on glass (Anderson, 1976).
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Fig. 5.14: Close up view of Fig. 5.13 b. a) Transition of smooth gold layer to single

agglomerated goldparticles, b) close-up view from the break up of the continuous layer and

ofthe agglomeratedgoldparticles.

5.2.4 Scanning Near Field Optical Microscope (SNOM) analysis

The two gold conductors cured with a laser power of 50 and 300 mW are investigated with a

Scanning Near Field Optical Microscope (SNOM) (Solver SNOM, argon laser, NT-MDT) in

transmission mode with a lateral resolution up to 100 nm. The continuous nature of the gold

layer cured with 50 mW is again visible in Fig. 5.15a. The dark regions represent the gold

film, which absorbs light in the range of 500 nm within a thickness of several nanometers

completely, blocking the transmitted light to the SNOM collection optics and the bright

regions correspond to the bare glass substrate. The disturbed centre area of the line cured with

300 mW is almost transparent to the transmitted light of the SNOM (Fig. 5.15b) indicating the

absence of a continuous gold layer. In both cases the lateral rims are recognizable by the

slightly darker colored regions at both sides of the line indicating a thicker layer (Fig. 5.15).

Because the centre region of Fig. 5.15b has almost the same color as the bare glass substrate it

appears that the bump structure measured with the SFM in the centre region is glass due to the

expansion of the substrate that does not completely recover.
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Fig. 5.15: SNOM images of cured gold lines with a laser beam diameter of 17 pm, a curing

velocity of 1 mm/s and a laser power ofa) 50 mWand b) 300 mW. The dark regions represent

the gold film blocking the transmitted light to the SNOM collection optics and the bright

regions correspond to the bare glass substrate.

5.2.5 Energy-Dispersive X-ray (EDX) analysis

The gold conductor which is showing the disturbance in the centre region of the gold

conductor is investigated with Energy-Dispersive X-ray analysis (EDX). The electron

bombardment of the SEM analysis can also cause X-rays to originate from the examined

surface. The different energy signals of the X-rays define the corresponding element. Two

analyses at different location are made: a) in continuous gold layer and b) in the bumpy centre

region with the questionable material. The composition of the different layers is shown in Fig.

5.16 and the corresponding spectra can be seen in Appendix F.

The gold layer contains Au but also Bi and Cu. Both Bi and Cu are components of the

nanoink (30 wt% Au, 50 ~ 70 wt% toluene, < 10 wt% Cu compound (as CuO/Au), < 10 wt%

Bi compound (as Bi203/Au) and a trace of interfacial active agent). The electron beam has a

certain penetration depth therefore it is possible to co-analyze also the host material. This

explains the presence of Si, Al, and Fe in the analysis of the gold layer because all the

elements are part of the glass. The approximate composition of the soda lime glass (objective

slides) used for the EDX experiments is shown in Table 5.2. In the centre region no trace of

gold is present neither C which could have been the material of the bump as a product of

combustion of the toluene. The centre region consists of 94 wt% Si. The Cu and Bi traces

must be leftovers of the nanoparticle ink. In both cases the presence of Mg can not be

explained. Nevertheless a detailed chemical composition of the objective slide from Menzel

(glass manufactured by Schott) is not given.
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Fig. 5.16: EDXanalysis ofthe two different regions in wt% ofthe pure elements.

Table 5.2: Approximate chemical composition of soda-lime glass in wt% (objective slides

from Menzel)

Element

Si02

Na20

CaO

A1203

Fe203

Composition in wt%

72-74

~ 15

^9

1-1.9

0.09-0.1

The bump in the centre of the gold line cured at high power is definitively caused by an

expansion of the glass substrate that does not completely recover. This information is of high

importance for the determination of the real cross sectional area which is used for the

calculation of the resistivity (see next chapter).
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5.3 Electrical resistance measurements

In order to describe the quality of the produced gold conductor quantitatively, the electrical

resistance, Rj, is measured in a reproducible and reasonably accurate manner. The direct

resistance measurement is a simple method, where an electrical potential is applied between

the ends of the gold conductor and the current flow is measured simultaneously. The

resistivity, p, can be calculated by (Runyan, 1975):

P = ^f (5.1)

where A and / are the cross sectional area and length of the conductor, respectively.

The schematic of the circuit to measure the resistance, Rj, of the gold line is shown in

Fig. 5.17. The power supply (2554 DC Voltage current standard, Yokogawa) gives the

electrical potential. A power meter (Solartron 7045 Digital Multimeter, Schlumberger) and a

voltmeter (EDM-2347 Digital Multimeter, ESCORT) measure the current flow, im and the

potential, Um, respectively. By measuring the current without connecting the gold conductor

the fault current, id, is determined. The current running through the gold conductor, iT, is the

difference between the measured and the fault current. The resistance of the gold line is

calculated using the following equations:

Rt=— (5-2)

h=im-h (5-3)

The inherent disadvantage of this measuring method is that the contact resistance and

the resistance of the leads are included in the measured value. However, measurements of the

resistance of the contact resistance and the resistance of the leads alone showed that this

resistance is less than 0.5 Q, which is less than l%o of the resistance of the gold conductors.

Two different methods exist to bring the leads in contact with the gold conductor, soldering or

pressing test prongs directly on the gold conductor. Both methods are not applicable with the

produced structure, because the very small and only several hundred nanometers thick gold
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conductor is destroyed by a direct contact. Therefore metallized contact pads are used to

contact the gold lines by printing and curing the gold conductors across the pad and pressing

the test prongs on the contact pads (Fig. 5.17). The mask for the vacuum metallization process

is manufactured with a CNC machine giving well defined distances of 4.333 mm between the

pads. These contact pads consist of three layers, a 50 Â thick chromium layer to ensure a

good adherence on the glass followed by a 0.5 um copper layer which is the conductor

material and a 100 Â gold layer to prevent the oxidation of the copper (Blösch, Switzerland).

Current meter

Power

supply

Voltmeter

R= 10MQ

Fig. 5.17: Electrical circuit to measure resistance of the gold conductor, Rf. The DC power

supply applies a voltage to the gold conductor. The current, im, and the voltage over the gold

conductor, Um, is measured with the current meter and the voltmeter, respectively. If the gold

conductor is removed the current meter measures thefault current, id, ofthe voltmeter.

Fig. 5.18: Glass substrate with metallized contact pads. The gold conductors are printed and

cured across the area ofthe contactpad.
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Even tough the height of the contact pads is only 650 Â this causes some problems. In

"configuration A" (Fig. 5.1) of the laser setup, the laser beam is on a plane parallel to the

translating direction with an incident angle of 30 degrees with respect to the substrate. In this

configuration the contact pad blocks the incident laser light causing a gap between the gold

conductor and the contact pad at one end. The setup is changed into "configuration B" (Fig.

5.2) to prevent the contact pads from blocking the laser light. In "configuration B" the laser is

on a plane perpendicular to the translation direction and parallel to the face of the contact pad

allowing a continuous curing of the gold line.

The test prongs (SPA B, Contact Products Inc.) have pointed tips consisting of two

concentric metal rods with an embedded spring. A constant contact pressure of 71 cN is

developed by the spring when pressing the rods on a surface (Fig. 5.19).

Fig. 5.19: Test prongs with pointed tip and embedded spring to ensure constant contact

pressure

It was not possible to measure the resistances of the very thin lines cured laser powers of 50 to

250 mW and a laser diameter of 17 urn, because of high contact resistance, the height of the

contact pads and the susceptibility to defects causing easily discontinuance in the conductor.

Therefore, the laser diameter is increased to 78 urn. The two times larger diameter demands

sixteen times higher total laser power to achieve the same maximal laser intensity, Io, since:

/„=% (5.4)
7trL

where Ptot and rL are the total laser power and the laser radius, respectively.

The power needed to achieve comparable gold conductors cannot be calculated by the

maximal intensity alone. It is shown before, that heat conduction plays an important role in

the curing process and the heat intensity in the centre region is anyways too high. The laser
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power has to be increased in any case and therefore the optical fiber is replaced by dielectric

mirrors (configuration B) and the wavelength of the laser is changed to the stronger 514 nm

wavelength. The printing/curing process parameters for the new "configuration B "are listed

in Table 5.3.

Table 5.3: Processparameterfor the curing experiment using "configuration B".

Variable Value

Droplet diameter da [urn] 90

Droplet velocity Ud [m/s] 1.8

Printing frequency fp [1/s] 30

Laser wavelength k [nm] 514

Lens, focal length/[mm] 250

Laser diameter dL [urn] 78

Curing velocity uc [mm/s] 1;3;6

Laser power PL [W] 0.05-1.2

5.4 Parameter study

There are many parameters which influence the curing process and therefore the quality of the

produced gold conductor. The following experiments help identify and examine these

parameters. In order facilitate the investigation of the influence of these parameters the one

step printing / curing process is decomposed into two independent processes which are carried

out one after the other. In the coupled process the printing and the curing velocity are

identical. By changing the curing velocity the printing velocity is changed, therefore the

droplet generation frequency has to be adjusted to achieve the same droplet density impinging

on the substrate. The nanoink lines are all printed with a constant droplet generation

frequency of 30 Hz because it yields a stable stream of droplets (see chapter 2). In a first step

the nanoink line is produced and the printing velocity defines the resulting width and
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thickness of the nanoink line. In a second step, the nanoink line is cured with different curing

velocity as needed. The substrates are, unless differently indicated, objective slides made of

soda-lime glass.

5.4.1 Influence ofthe thickness ofdeposited suspension

The printing and curing processes are in following experiments decoupled therefore an

appropriate printing velocity defining the thickness of the nanoink line has to be chosen. The

thickness of the pre-printed nanoink line has an influence on the final gold conductor.

Therefore curing experiments with three different printing velocities, 1, 3 and

6 mm/s, resulting in three different line widths and thicknesses (Fig. 5.20) are conducted with

two laser powers, 0.6 and 1.2 W, and different curing velocities. A thicker line could result in

a thicker gold conductor because more material is present which can be cured or in a thinner

conductor because the Marangoni flow has more influence on a wider line resulting in a

stronger displacement of the surrounding material.

Fig. 5.20: Nanoink lines printed with a droplet generation frequency of 30 Hz but different

printing velocities: a) 1, b) 2, and c) 6 mm/s.
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Figures 5.21 and 5.22 show cross-sectional areas of the gold lines cured with a laser power of

1.2 (Fig. 5.21) and 0.6 W (Fig. 5.22), respectively, as a function of the curing velocities for

the three printing velocities. The profiles of the cross-sections are measured with a

profilometer (P-10, Tencor®) which works in principal as an SFM in contact mode. A sharp

tip is scanned with a defined pressure over the substrate. The advantage of the profilometer

compared to the SFM is the larger scanning range (up to 205 mm for waviness

measurements).
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Fig. 5.21: Cross-sectional areas ofgold lines cured with a laser beam diameter of 78 pm, a

laser power of 1.2 W as afunction of curing velocityfor different printing velocities: 6 mm/s

(triangles), 3 mm/s (squares) and 1 mm/s (circles).

The cross sectional areas are almost identical for the different printing velocities, with a

maximal error of 5% for the lines produced with very slow curing velocity of 0.05 and 0.1

mm/s and 0.1 - 5% for the others. At these slow curing velocities the substrate is strongly
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thermally damaged resulting in a very rough surface and hence in markedly different cross-

sectional areas depending on the measuring spot. The cross-sectional areas of the lines cured

with 0.6 W and with a printing velocity of 6 mm/s seem to have slightly larger areas than the

ones with printing velocities of 1 and 3 mm/s (Fig. 5.22). Nevertheless the deviation is less

then 5% and the calculated resistivities do not show any difference compared to other printing

velocities (Fig. 5.24).
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Fig. 5.22: Cross-sectional areas ofgold lines cured with a laser beam diameter of 78 pm, a

laser power of 0.6 W as afunction of curing velocityfor different printing velocities: 6 mm/s

(triangles), 3 mm/s (squares) and 1 mm/s (circles).

This experiment shows that no significant influence of the thickness of the nanoink line on the

cross-sectional area and the resistivity of the produced gold conductor exists. Hence, a

constant printing velocity of 3 mm/s is chosen for the following experiments because the
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resulting width of the nanoink line allows for an easy alignment of the laser beam on the

nanoink line and is not sensitive to irregularities during the printing process.
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Fig. 5.23: Resistivity ofgold lines cured with a laser beam diameter of 78 pm, a laser power

of 1.2 W as a function of curing velocity for different printing velocities: 6 mm/s (triangles),

3 mm/s (squares) and 1 mm/s (circles).
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Fig. 5.24: Resistivity ofgold lines cured with a laser beam diameter of 78 pm, a laser power

of 0.6 W as a function of curing velocity for different printing velocities: 6 mm/s (triangles),

3 mm/s (squares) and 1 mm/s (circles).

5.4.2 Influence oflaserpower and curing velocity

The extensive analysis (SFM, SNOM, SEM) of the cured lines quantified the influence of the

laser power on the structure, whereas the structure itself has an influence on the resistivity of

the gold conductor. The influence of the laser power as a function of curing velocity is

investigated by a detailed analysis of the cross-sectional areas and resistivities. Figure 5.25

shows the evolution of cross-sectional profiles of gold lines cured with a laser power of 0.1 W

with increasing curing velocities from 0.05 mm/s (Fig. 5.25a) to 0.5 mm/s (Fig. 5.25b). The

lowest possible power input needed to produce a visible gold line is 0.1 W at a curing velocity
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of 0.5 mm/s resulting in an anomalous structure near the centerline (Fig. 5.25b) and a high

resistivity (~ 1 Qm). Decreasing the curing velocity to 0.05 mm/s yields a structure having the

earlier introduced "bowl" shape (Fig. 5.25a) but still with a high resistivity. The line width of

the lowest possible curing power is identical to that with the laser diameter

(78 urn), as reported earlier.
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Fig. 5.25: Evolution ofcross-sectionalprofiles ofgold lines curedwith a laser beam diameter

of 78 pm, a laser power of 0.1 W with curing velocities of: a) 0.05 mm/s and b) 0.5 mm/s.

With a curing velocity of 0.5 mm/s the "bowl" shape is not recognizable and the structure

shows deep crevices in the middle region.

The increase of laser power to 0.2 W results in the production of wider lines having a perfect

"bowl" shape at all curing velocities (Fig. 5.26). The width and height of the gold conductor

is decreasing with increasing curing velocity due to the shorter energy input time resulting in

less heat conduction to the substrate and the gold layer itself (Fig. 5.26). The width of the line

reaches almost the size of the laser diameter (78 urn) with a curing velocity of 2.2 mm/s (Fig.

5.26d) meaning that no conduction takes place. Neither laser power (0.1 and 0.2 W) damages

the substrate in the centre region, even with slow velocities.

The increase of the laser power to 0.4 W changes the profile of the conductor from

"bowl" shape to "sombrero" shape because of the development of a bump in the centre of the

gold conductor (Fig. 5.27). The substrate seems to be destroyed with a curing velocity of



93

0.1 mm/s (Fig. 5.27a). Therefore all cases with laser power equal or higher than 0.4 W

together with a curing velocity of 0.1 mm/s will be shown for completeness but not discussed

in future. A comparison of the evolution of the cross-sections (Fig. 5.27b-d) shows again a

decrease of line width with increasing velocity, but a growth of the height of the bump in the

centre region. This behavior is intensifying with higher power and reaches a maximum with a

laser power of 1.2 W, the highest possible power of the used laser (Fig. 5.28). The height of

the bump in the centre region is even higher than the lateral rims and reaches a maximum of

almost ten times the rim size.
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Fig. 5.26: Evolution of the cross-sectional profiles of gold lines cured with a laser beam

diameter of 78 pm, a laserpower of0.2 Wwith curing velocities of: a) 0.05, b) 0.1, c) 1.0 and

d) 2.2 mm/s. The width and height of the profile is decreasing with increasing curing

velocities a result ofless power input.
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Fig. 5.27: Evolution of the cross-sectional profiles of gold lines cured with a laser beam

diameter of 78 pm, a laser power of 0.4 Wwith curing velocities of: a) 0.1, b) 1.0 c) 2.2 and

d) 3.4 mm/s.

The steady growth of the "sombrero" bump in the centre of the gold line with increasing laser

power together with the conclusions of the EDX analysis showing that the bump material in

the centre of the burned gold conductor is glass, lead to the assumption that the sombrero

shape is fully caused by a remaining deformation of the glass substrate and not by thermo¬

capillary forces described in Bennett et al (1997b). The same author observed and

investigated a similar phenomenon of bump formation during CO2 laser texturing of silicate

glasses (Bennett et al., 1997a; 1998; 1999). The laser texturing provides an area on a

computer drive disk having topography that can stand off the head from the disk when the two
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surfaces are resting in contact. Without the topographic bump the two surfaces would stick

together due to capillary forces. In his case the bump formation is a product of positive-

extending volume (without any recession of material below the surface). He proposed that a

density reduction in the glass by rapid quenching after melting the substrate is the mechanism

for the volume gain. This mechanism is also present in the present work.
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Fig. 5.28: Evolution of the cross-sectional area of gold lines cured with a laser beam

diameter of 78 pm, a laser power of 1.2 Wwith curing velocities of: a) 0.1, b) 1.0, c) 2.6 and

d) 3.4 mm/s.

The existence of the glass bump and the deformation of the substrate are proved by profiling

the gold conductor with and without the gold layer. The determination of the "real" cross-

section of the gold conductor is important to calculate the correct resistivity. Including the
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area occupied by glass would lead to a serious over prediction of the latter. Profiles of gold

conductors cured with a laser power of 0.8 W and curing velocities of 0.1, 1, 2.2, and 3.4

mm/s are investigated. The gold layer is etched away in a bath (10 seconds) of Königwasser, a

solution composed of one part nitric acid and three parts hydrochloric acid, which does not

affect glass and the cleaned surface is profiled again. The removal of the gold layer of

conductors cured with high laser power and slow velocity needs a prolongated residence time

of the substrate in the bath (up to 10 min) and the efficiency amplified with ultra sonic. Figure

5.29 shows the cross-sectional areas of a gold line produced with a curing velocity of

1.0 mm/s "with" (solid line) and "without" (dotted line) gold layer. It is not possible to profile

exactly the same spot twice because the sample has to be removed from the profiler to remove

the gold layer, but the method gives good results.

400

300 -

w/ gold layer
w/o gold layer

0 100 200 300

Width (w), (im

400 500

Fig. 5.29: Cross-sectional profile of a gold conductor with (solid line) and without (dotted

line) gold layer cured with a laser beam diameter of 78 pm, a laser power of 0.8 W and a

curing velocity of1.0 mm/s. The substrate is totally destroyed in the centre region.



97

500

400

.

a) 0.8 W

1 mm/s

0 100 200 300 400 500

Width (w), jam

JUU

.
b) 0.8 W A

400
3.4 mm/s l\

E

^ 300
1 A 1
1 / t

|> 200

"3

100

0
I

v%*» il i
'

l i' "
I

0 100 200 300 400 500

Width (w), jam

Fig. 5.30: Left column: Cross-sectional areas with (solid line) and without gold layer (dotted

line) ofgold conductors cured with a laser beam diameter of 78 pm, a laser power of 0.8 W

and a curing velocity of: a) 1.0 mm/s and b) 3.4 mm/s. Right column: optical micrograph of

the profiled gold conductor.
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Figure 5.30 shows (left column) the results of the etching experiment for gold conductors

cured with a laser power of 0.8 W and with curing velocities of 1.0 (Fig. 5.30a) and 3.4 mm/s

(Fig. 5.30b) (solid line: with gold layer, dotted line: without gold layer). Optical micrographs

of the gold lines are shown in the right column. Both profiles indicate the presence of a very

small gold layer in the centre region and the micrographs confirming the existence of a layer

but not a continuous one. The layer is changing from a continuous structure into fractal like

structure as shown before (Fig. 5.14). The entire centre region looks darker because the layer

is very thin. The peaks at the lateral sides are recognizable at both curing velocities. Figures

5.31 and 5.32 show profiles and optical micrographs of gold conductors cured with 0.4 W

(Fig. 5.31a) and with 0.2 W (Fig. 5.32a). The profiles cured with 0.4 W look already

sombrero like having a small elevation due to glass deformation in the middle region (Fig

5.31a) whereas the profiles cured with 0.2 W (Fig. 5.32a) show the typical bowl shape,

indicating that the substrate is not affected. The etching experiments confirm these

assumptions showing no deformation of the lines cured with 0.2 W (Fig. 2.32a) and a reduced

deformation with 0.4 W (Fig. 5.26).
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Fig. 5.31: Left: Cross-sectional areas with (solid line) and without gold layer (dotted line) of

a gold conductor cured with a laser beam diameter of 78 pm, a laser power of 0.4 W and a

curing velocity of1.0 mm/s. Right: optical micrograph ofthe profiledgold conductor.



99

0 100 200 300 400 500

Width (w), jam

Fig. 5.32: Left: Cross-sectional areas with (solid line) and without gold layer (dotted line) of

a gold conductor cured with a laser beam diameter of 78 pm, a laser power of 0.2 W and a

curing velocity of1.0 mm/s. Right: optical micrograph ofthe profiled gold conductor.

The bumps of all lines are completely formed by a volume gain of the glass substrate (without

undercutting). A similar phenomenon of bump formation during CO2 laser texturing of

silicate glasses was observed and investigated by Bennett (Bennett et al., 1998; 1999; 2001)

as well by Shiu (Shiu et al., 1999a; 1999b) which was found to be a product of volume

expansion (without any recession of material below the surface). The proposed mechanism

(Bennett et al., 1998) for the volume gain is a density reduction in the glass by rapid

quenching after melting the substrate. This explanation holds true and can be adopted in the

present work.

The bump formation is a phenomenon which is related to the properties of glass

substrates. The explanation can be found by investigating the behavior of glass during

melting/solidification. Glasses are disordered materials without a periodic crystalline structure

but exhibit mechanical properties comparable to solids. The most common way of making a

glass form a melt is by cooling the viscous liquid material fast enough to avoid crystallization

(Debenedetti and Stillinger, 2001) ("supercooling"). Figure 5.33 shows the phase diagram of

glass in which the volume of a liquid is plotted as a function of temperature at a constant
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pressure. The glassy state is a metastable thermodynamic state which is reached during the

cooling down of the liquid glass, a thermodynamically stable phase, below the freezing

temperature Tm. The thermodynamically stable solid state would be the crystalline phase

which can be reached by cooling down the liquid glass very slowly following the equilibrium

line (dash-dot line in Fig. 5.33). When the cooling process is fast, the molecules cannot

rearrange themselves and adjust to the current temperature condition, so that the

crystallization cannot be obtained because the molecular motion is slowing down with cooling

below the freezing point Tm and the molecules eventually (if the cooling rate is high enough)

cannot rearrange themselves and adjust to the current temperature condition, resulting in a

glass with the frozen structure of the liquid. The slower the cooling rate the lower the

achievable temperature become before falling out of the liquid state equilibrium.

Consequently, the glass transition temperature Tg increases with the cooling rate (Debenedetti

and Stillinger, 2001). The fictive temperature of a glass is the temperature at which a given

"frozen-in" microstructure would be in a thermodynamic equilibrium. States of the same

fictive temperature have the same microstructure which is the microstructure of the glass at

the transition temperature.

Depending on the cooling rates the cooling path is moving along constant "fictive

temperature" lines (dashed lines in Fig. 5.33). The fictive temperature of a glass is the

temperature at which a given "frozen-in" microstructure would be in a thermodynamic

equilibrium. States of the same fictive temperature have the same microstructure which is the

microstructure of the glass at the transition temperature. Departure from the equilibrium line,

onto a constant fictive temperature line occurs at the transition temperature. The liquid-glass

transition is therefore not an equilibrium process and results in a glass with properties

dependent on the cooling history. Consequently, the glass transition temperature should be

thought of as identifying the temperature at which the rate of change of microstructure in the

glass is comparable to the rate of temperature change. The transition temperature moves to

lower temperatures when the rate of changes becomes slow, and moves to higher

temperatures when the rate of change of temperature becomes fast. The transition temperature

is also defined as the temperature at which the viscosity, r/, is equal to 1013 poise.
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Fig. 5.33: a) Phase diagram of glass (v-T-diagram). Tm freezing temperature, Tg glass

transition temperature and To ambient temperature. The double lines indicate stable states

and the slash-dotted line is the equilibrium line. (Nolle, 1997; Bennett et al, 1998).

In Fig. 5.34 the process of laser curing with high power is shown. The glass temperature is

elevated along a constant fictive line from the glassy state "a" to the liquid "c". The heating

path is departing from this fictive temperature line at the crossing "e", at the transition

temperature (Tgi), and converges with the equilibrium line and the final state "c" is reached by

following the equilibrium line. During the cooling, the path remains on the equilibrium line

until the transition temperature is reached again. Since cooling is faster than in the process of

manufacturing of the glass substrate the transition temperature is higher (Tg2) and the path is

following the fictive temperature line to the end state "d" (Fig. 5.34). The specific volume of

the glass is larger after the curing process compared to the non-heat treated glass. The

thermodynamic temperature has to exceed the corresponding transition temperature in order

to soften the material and allow for a volumetric change. The increasing bump heights with

increasing laser power can be explained by a larger penetration depth of the heat into the
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substrate (more material is softened and experienced a volume gain). The reason for

increasing bump height with increasing curing velocity is similarly explained. The cooling

rate of a curing process with a curing velocity of 1 mm/s is smaller than the cooling rate of a

curing velocity of 3.4 mm/s. Therefore the transition temperature of the process with a curing

velocity of 3.4 mm/s is higher than the one of the 1 mm/s process. Hence, the glass specific

volume of the process with a curing velocity of 3.4 mm/s is slightly higher than the one with a

curing velocity of 1 mm/s resulting in a higher bump. In the case of a laser power of 0.2 W

the actual thermodynamic temperature does not reach the transition temperature and no bump

is generated.

Glass

Glass

Temperature

Fig. 5.34: Phase diagram of glass: Heating and cooling cycle (qualitatively) "a - c - d".

Transition temperature (Tg2) and the glass volume are higher for a sample that has been

cooled rapidly relative to one cooled slowly (Tgi). Therefore, glass samples of the same

composition but with different cooling histories will have different To densities.
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In Table 5.4 the temperatures describing typically the quality of glasses are summarized for

three substrates: soda-lime glass (objective slides), AF 45 (a modified borosilicate glass used

for LCD's
,
electroluminescence displays, CCD covers, solar cells, hybrid switches), and

crystalline quartz (wafer). The composition of AF 45 is shown in Table 5.5. Because the

softening and melting occurs not exactly at a certain point but over a temperature range, it is

difficult to define the melting and softening temperatures. However, as the viscosity of glass

varies continuously from the molten state to the glassy state commonly accepted viscosity

reference points are defined. The softening temperature is defined as the temperature where

the viscosity is equal to 1076 Pa-s, the annealing temperature at 1013 Pa-s and the strain

temperature at 10145 Pa-s. Comparing the softening temperature of soda-lime glass with

AF 45 and quartz yields a difference of 200 and 1000°C, respectively. If the assumptions of

the fictive temperature map are correct, the bump formation for the AF 45 cured with a laser

power of 0.8 W should be smaller than that of soda-lime glass and no bump should be formed

at the quartz substrate.

Table 5.4: Comparison of the typical glass temperatures ofsoda-lime glass (objective slides),

AF 45 and crystalline quartz (wafer). The temperatures correspond to accepted "viscosity

reference points ".

Strain temperature Annealing temperature Softening temperature

Tst (°C) TA (°C) Ts (°C)

r| = 10145Pa-s r| = 1013Pa-s r| = 1076Pa-s

Soda-lime glass 473 a) 514a) 696a)

AF45 627b) 663b) 883b)

Crystalline quartz 1120 1215 1683

(Wafer)

* Schott specification data sheet PCE - TKT for B 270 Superwite (glass with material

constants comparable to the soda-lime objective slides)
} Schott specification data sheet for PCE - DGS for AF 45
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Table 5.5: Chemical composition ofAF 45 glass in wt% (Schott).

Element Composition in wt%

Si02 49.6

B203 14.2

A1203 11.4

BaO 24.1

As203 0.09

In Fig. 5.35 the cross-sectional profiles with and without gold layers of three substrates

a) soda-lime glass, b) AF 45, and c) quartz (crystalline) are compared for a laser power of 0.8

W and curing velocities of 1.0 mm/s and 3.4 mm/s. The height of the bumps of the AF 45

substrate is only half of that of the soda-lime substrate (Fig. 5.35b) and no bump is generated

on the quartz substrate (Fig. 5.35c). The bump height is increasing with increasing curing

velocities for the AF 45 substrate analogically to the soda-lime substrate. Because the quartz

is not heated up to its transition temperature no bump is formed (Fig. 5.35c).

The employment of chemically strengthened glass (higher softening temperature for

different chemical compositions) as substrates is useful to achieve higher curing velocities at

higher power allowing higher production velocities. The curing velocities are limited by a) a

minimal curing velocity at which the substrate is totally destroyed and by b) a maximal curing

velocity where the heat input is not enough to sinter the nanoparticles (for moderate laser

power) or the bump formation of the substrate impairs the quality of the gold conductors (for

high laser power).
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Fig. 5.35: Comparison of bumpformation for different substrates: (a, b) soda-lime glass, (c,

d) AF 45 and (e, f quartz (crystalline), having different softening temperature cured with a

laser beam diameter of 78 pm, an identical laser power of 0.8 Wfor curing velocities of 1.0

mm/s (left column) and 3.4 mm/s (right column) resulting in different bump formation. The

bumps are smallerfor the substrates with higher softening temperatures.
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The cross-sectional area is measured in order to calculate the resistivity of the produced gold

conductors. Figure 5.36 shows the resistivity of gold conductors produced on soda-lime glass

as function of the curing velocity for different laser powers. The laser power is chosen

between 0.2 and 1.0 W, the minimum power needed to produce conducting gold lines and the

maximal laser power available over a long time scale (the maximal laser power of 1.2 W is

decreasing after some hours to 1.05 W). All resistivities cured with different powers show the

same trend of increasing resistivity with increasing curing velocity. However, the curing

velocities have different meaning for the different powers. For a laser power of 0.2 W the

maximal curing velocity is reached with 2.4 mm/s meaning that at this velocity the time for

heat input is too short to allow a complete sintering of the gold nanoparticles, hence, the

resistivity is increasing dramatically from O (10
"6

Om) to O (10"2 Om) (Fig. 5.36). Generally,

the resistivity of the gold lines cured with 0.2 W is higher than that of the lines cured with

higher power. For laser power higher than 0.4 W a bumping of the substrate at the centre of

the gold conductor is evolving and reaching a maximum at the maximal curing velocity. The

bump structure disturbs with increasing height the current flow and probably also the

structure of the gold line.

At high quenching rates the possibility of crack formation in the gold conductors

becomes more probably. The cracks are not only inside the gold layer but they are formed

inside the glass and are transferred to the gold layer. Figure 5.37 shows cross-sectional

profiles before and after the etching process of a gold conductor cured with 1.0 W and a

curing velocity of 3.4 mm/s are shown together with an optical micrograph of the same gold

conductor before etching. The discontinuity in the profile indicates that the crack is present in

both the gold layer and the substrate. The location where the profile is measured is indicated

in the optical micrograph with the horizontal solid line while the dashed line indicates the

crack location (Fig. 5.37).
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Fig. 5.36: Resistivity of gold conductors produced on soda-lime glass with a laser beam

diameter of 78 pm as afunction ofcuring velocity for different laser power: 0.2 (circles), 0.4

(squares), 0.6 (triangles), 0.8 (diamonds), and 1.0 W (crosses).
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Fig. 5.37: Top: cross-sectionalprofiles before (solid line) and after (dotted line) the etching

process ofa gold conductor cured with a laser beam diameter 78 pm, a laser power of 1.0 W

and a curing velocity of 3.4 mm/s are shown together with an optical micrograph of the gold

conductor before etching. The discontinuity in the profile indicates the crackpresent either in

the gold layer and the substrate. The location, where the profile is measured is indicated in

the optical micrograph with the horizontal solid line and the dashed line indicates the crack

location. The crack is formed inside the substrate by strong quenching and is transferred to

the gold layer.
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The laser power of 0.4 W yields the lowest overall resistivity for all curing velocities (Fig.

5.36). This can be explained with the fact that the bumps are small, because the penetration

depth where the transition temperature is reached is smaller than with higher laser power. For

this power the reason for the decrease in resistivity with increasing curing velocity must be a

combination of growing bump height and incomplete sintering of the gold nanoparticles due

to insufficient heat input. For soda-lime substrates a laser power of 0.4 W and a curing

velocity of 1 to 2 mm/s are determined as the optimal parameter combination.

Figure 5.38 shows resistivities of gold conductors cured on soda-lime glass substrates

for laser powers of 0.4 (Fig. 5.38a) and 0.8 W (Fig. 5.38b) as a function of curing velocity in

comparison with the resistivities of gold conductor cured on AF 45 and quartz (crystalline)

substrates. The AF 45 shows for both laser powers a better resistivity than the soda-lime glass

as a result of the smaller bumps. The quartz substrate is expected to have an even better

resistivity than the AF 45 substrate but for a laser power of 0.4 W only one single resistivity

can be measured at a very low curing velocity of 0.1 mm/s indicating that the heat input at 0.4

W is not sufficient to produce gold conductors on quartz. For a laser power of 0.8 W the

resistivities for all curing velocities can be measured for the quartz substrate but they are still

in the same order of magnitude as the AF 45 (Fig. 5.38b). Figure 5.39 shows the resistivity of

gold conductors cured on quartz for different laser powers as a function of curing velocity.

Conductors cured with higher laser power (1.0 and 1.2 W) are giving drastically reduced

resistivities, also for high curing velocities. The thermal conductivity (Table 5.6) of the quartz

substrate is higher than that of the glass substrates (soda-lime and AF 45), therefore the heat

diffuses faster into the substrate. An experiment using Si wafer as substrates was not

successful for the same reason of high thermal conductivity (Table 5.6). Even a maximal laser

power of 1.2 W is not enough to create gold conductor.
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Fig. 5.38: Comparison of the resistivity ofgold conductors cured with a laser beam diameter

of 78 pm, a laser power of: a) 0.4 W and b) 0.8 W, as function of curing velocity for the

different substrates: soda-lime glass (diamonds), AF 45 (triangles) and quartz (crystalline)

(squares).

In the case of quartz, the heat input with a laser power of 0.4 W is not enough to elevate the

substrate temperature to sinter the gold nanoparticles (Fig. 5.39). At 0.8 W the heat input is

also not high enough to allow a complete sintering at high curing velocities (Fig. 5.38b). For

higher laser power the quartz substrates show only a small increase of resistivity for high

curing velocities because the bump formation is minimal (Fig. 5.39). Figure 5.40 compares

the resistivities of gold conductors cured with laser power of 0.4 and 0.8 W on AF 45. The

resistivities for the gold conductors with a laser power of 0.8 W are higher than with a laser

power 0.4 W because the bump formation is higher for the higher power (Fig. 5.40).

The importance of determining the real cross-sectional area to calculate the resistivity is

shown in Fig. 5.41 The resistivities of gold conductors as a function of curing velocity are

compared with and without correcting the cross-sectional area for the glass bump for soda-

lime glass (Fig. 5.41a) and AF 45 (Fig. 5.41b). The bumps of the soda-lime glass (Fig. 5.35a)

have almost double the height of the AF 45 bumps (Fig. 5.35b) and therefore the difference in

resistivity with uncorrected area is much higher for the soda-lime glass (Fig. 5.41a) than the

one for the AF 45 (Fig. 5.41b). The resistivities calculated with the uncorrected cross-

sectional areas are all over predicting.
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The comparison with the quartz substrate demonstrates that a comparison of the resistivity as

a function of curing velocities and laser power is only meaningful for the same substrate of

for substrates having similar thermal conductivities.
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Fig. 5.39: Resistivity of gold conductors produced on quartz (crystalline) substrate with a

laser beam diameter of 78 pm, as afunction of curing velocityfor different laser power: 0.4

(squares), 0.8 (diamonds), 1.0 (crosses) and 1.2 W (solid diamonds). The single value for a

laser power of 0.4 Wat a curing velocity of 0.1 mm/s indicates that the this laser power is not

sufficient to produce gold conductors on quartz. The thermal conductivity of the quartz

substrate is higher than that of the glasses, therefore the heat diffuses fast into the substrate

and the substrate temperature is not high enough to allow a complete sintering of the gold

nanoparticles. At 0.8 W the heat input is also not high enough to allow for a complete

sintering with high curing velocities. With increasing power (1.0 and 1.2 W) the resistivity

stays lowfor increasing curing velocities because ofthe reduced bumpformation
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Table 5.6: Thermal conductivity ofthe substrates in W/(mK) (Lide, 1993).

Substrate

Glass (soda-lime, AF 45)

Quartz (crystalline, ||c-axis)

Si

Thermal conductivity [W/(mK)]

0.9 (24 °C)

12 (0 °C)

148 (27 °C)
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Fig. 5.40: Resistivity ofgold conductors produced on an AF 45 substrate with a laser beam

diameter 78 pm, as afunction of curing velocityfor different laser power: 0.4 (squares) and

0.8 W (diamonds).
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Fig. 5.41: Comparison of the resistivity as a function of curing velocity for a laser beam

diameter of 78 pm with (solid marker) and without (void marker) correcting the cross-

sectional area for the glass bump: a) soda-lime glass and b) AF 45. The bumps of the soda-

lime glass have almost double the height of the AF 45 bumps and therefore the error in

resistivity with uncorrected area is much higher than the onefor the AF 45.

5.4.3 Calculation ofthe substrate temperature

In order to estimate the substrate temperature, the model of Moody and Hendel (1982) is

adapted for the calculation of the temperature profiles induced by a moving elliptical

continuous laser beam with a Gaussian intensity distribution. The employed argon laser has a

Gaussian intensity distribution and the laser spot is elliptical due to the 30 degree angle of

incident. The energy equation reads:

K(T) dT

D(T) dt
V\K(T)VT] = Q(x,y,z,t) (5.5)

where K(T) is the temperature dependent conductivity of the irradiated material in W/(cm-K),

D(T) is the thermal diffusivity of the material in cm /s and Q the source term.
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The geometry used in the calculation is described as follows: an elliptical beam (beam is

elliptic because it is intersecting the substrate at an incident angle of 30 degree) of area AL and

incident power PL is scanned along the minor axis rx of the ellipse with a velocity v = vx over

the substrate. The intensity profiles of the beam are Gaussian along both axes (TEM0o mode):

/(x,>0=/oexp
r„\2 r,.v

+

vr*y

y

r
V y J

AL=7trr

(5.6)

(5.7)

(5.8)

The definition of the spot area uses the {1/e) point intensity meaning that the radius rx = wye

used for the calculations is defined as the distance from the centre to the point where the

intensity has reached (1/e) of the maximum intensity Io of the centre of laser beam. The radius

determined from the knife edge experiments (wi/e2) has to be transformed into the (wi/e)

radius:

w

w,
l/e

4~2
(5.9)

By a Kirchhoff transformation (introducing a linearized temperature #and a coordinate

transformation, x' = x - vt, describing the beam in a reference frame that is moving with the

beam), the heat equation becomes (Moody and Hendel, 1982):

D(T{6)) dx

^0 _^d_Q{x,y,z)
K(T0)

(5.10)

The source term is the Gaussian source term for a laser operating in the TEM0o mode:

Q(x,y,z) = 2[l-R(T(0))]exp-
f „V ( „\

+

vr*y

y

r
v y J

S(z) (5.11)

where R(T) is the temperature-dependent reflectivity. This term assumes absorption at the
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surface and no light penetration into the irradiated substrate. In the experiment the laser light

is entirely absorbed by the nanoink but within a thin layer near the surface. The factor of two

corrects for the semi-infinite geometry.

The general solution of Eq. (5.10) is given by (Moody and Hendel, 1982):

P[l--S(7-)]-f

exp-

/(«)

(X + V<j(T)u2)2 y2 Z2
—H 1

u2 + l/ß u2+ß u2

\u2 + 1/ß)(u2 + ß)

(5.12)

(5.13)

X = x/r, Y = y/r, and Z = z/r are coordinates normalized to the characteristic radius r,

r = (rxry) , ß = ry/rx is the eccentricity of the ellipse and P = Pi/r is the incident laser power

per characteristic length, V = v/r, and g(T) = r2/(4D(T).

The program code solving for the temperature isotherms induced by the scanning laser

is given in Appendix E.

The thermal diffusivity and thermal conductivity of glass read (McLellan and Shand,

1984):

K(T) = D(T)pc(T) (5.14)

where p is the density and c(T) is the specific heat of the substrate. The temperature

dependent thermal diffusivity, D(T), and thermal conductivity, K(T) of the different substrates

are taken partly from literature and partly from manufacturer information and are modeled as

temperature dependent functions.

Soda-lime glass (objective slides)

The temperature dependent specific heat is shown in Fig. 5.42, where the triangles represents

the experimental data (McLellan and Shand, 1984; Johnson et al., 1987) and the dashed line is

a linear curve fit for the implementation in the program code.
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In Fig. 5.43 the thermal diffusivity and the thermal conductivity of soda-lime glass are shown.

The manufacturer Schott (Germany) gives only a few values for the temperature dependent

thermal conductivities in the specification data (PCE - TKT for B 270 Superwite) which are

used to calculate the thermal diffusivity with Eq. (5.14) and is shown as triangles in

Fig. 5.43a. Because the thermal diffusivity of glass is near temperature-independent (typical

for amorphous dielectric material), (Johnson et al., 1987), the curve fit (dashed line in Fig.

5.43a) seems to be acceptable. The thermal conductivity for the whole temperature range is

then calculated using Eq. (5.14) employing the equations derived from the fitting curves for

the specific heat and the thermal diffusivity (dashed line in Fig. 5.43b). The density of soda-

lime glass is 2.55 g/cm3 (PCE - TKT for B 270 Superwite).
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Fig. 5.42: Specific heat capacity of soda-lime glass as a function of temperature.

Experimental data (triangles) (McLellan and Shand, 1984; Johnson et al, 1987). Curve fit

(with corresponding equation used in the program code) (dashed line).
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Fig. 5.43: Thermal diffusivity and thermal conductivity of soda-lime glass as a function of

temperature. Triangles: experimental data (Schott, PCE- TKTfor B 270 Superwite). Dashed

line: a) fitted curve (with corresponding equation used in the program code), b) values

calculated with the temperature dependent equations derivedfor c(T) andD(T).

AF 45 substrate

Similarly the temperature dependent conductivity, diffusivity and specific heat for the AF 45

substrate are "fitted and calculated" and are shown in Figs 5.44 and 5.45 as functions of

temperature. Again the solid line corresponds to the experimental data from the manufacturer

(Schott, PCE - DGS for AF 45) and the dashed line to the fitted (Figs 5.44 and 5.45a),

respectively the calculated data (Fig. 5.45b).

The thermal conductivity and diffusivity of AF 45 and soda-lime glass are similar in the

range of 200 to 1000 K hence the induced temperature profile by identical laser curing should

look similar.
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temperature. Diamonds: experimental data (Schott, PCE - DGSfor AF 45). Dashed line: a)

curve fit (with corresponding equation used in the program code), b) values calculated with

the temperature dependent equations derivedfor c(T) andD(T).

The surface reflectivity of gold is taken instead the reflectivity of glass because the laser beam

is reflected by the gold layer formed ahead of the laser spot, as described earlier in this

chapter. During the experiment a high reflectivity is observed whereas the reflection of the

laser by the glass (p = 10%) would not be that strong.

The reflectivity of a metal with a laser shining perpendicular on the surface is defined

by (Siegel and Howell, 1992):

(n-lf+k2 ,n ,

(n + l) +k
(5.15)

With an incident angle (0 > 0) the reflectivity of a perpendicularly polarized laser beam

(Lexel Argon laser) is:

pA®) =

(n-cosQ)2 +k2

(n + cos&)2 +k2
(5.16)
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where n is the simple index of refraction and kthe extinction coefficient. Both coefficients are

wavelength dependent. For gold the values n(X = 516 nm) = 0.608 and k(X = 516 nm) = 2.12

are taken from Palik (1985) giving a total reflectivity of 68%.

The profiles of the gold lines cured with a laser power of 0.8 W and a curing velocity of

1 mm/s (experiment) shown in Fig. 5.46a are compared with the calculated temperature

profiles (isotherms) induced in a substrate by a scanning laser with identical parameters as a

function of penetration depth (Fig. 5.46b). The softening temperature of soda-lime glass

(Ts ~ 700 °C) is indicated by the thick solid line in Fig. 5.46b. The softening temperature is

taken as reference temperature because during the tempering process glass is heated up close

to the softening temperature. "Tempering" is the heat treatment which increases the

mechanical strength of glasses by heating up the glass followed by a quick chilling which

induces stresses inside the atomic structure. The same happens during the curing process. The

width of the substrate at the surface where the temperature is larger than the softening

temperature (Fig. 5.46b) is 100 |im and is identical to the bump width (Fig. 5.46a) of the

corresponding gold conductor. The maximal temperature is 1400 °C in the centre and the

penetration depth of the softening isotherm is 35 |im.

Figure 5.47a shows the cross-sectional profiles of a gold line cured with half the laser

power (0.4 W) and an identical curing velocity of 1 mm/s and identical substrate (soda-lime

glass). The calculated isotherms are shown in Fig. 5.47b. The penetration depth of the

softening isotherm is smaller, 10 |im, the width of the softened area is 50 |im and the bump

width 80 |im. The maximal temperature at the centre is less than 900 °C. In both cases the

calculated temperature profiles in the substrate confirm the assumption that the bump

formation is a product of positive-extending volume due to a density reduction in the glass by

rapid quenching after melting and the bump height is proportional to the penetration depth of

the "softening" temperature. The bump width of the gold cured with 0.4 W is not exactly the

same as the width of the softening isotherm (Fig. 5.47), but this deviation can be explained by

the model, which does not entirely describe the real problem (the model assumes only one

substrate without gold layer on top) and the uncertainties of the material properties, i.e.

reflectivity, conductivity and diffusivity. The reflectivity plays an important role on how

much energy is absorbed by the substrate. Zhang et al (1997) proposed a reflectivity

reduction of 26% for a gold layer close to the melting point.
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Figure 5.48 shows a comparison of the temperature profiles for a laser power of 0.8 W and a

curing velocities of 1 mm/s right at the surface of the substrate for the calculated reflectivity

of 0.68%) (solid line) and a reduced reflectivity of 50% (dashed line). The reduction of the

reflectivity leads to an overall temperature increase. At the centre the maximal temperature is

increased from 1400 to 1700 °C. The dotted line in Fig. 5.48 indicates the temperature profile

of a gold line cured with the same power (0.8 W) but a curing velocity of 3.4 mm/s. The

higher curing velocity slightly reduces the maximal temperature at the center on the

temperature profile (34 °C). More important is the temperature reduction at both sides due to

the reduced time for the heat to diffuse into the substrate resulting in a smaller width where

the temperature reaches the softening temperature and also in smaller line widths. Again the

temperature profiles are in agreement with the proposed bump formation mechanism because

the penetration depth of the higher curing velocity is comparable with the slower velocity but

the bump is much higher due to the higher quenching velocity. Finally, the temperature

profile inside the AF 45 substrate calculated for a laser power of 0.8 W and a curing velocity

of 1 mm/s is shown in Fig. 5.49b together with the corresponding cross-sectional profile of

the cured gold lines (Fig. 5.49a). The softening temperature for the AF 45 substrate is 883 °C

but for simplicity the 900 °C isotherm is highlighted (thick solid line) in Fig. 5.49b. The width

of the bump is again identical with the width of the area where the temperature exceeds the

softening temperature.
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Fig. 5.46: a) Cross-sectionalprofiles ofgold line cured with a laser beam diameter of 78 pm,

a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms as a

function ofpenetration depth in a soda-lime substrate calculated for a laser with identical

parameter as in the experiment. The softening temperature (thick solid line) is 700 °C The

maximal temperature is 1400 °C
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Fig. 5.47: a) Cross-sectionalprofiles ofgold line cured with a laser beam diameter of 78 pm,

a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms as a

function ofpenetration depth in a soda-lime substrate calculatedfor a laser with identical

parameter as in the experiment. The softening temperature (thick solid line) is 700 °C The

maximal temperature is 800 °C
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Fig. 5.48: Comparison of the temperature profiles right at the surface of a soda-lime

substrate for two different surface reflectivities (p = 0.68 and p
= 0.5), a laser power of

0.8 W, a laser beam diameter of 78 pm, at a constant curing velocity of 1 mm/s and two

different curing velocities (uc = 1 mm/s anduc = 3.4 mm/s) at a constant surface reflectivity of

p
= 0.68. For the reduced reflectivity (p = 0.5) the maximal temperature is more than

1800 °C compared to 1400 °C The higher curing velocity reduces the temperature in the

centre region slightly. The temperature reduction at both sides arises from the reduction in

timefor the heat to diffuse into the substrate.
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Fig. 5.49: a) Cross-sectionalprofiles ofgold line cured with a laser beam diameter of 78 pm,

a laser power of 0.8 W and a curing velocity of 1 mm/s. b) Temperature isotherms as a

function of penetration depth in a AF 45 substrate calculated for a laser with identical

parameter as in the experiment. The softening temperature (thick solid line) is 900 °C The

maximal temperature is 1400 °C The thermal conductivity is slightly higher than for soda-

lime glass.
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5.4.4 Influence ofsubstrate thickness

Another parameter which may influences the structure of the final gold conductor is the

thickness of the substrate. Because the substrate is transparent to the argon laser beam the

possibility of beam reflection on the base plate, on which the substrate is laying, also exists.

An AF 45 glass substrate with a thickness of 0.1 mm is used to cure gold conductors with a

laser power of 0.4 and 0.8 W at different curing velocities.

Figure 5.50 shows the cross-sectional area of the gold conductor cured with a laser

power of 0.4 W and a curing velocity of 1 mm/s. The profile looks normal on the left hand

side (comparable to Fig. 5.31) but is asymmetric on the right hand side. The explanation is

depicted in Fig. 5.51. For a very thin substrate the laser radiation is reflected at the base plate

and the ray with the maximal intensity is hitting the substrate at a distance x from the centre

line. The distance x can be calculated with Snell's law:

n

sin 02 = —sin ©l (5 17)
n2

With an incident angle, @i, of 30° and a simple index of refraction n}
= 1 of air and n2

=

1.5255 for glass the angle inside the glass, 02, is 19°. Assuming total reflection at the base

material the length x is equal:

f f W

x = 2d- tan[Q2 ) = 2-d- tan

With a substrate thickness of d = 0.1 mm the distance x is 69 urn and the intensity of the

reflected laser beam is added to the intensity of the laser beam shinning from the top on this

spot. The higher intensity causes a higher substrate temperature and enlarges the region where

the particles are melted and sintered together. The distance x of an objective slide of 1 mm

thickness is 690 urn and the reflected beam intersect the substrate on a spot outside the

nanoink.

arcsin

n,

V «„

sin 0j (5.18)
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Fig. 5.50: a) Cross-sectional area and b) optical micrograph (nanoink not washed away) of

the gold conductor cured with a laser beam diameter of 78 pm, a laser power of 0.4 Wand a

curing velocity of 1.0 mm/s on a AF 45 substrate of 0.1 mm thickness. The profile is

asymmetric because the laser light is reflected at the surface ofthe supporting base.
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Fig. 5.51: Sketch of the reflection ofa laser beam with incident angle (©i) at the base plate

after traveling through a substrate of thickness d having a refractive index n2. The base plate

is semi-infinite and has a refractive index n$. The distance x is the distance from the spot

where the incident laser beam hits the surface of the substrate and to the place where the

reflected laser beam hits the surface again.

A higher laser power of 0.8 W has the same effect on the symmetry of the cured gold

conductor but in addition the entire substrate is heated up and the temperature gradient

deforms the substrate (Fig. 5.52).

The substrate thickness plays an important role if the incident laser is shining

perpendicular to the curing direction and the thickness is in the range of the printed line

width. For a laser beam shining parallel to the translation direction no influence is recognized.
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Fig. 5.52: a) Cross-sectional area and b) optical micrograph (nanoink not washed away) of

the gold conductor cured with a laser beam diameter of 78 pm, a laser power of 0.8 Wand a

curing velocity of 1.0 mm/s on a AF 45 glass substrate with a thickness of 0.1 mm. The width

of the gold line is larger than the field of view of the optical microscope and is therefore not

fully shown. The profile is asymmetric because the laser light is reflected at the surface of the

supporting base. The entire substrate is deformed by the high laser power.
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5.4.5 Employment ofdifferent substrates

The employment of nanoparticles with their reduced melting temperature and their localized

melting with an appropriately selected laser should minimize or even prevent thermal damage

to the substrate. Therefore the feasibility of producing gold conductors on more delicate

substrates should be shown. Three different synthetic substrates commonly used as base

plates for IC's or flexible connection between electronic parts, resin and epoxy (rigid) and

polyimide (flexible), are listed with the maximal supported temperature in Table 5.7.

Table 5.7: Substrates commonly used in electronics with the temperature limit, their

properties and applications.

Substrate (Thickness) Temperature limit (° C) Properties, applications

Resin printing plate (1 mm) 105 rigid, base plate (cheap electronics)

Epoxy printing plate (1.5mm) 130 rigid, base plates (electronics)

Polyimide (25 urn) 260 flexible, connections in electronics

From the experiments with glass substrates, especially from the etching experiments, a

qualified laser power range of 0.1 W (with slow curing velocities) to maximal 0.3 W (with

high curing velocities) is chosen in order to prevent a burning of the substrate.

Because it is not possible to deposit contact pads on the "plastic" substrate the resistance has

to be measured in a different way than explained in chapter 5.3. A glue composed of an

aluminum and silver paste normally used to glue (ECCOBOND 57C, Emerson & Cuming)

connectors to piezo-ceramics is found to be capable to use as a contacting medium between

the measuring prongs and the gold conductors. The paste has a very high electrical

conductivity and does not destroy the fine gold lines because it is applied on the lines in a

liquid state.
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It is possible to produce conducting gold lines on all substrates, but it is not possible to

measure any profile because even with low power all the substrates are deforming resulting in

a valley profiles giving no information about the height of the gold line. The measured

resistance per length of the different substrates is alternatively compared with the resistance

per length (Q/m) of the gold lines printed on glass substrates. Figure 5.53 shows the resistance

per length for gold conductors manufactured on the three synthetics, a) polyimide, b) epoxy,

and c) resin as a function of curing velocity for different laser power. For all substrates a laser

of power of 0.05 and 0.1 W show high resistances independent of curing velocity. The laser

power is too low to melt and sinter together the nanoparticles into a continuous gold layer.

This laser power is not high enough to produce gold lines on a glass substrate indicating that

the thermal conductivity of glass is higher than the one of the synthetics.

A comparison of the resistance per length of the three synthetic substrates with the glass

substrate as a function of curing velocity is shown Fig. 5.54 for a laser power of 0.2

(Fig. 5.54a) and 0.3 W (Fig. 5.54b). The resistance per length of all synthetics does not reach

the lowest possible resistance per length of the conductors manufactured on glass. The

advantage of the synthetic substrates is possibility to run higher curing velocities than with

glass without increasing the resistance. This is due to the bump formation at the glass

substrates at high laser power and due to losses to the substrate at lower power. The resistance

per length of the order of ~ IO6 for all the substrates cured with a velocity of 10 mm/s is

acceptable and allows for a higher production rate than the glass substrates.
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Fig. 5.53: Resistance per length for gold conductors manufactured on three synthetics: a)

polyimide, b) epoxy, and c) resin) with a laser beam diameter of 78 pm as a function of

curing velocity for different laser power, (crosses) 0.05 W, (circles) 0.1 W, (squares) 0.2 W

and (triangles) 0.3 W. For all substrates a laser power of 0.05 and 0.1 W show high

resistance
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is availablefor 0.3 W.
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5.4.6 Systematic error ofmeasuring method and deviation ofresults

5.4.6.1 Systematic error ofmeasuring method

The systematic error occurring during the resistance measurement with the electrical circuit

shown in Fig. 5.17 is calculated. The resistivity, p is calculated with Eq. (5.1) and uses the

cross-sectional area of the produced conductor. If an error analysis is made for the resistivity

the area and its uncertainty is twice included because the measured resistance itself is a

function of the area. If the area of a conductor is somewhere smaller than the average area of

another conductor the measured resistance is higher. The error analysis is made for the

systematic error of resistance measurement and the deviation of the resistances and cross-

sectional areas are made separately.

The systematic error of the resistance per length, Rt/L, following from Eqs. (5.2) -(5.3):

RTIL =
—^—

(5.19)
Vm-h)L

is equal to the sum of the product of the partial derivative with respect to one variable with an

uncertainty times its error.

L: "yAlT'~'.dL = — "m

2SL

(5.20)
d(RT/L)

dL
dL =

(Jm
7SL

,)L2

d(RT/L)
dU„ =

1
—suUm- -^ -dUm= 5Um (5.21)

dU
m

(i -i,)L
m

*MH.a.=- v.
K (5.22)

ai (i -i}) L

=f=>*,----^jS, (5 23)
ai, (i —iA)L
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The uncertainty oîRj/L is equal:

S(RT IL)=

U„
V f

(L-h)L2
-8L +

1

+
um

y f

(i -LYL
,

\ m d s

Si, +

(L -h)L

u„

-SU.

(i -iXL
v m d J

Si

(5.24)

The uncertainty of the length, L = 4.33 mm, of the gold conductor is the uncertainty of the

mask manufactured with a CNC milling machine which can be assumed to be dL = 0.01 mm.

The uncertainties of the multimeters depend on the measured range. The uncertainties for

three different ranges with different parameters are calculated.

Case 1 (RT/L = 1.151012 Q/m)

L = 4.33 ±0.01 mm

Um = 100.01 ± 0.04 V

U = 9.89 ± 0.03 uA SRT/L = 2.4-10lz Q/m RT/L = 1.15 ± 2.4- 101Z Q/m

/v
= 9.87± 0.03 uA

,12 ,12

Case 2 (RT/L = 1.99-105 Q/m)

L = 4.33 ±0.01 mm

Um = 9.8873 ± 0.004 V

U = 11.47 ± 0.04 mA SRT/L = 837 Q/m

iv = 0.96 ±0.03 uA

RT/L = 1.99 ± 0.08 -IO5 Q/m

Rt/L = 1.99-105 Q/m ± 0.4%

Case 3 (RT/L = 3120 Q/m)

L = 4.33 ±0.01 mm

Um = 56.76 ± 0.04 mV

id = 4.202 ± 0.02 mA

U = 0.0002 ±0 .001 uA

8RT/L = 16.6 Q/m RT/L = 3120 ± 16.6 Q/m

iVZ = 3120Q/m±0.5%
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The systematic error is less than 1% for the resistances of interest. The uncertainty for case 1

is higher than its value meaning that it is possible to measure a resistance but a very high

resistance. Gold conductors with such a resistance are not useful.

5.4.6.2 Deviation ofthe produced gold conductors

Figure 5.55 shows the mean resistance per length with the corresponding standard deviation

for a laser power of 0.4 (Fig. 5.55a) and 0.8 W (Fig. 5.55b) as a function of curing velocity.

The resistance for the maximal curing velocities giving an almost infinite value is not shown.

The standard deviation of the gold lines cured with 0.4 W (Fig. 5.55a) is in general smaller

than the standard deviation of the gold lines cured with higher power (Fig. 5.55b). This

difference is caused by the higher bumps (see earlier) forming at higher laser power causing

cracks and influencing the continuous structure. With increasing curing velocity the resistance

values increase for both laser powers: in the case of 0.4 W since the quality of the conductor

is reduced by incomplete melting of the nanoparticles and in the case 0.8 W due to the fact

that the bump is growing due to rapid quenching.
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Fig. 5.55: Resistance per length and corresponding standard deviation as afunction ofcuring

velocityfor gold lines curedwith a laserpower ofa) 0.4 and b) 0.8 W.
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The cross-sectional area of the cured gold line is used to calculate its resistivity. Figure 5.56

the cross-sectional areas and corresponding standard deviation of gold conductors cured with

a laser power of 0.4 and 0.8 W as a function of curing velocity. The cross-sectional areas are

not corrected for the forming glass bump in the centre of the gold conductor. The laser power

of 0.8 W is chosen because of large bumps in the centre of the cross-sections of the lines and

the laser power of 0.4 W because almost no bump is formed. The cross-sectional areas and

therefore the standard deviation of the lines cured with a laser power 0.8 W are larger than the

ones cured with 0.4 W due to the bumps. Nevertheless, the uncertainty is smaller than 10

percent for both laser powers (except for the case of total destruction of the substrate) and

justifies the calculation of an average cross-sectional area of a gold conductor by subtracting

the area measured without gold layer from the area with gold layer for the determination of

the resistivity of the gold conductor.
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6. Mathematical modeling of gold particle coalescence

Abstract

In the first part of this chapter the coalescence process of two gold nanoparticles in vacuum is

investigated for a host of initial temperatures and starting radii with a phenomenological

macroscopic model. The model is based on an energy balance and supplemented by a model

for the surface variation of the nanosystem under consideration (Lehtinen and Zachariah,

2001; 2002). The model is modified to account for the curvature dependence of the melting

temperature of the nanoparticles. The results are compared with the Molecular Dynamics

(MD) simulations (Arcidiacono et al., 2004) using the glue potential for the gold simulation

(Ercolessi et al., 1988). Accounting for the findings of the MD simulations for the neck

growth rate, the validity of the analytical model with the initial temperature and radius of the

particle is shown. The calculations are extended to particles having radius between 0.95 to

2.5 nm.

In the second part of the chapter the effects of the environment and laser heating are

investigated with the macroscopic model.

6.1. Introduction

As the utilization of ultrafine particles is becoming increasingly important in industrial

applications, including a host of novel manufacturing processes, there is a great interest to

understand the basic phenomena, not only in the production, but also in the utilization of such

particles under a host of thermodynamic conditions. To this end, there are different models

developed for ceramics describing the evolution of sintering of equally sized particles based

on the neck growth rate (Coblenz et al., 1980) valid in the early sintering stages and often

used in numerical simulations (Kobata et al., 1991; Kruis et al., 1993; Shimada et al., 1994;

Tsantilis et al., 2001). Friedlander and Wu (1994) derived a theory for solid-state diffusion

valid for the coalescence stage (intended as the approach of a non spherical particle to a

spherical shape). Zachariah and Carrier (1999) showed, comparing their MD simulations with

a phenomenological model, that the results obtained in Friedlander and Wu (1994) could be
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applied also in the early stage of sintering of silicon nanoparticles. Friedlander and Wu (1994)

as well as Lehtinen and Zachariah (2001; 2002) reported that during the sintering process of

two particles the surface area reduction leads to an energy release with a consequent increase

of temperature that accelerates the entire process.

Different works compared the sintering process of nanoparticles of different materials

both experimentally and theoretically and found good agreement with the "neck" theory of

Coblenz (1990). To exemplify, Kobata et al. (1991) investigated the sintering of TiC>2 during

gas-phase reaction. Shimada et al. (1994) investigated experimentally the size reduction of

fine silver agglomerates by sintering in a heated gas flow. Nakaso et al. (2002) reported that

gold agglomerates with small primary particles with a diameter of 8 nm will compact mainly

by the subsequent coalescence of these primary particles.

Xing and Rosner (1999) were able to predict some experimental results for alumina and

titania nanoparticles assuming that coalescence occurs via surface diffusion and taking into

account the curvature dependence of the surface melting temperature. Tsantilis et al. (2001)

proposed a new characteristic sintering time for silica nanoparticles which is based on the

particle size dependence of the melting point and predicts faster sintering rates at small

particle sizes than existing sintering models relying solely on bulk material properties.

The sintering of two copper nanoparticles via MD simulations is studied by Zhu and

Averback (1996). The evaluated diffusion coefficient for the studied sintering event is by a

factor of IO3 larger than the diffusion coefficient for grain boundary diffusion, which is the

expected dominant mechanism. During the early sintering stages they observed an elastic

deformation after which a relative rotation between the two particles begins until a low

minimum energy grain boundary is reached. The simulation of Cu and Au nanoparticle arrays

(Zeng et al., 1998) showed a different sintering mechanism of nanosized particles compared

to microsized. Large atomic potential gradients, present where the two surfaces form a cusp at

the point of contact, are decreasing the expected temporal scales of the process. Lewis et al.

(1997) studied the coalescence of liquid-liquid, solid-liquid and solid-solid gold nanoparticles

via MD simulations using the Embedded Atom Method (EAM) potential (Foiles et al., 1986).

They found no agreement between the sintering time obtained by their MD results and the

classical neck theories supposing that the leading phenomenon is surface diffusion, but they

did not account for the energy release due to the surface area reduction. The simulations

showed a rapid increase of the neck growth at the beginning, followed by a slow tendency to

recover the spherical shape.
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The goal of this work is to investigate the potential and limitations of a simple macroscopic

model describing the coalescence process of gold nanoparticles by comparing the results with

MD simulations. Gold nanoparticles and their behaviour, in particular with respect to melting

at temperatures markedly lower than that of bulk gold, are of great interest to novel methods

in the manufacturing of microelectronics (Bieri et al., 2002, 2003, 2004a, b; Chung 2003,

2004a, 2004b, 2004c, 2005d).

6.2. Analytical Model

The sintering process can be analyzed with a free energy balance (Lehtinen and Zachariah,

2001; 2002). Considering the system as two gold particles consisting each of N atoms in a

surrounding, the total energy E (Eq. (6.1)) of this system is the sum of the bulk energy Ebuik

(Eq. (6.2)) and the surface energy Esurf (Eq. (6.3)). Any change in the total energy would result

from gains or losses to the surrounding (Eq. (6.4)). In the first part of this chapter the

surrounding is vacuum and the change in total energy is zero, neglecting radiation and

convective/conductive losses and heating, to make the comparison with the MD simulation as

close as possible (Eq. (6.5)). As the two particles coalesce to form one larger particle, the

surface area of the system is changing. This reduction in the surface area results in an energy

release which increases the particle temperature significantly. Since the dynamics of the

coalescing process is temperature dependent on temperature, this temperature increase will

accelerate the entire process. The total energy of the system is:

E = Ebulk + Esulf (6.1)

Ebulk=2NCvTp (6.2)

Esurf = ya (6.3)

The energy change of the system can be written as:

dE ^d(Ebulk+Esuiface) ^^tc dT
|

da ^dEconv |
dErad

|
dEheatmg

dt dt dt
w

dt dt dt dt
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where Cv is the constant-volume heat capacity, y^ is the surface tension, T and a are the

temperature and the surface area of the two coalescing particles at time t, respectively

Without any gain or losses by convective heating, radiation and diffusion the energy change

of the system reads:

dE
„„„

dT da
n

— = 2NCv
—+ y — = 0 (6.5)

dt dt
w

dt

The surface area reduction by sintering can be described by the linear law of Koch and

Friedlander (1990):

— = —(a-as) (6.6)
at T

--Am
2/3

(6.7)

where as is the surface area of the final sphere (assumed in the analytical solution), Vo the

volume of one initial particle and Tthe characteristic sintering time.

The relation above is initially derived assuming that the coalescence rate of an agglomerate in

the initial state is directly proportional to its excess surface area which is the actual surface

area minus equivalent spherical area. This assumption is later shown to be representative also

for the final stages of transformation to sphericity for an originally slightly nonspherical

particle by Friedlander and Wu (1994).

Finally, the derivative of the particle temperature can be expressed as:

dL
=
_j^_dcL

dt 2NCV dt

This system of two dependent differential equations (Eqs. (6.6)-(6.8)) is solved with a Runge

Kutta fourth order algorithm (see appendix D).

There exist different mechanisms which can drive the coalescence of two solid

nanoparticles such as surface diffusion, grain boundary diffusion, evaporation-condensation,

and lattice diffusion. The modeling of the initial stage of sintering expresses the neck growth
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of two spheres of the same radius, which is sketched in Fig. 6.1 with a center-to-center

approach as (Coblenz et al., 1980):

f \
x

r
\ p J

Bt_
(6.9)

where rp is the initial particle radius, x the neck radius, t the time, B a constant depending on

the temperature, m and n parameters depending on the sintering mechanism.

(n,vJUi,vJ j

Fig. 6.1: Sketch ofthe sintering oftwo equally sizedparticles with Natoms with a center-to-

center approach.

For grain boundary diffusion or surface diffusion Eq. (6.9) is expressed in the following way

(Coblenz et al., 1980) with m = 4 and n = 6:

f Y

r
v pj

r;RT

CwDyJl
(6.10)

where C is a constant, R is the universal gas constant, D is the grain boundary or surface

diffusion coefficient, Q is the molar volume and w is the surface or grain boundary layer

11%

width, estimated as Q (Kruis et al., 1993). The previously introduced characteristic

sintering time ris defined as the time in Eq. (6.10) at which the neck radius to particle radius

ratio reaches 0.83. This value is found by Kobata et al. (1991) and represents the largest

possible neck to radius ratio of two coalescing spheres where no undercutting is visible. This

value is also consistent with the numerically evaluated value for an infinite line of spheres

sintering into an infinite cylinder (x/rp = 0.817) and the one of a sphere sintering onto a plane

(x/ rp
= 0.84) (Nichols and Mullins, 1965).
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The diffusion coefficient is assumed to follow the Boltzmann-Arrhenius dependency:

D = D0exp{-Ea/RT) (6.11)

where D0 is the pre-exponential diffusion coefficient and Ea the activation energy.

Assuming grain boundary diffusion as the driving phenomenon (Nakaso et al., 2002),

the proper pre-exponential factor and the activation energy can be calculated with the

empirical relationship deduced from experimental data of bulk material valid for all fee

crystal structures (Gj ostein, 1972):

D0 =0.3 cm2/s (6.12)

Ea = 47.5 -TM JImol (6.13)

where TM is the bulk melting temperature.

The surface tension is calculated using the relation of Murr (1975) for pure fee metals:

ysv-V2{yv)M + 0A5{TM-T) (6.14)

where (yv)M is the surface tension of liquid bulk gold at the melting point.

The melting temperature of a nanoparticle, T°, is curvature dependent (see chapter 1). In both

equations (6.13) and (6.14) the value of the bulk melting temperature TM was replaced by T°

(Buffat and Borel, 1976):

(6.15)

where: yi is the solid-liquid interfacial tension, yi is the surface tension of the liquid, <5is the

*

liquid-layer thickness, rs is the radius of the particle at the melting point assuming that the

particle is in the solid form and Ahis is the latent heat of fusion. The values used for Sand yi

are the same obtained by Buffat and Borel (1976) fitting experimental data (Table 6.1).

In—=
T pAK [pj

1/3

y
P

+ r„
i j

s(p/
.\P,J

1/3



145

Table 6.1: Numerical valuesfor gold usedfor the calculations. The values are the physical

constants ofbulk gold near the meltingpoint. Unless otherwise stated the values are taken

from Buffat andBorel (1976).

Variable Solid Liquid

Specific gravity, p (kg m3) 18 400 17 280

1.38 1.135

Surface tension (between the condensed phases and

the vapor), y(Jm )

Melting temperature for bulk gold, TM (K) 1336

Latent heat of fusion, Ahu (J mot1) 12 362
a

Solid-liquid interfacial tension, yi(Jm2) 0.27

Liquid layer thickness 5(A) 22

Molecular weight, Mg (kgmoT1) 196.96655-10"

Constant-volume heat capacity, Cv (J mol^K"1) Cv=Ah+Bw T+ChT2 a

Gold specific value, Ah 21.992
a

2 a

6 a

Gold specific value, Bh 1.3011-10'

Gold specific value, Ch -5.2303-10

Real part of complex index of refraction @ 514 nm 0.608

Imaginary part of complex index of refraction @
2.12

514 nm

a(Lide, 1993)

Furthermore, to account for the changing size from the initial to the final configuration, it is

assumed that the starting melting temperature is equal to that corresponding to the initial

particle radius and it increases exponentially up to that corresponding to the final radius. The

final melting temperature is reached when the curvature is approximately equal to unity.
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6.3. Results and comparison with MD simulations

In this chapter the results of the phenomenological model are compared with MD simulations

(Arcidiacono et al., 2004; Arcidiacono, in progress). The energy release due to surface

reduction during coalescence, in terms of molecular forces due to the new formed bonds,

leads to an increase of the temperature of the system (Eq. (6.8)). Figure 6.2 shows the excess

surface area reduction and the corresponding temperature increase as a function of time for

two solid gold particles with an initial diameter and temperature of 2 nm and 895 K,

respectively. The surface reduction is accelerated with increasing temperature which leads to

even higher temperature. The coalescence time is the time needed to reduce by about 63% the

excess surface area of the coalescing particles compared to an equal mass perfect sphere

(Kruis et al., 1993). The temperature increases until the excess surface disappears completely.

The analytical model cannot describe how the particles coalesce in terms of geometry. It is

only possible to investigate the evolution of the total surface area of the coalescing pair of

particles and therefore the coalescence time. Additionally the evolution of the neck to particle

radius ratio (x/rp) is calculated with the definition of the sintering time (Eq. (6.10)). The MD

simulation makes it possible to describe the coalescence process in detail because the position

of every atom is known in each time step and to assign a specific shape of the coalescing

particle to every time step. These results are compared with the results of the analytical

model.

Figure 6.3 shows a comparison of the particle temperature as a function of time

calculated with the analytical model and with MD simulations during the sintering of two

gold nanoparticles with an initial radius and temperature of 2 nm and 895 K, respectively. The

results of the analytical model for the surface reduction and the temperature behavior is

predicting a faster transient for the surface area reduction (around 0.3 ns compared to 2 ns)

and, consequently, the maximum temperature is reached faster (Fig. 6.3). Moreover the

temperature increase of the analytical model is underestimated of ca. 40 K. Since this is

approximately 25% of the temperature increase calculated with the MD simulations, the

prediction of the analytical model is deemed as satisfactory.
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model and with MD simulations during the sintering of two gold nanoparticles with an initial

radius and temperature of2 nm and 895 K, respectively.

The neck growth rate obtained via MD and the predictions of the phenomenological model for

the same particle size at four different temperatures as a function of time are depicted in

Fig. 6.4. A typical transient is characterized by two main stages. A very fast first phase can be

distinguished where a neck forms between the two particles and its growth rate is following a

power law in time as given in Eq. (6.9). The second phase starts when the neck disappears and

only one particle is recognized. The shape evolution in this case is much slower and tends to

lead to a spherical final shape, even though an actual sphere is not always reached within the

simulation time. The dominant mechanism appears to be solid state diffusion. In this phase

the rearrangement of the lattice structure appears to be stronger than in the first phase
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(Arcidiacono et al., 2004). The results of the analytical model are only valid to a maximal

neck to particle radius which can be evaluated assuming that the total volume of the two

initial particles is equal to the volume of the final particle; finally (x/r)sphencai= \2 .

0.001 0.01 0.1 1

Time (t), ns

Fig. 6.4: Comparison ofthe time evolution ofneck growth evaluated via MD simulations and

the analytical modelfor the sintering of two gold nanoparticles with an initial radius of2 nm

and different initial temperatures. The results of the analytical model are only valid to a

maximal neck to particle radius, (x/r)sphericai= V 2 .

The analytical model gives acceptable results for the three higher temperature cases and

provides good approximations for the corresponding sintering time. Similar results where

obtained for larger particles with a radius of 2.23 nm (Fig. 6.5).
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Fig. 6.5: Comparison ofthe time evolution ofneck growth evaluated via MD simulations and

the analytical model for the sintering of two gold nanoparticles with an initial radius of

2.23 nm and different initial temperatures. The results of the analytical model are only valid

to a maximal neck to particle radius, (x/r)sphencai= \2 .

Figure 6.6 shows the neck growth for the sintering of two particles with a radius of 1.53 nm at

different initial temperatures. All the MD results are packed within a small range while the

analytical model is predicting a stronger temperature influence. The trend is more distinct

when going to even smaller particles with a radius of 1.3 nm (Fig. 6.7). This anticipates that at

this scale other mechanisms rather than grain boundary or surface diffusion are dominant and

the macroscopic description loses further accuracy.
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the analytical model for the sintering of two gold nanoparticles with an initial radius of

1.5 nm and different initial temperatures. The results of the analytical model are only valid to

a maximal neck to particle radius, (x/r)sphericai= v2 .

In the first part of this chapter the coalescence of two nanoparticles is studied with a

macroscopic phenomenological model and MD simulation. The MD calculations improve the

understanding of the basics of the process such as the driving mechanisms acting at different

particle sizes and makes it possible to evaluate the results of the analytical model

(Arcidiacono et al., 2004). The correspondence between the analytical and MD calculations

for particles having a radius greater than 2 nm is indicating that grain boundary diffusion

(Nakaso et al., 2002) is dominant. For the cases with an initial temperature near the particle

melting, a good agreement between MD results and the predictions of a macroscopic

phenomenological model, that is modified to account for the curvature dependence of the
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particle melting temperature, is found. On the other hand, for particles with radius smaller

2 nm, the analytical model predictions do not agree with the simulations. The initial

temperature may not to play an important role and choosing between temperature dependent

mechanisms, such as grain boundary or surface diffusion, does not improve the predictions of

the phenomenological model.
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Fig. 6.7: Comparison ofthe time evolution ofneck growth evaluated via MD simulations and

the analytical model for the sintering of two gold nanoparticles with an initial radius of

1.3 nm and different initial temperatures. The results of the analytical model are only valid to

a maximal neck to particle radius, (x/r)sphericai= v2 .
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6.4 Influence of the energy interactions with the environment

In the first part of this chapter, the coalescence of two solid gold particles in vacuum

neglecting energetic interactions with the environment is investigated in order to facilitate a

comparison of the analytical model with molecular dynamics simulations. The comparison

proved that the analytical model describes the coalescence of two solid gold particles with a

radius of 2 nm and an initial temperature between 876 and 966 K well. Therefore, the system

of two particles with radii of 2 nm at an initial temperature of 895 K is chosen to investigate

the energetic influence of the surroundings on the coalescence process. The surrounding

atmosphere is assumed to be nitrogen. Therefore, the energy change (Eq. (6.4)) of the system

is not equal zero and results from gain and losses to the surrounding. The energy losses due to

diffusion-convection E&ff and radiation Eraci are defined as:

—-^-
= h(T)a(T-TJ (6.16)

dE,
--e(T)cySBa(r-r) (6.17)

dt

where h is a constant describing the heat lose through diffusion, Tœ is the gas temperature, T

and a are the temperature and the surface of the two coalescing particles at time t,

respectively, Osb is the Stefan-Boltzmann constant and e the emissivity of the particle.

The energy gain from the surrounding to the system is laser radiation absorbed by the

nanoparticles according to the conducted experiments (Fig. 6.8). The scattering of the

particles is independent so that the cross sections of the two particles can be added. The rate,

Wabs, at which the energy is absorbed by the particle, is defined as:

WAs=CaJL (6.18)

where Cabs is the absorbing cross section and h is the laser intensity.
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With Eqs. (3.2) and (3.9) the energy, Eabs, absorbed by the two particle of radius rp can be

written as:

dE \ m -\

,—
= Wabs = 4xlm — 2nr2IL

dt
abs }m2 + 2

p L (6.19)

where x is the size parameter and m the relative refractive index (see chapter 3).

The temperature change of the system can then be written as:

2NCv^ = -y^-h(T)a(T-TJ-eaSB(T4-r)+ 4xlm\^^\2^r2IL (6.20)

Fig. 6.8: Incident laser radiation F on two identical particles with radius rp and cross

section Cabs-

la a first step the energy gain and losses in Eq. (6.20) are investigated separately and

compared to the results of the system placed in vacuum to evaluate the importance of the

different influences of the environment on the coalescence process. In a second step all the

energy changes are included in the calculations.

The material constants used for the calculations for gold and nitrogen are listed in

Tables 6.1 and 6.2, respectively.
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Table 6.2: Numerical valuesfor nitrogen gas (N2) usedfor calculations.

Variable Value Ref.

Background back pressure, pg (Pa) MO5

Specific heat capacity (J-mot'K1) cg=Ag + BgTg + CgTg2 + DgTg3 + EgTg2/Mg (MST)

Gas specific constant Ag 26.09200 (MST)

Gas specific constant Bg 8.218801 (MST)

Gas specific constant Cg -1.976141 (MST)

Gas specific constant Dg 0.159274 (MST)

Gas specific constant Eg 0.044434 (MST)

Refractive index, n 1.000298 (Lide)

Molecular weight, Mg (kgmoT ) 28.014-10"3 (Lide)

6.4.1 Effect ofdiffusive heat loss on coalescence

The energy loss by diffusion to a surrounding gas can be modeled by the collision of the gas

molecules with the coalescing particles in the free-molecule regime (Lehtinen and Zachariah,

2001; 2002). For this case the diffusion parameter h is defined as the gas-particle collision

rate Z multiplied with the gas molecule mass mg:

h = Zm„
Pgcg(T)mg
J27rm~k~f

(6.21)

where kB is the Bolzmann constant, pg is the background gas pressure, cg is the specific heat

capacity of the gas molecules which is defined as (NIST, 2003):

c=A+BT + CT2 +DJl +ET2 IM„ (6.22)

where Ag, Bg, Cg, Dg, Dg, and Eg are gas specific constants, Tg is the gas temperature divided

by 1000 and Mg is the molecular weight of the surrounding gas.
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Figure 6.9 shows the temperature as a function of time of two coalescing gold particles of

radius 2 nm in nitrogen. Similar to the case of two gold particles placed in vacuum (Fig. 6.2),

the temperature increases at the beginning due to the energy release during coalescence. This

increase stops when the excess surface is equal zero (Fig. 6.9). Contrary to the first case, the

temperature decreases slowly after reaching the maximum due to collisions between the

nitrogen molecules with the gold molecules until the ambient temperature is reached again.

Figure 6.10 shows the excess surface area as a function of time. The influence of the diffusion

energy loss is small compared to the energy release during coalescence (0 - 0.3 ns) therefore

the excess surface reduction with diffusion shows the same transient as the one without

diffusion (Fig. 6.10). The coalescence process is finished after 0.3 ns whereas the temperature

reduction takes around 200 ns to reach the environment temperature indicating again the large

difference between energy gain and loss.
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Fig. 6.9: Temperature as a function of time of two coalescing goldparticles with a radius of

2 nm and an initial temperature of895 K with energy gain due coalescence and energy loss

by collisions with surrounding nitrogen gas molecules.
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Fig. 6.10: Excess surface area as a function of time of two coalescing gold particles with a

radius of 2 nm and an initial temperature of 895 K with energy gain due coalescence and

energy loss by collisions with surrounding nitrogen gas molecules.

6.4.2 Effect ofradiation heat loss on coalescence

The radiation heat loss of a body can be described with Eq. (6.17). The only unknown

parameter is the emissivity £ of the gold nanoparticles. The Kirchhoff law for emission and

absorption by an arbitrary spherical particle is defined as (Bohren and Huffman, 1983):

£ = Q* (6.23)
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For particles smaller than the wavelength the absorption efficiency, Qabs, can be calculated

with the Rayleigh theory (see chapter 3). In Fig. 6.11 the absorption efficiency for gold

particles with a radius of 2 nm surrounded by nitrogen gas is shown as a function of radiation

wavelength. The highest emissivity is 0.1 at a wavelength of 0.2 um decreasing to under

0.0001 for wavelengths larger than 1.2 um. The average value for emissivity over the entire

range of wavelengths is 0.022. The heat loss calculated with this average value is very small

and cannot be recognized in the transient of the particle temperature or on the excess surface

area.
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2 nm in nitrogen calculated with the Rayleigh theory
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6.4.3 Effect oflaser radiation heat gain on coalescence

Analogously to the conducted experiments, the energy input into the system can be provided

by laser irradiation. The properties of the laser are listed in Table 6.3. The laser radiation lasts

in the experiment for several milliseconds which is two orders of magnitude longer than in the

simulations. The simulations are stopped when the particle temperature exceeds the melting

temperature of the fully coalesced sphere (1110 K) because the model does not account for

the melting of the nanoparticles. Therefore the results are not correct for temperature

exceeding 1110 K.

Table 6.3: Numerical values ofthe argon ion laser usedfor the calculations.

Variable Value

Laser wavelength, Am [WJ 514 nm

Laser power, PL [WJ 0.1-LOW

Laser radius, rL fm] 42.5-10"6

Laser intensity, F [W/m ] IL=PL/(7trL2)

Laser intensity (0 = 85 um, PL=l.O W) 176 106W/m2

Laser intensity (0 = 85 um, PL = 0.l W) 17.6 106W/m2

Laser intensity (0 = 1 um, PL= LOW) 1.2-1012W/m2

Laser intensity (0 = 1 um, PL = 0.1W) 1.2-10uW/m2

The influence of two different laser powers, 0.1 and 1.0 W for two different laser spot

diameters, 1 and 85 um, on the coalescence process is investigated. The two laser powers are

the limits of the conducted experiments in combination with the 85 um laser spot diameter.

On the other hand, the 1 um laser diameter represents the smallest optically achievable laser

diameter (not experimentally investigated in this work). Figures 6.12 and 6.13 show the time

dependent behavior of the temperature and the excess surface area of two coalescing gold

particles with a radius of 2 nm and an initial temperature of 895 K with and without laser

irradiation. For both laser powers (0.1 and 1.0 W) no increase in particle temperature (Fig.
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6.12) is recognizable during the coalescence process for the larger laser spot diameter (85

um), resulting in excess surface area reduction identical to the case without laser irradiation

(Fig. 6.13). After the coalescence process is finished and the energy increase through the

reduction in the surface area is zero, the laser irradiation increases the particle temperature

continuously. The high energy input with the 1 um laser spot increases for both laser powers

(0.1 and 1.0 W) the temperature of the particle during the coalescence process (Fig. 6.12).

This temperature increase accelerates the coalescence process and the excess surface area

reduces much faster than without laser irradiation (Fig. 6.13).

0.0001 0.001 0.01 0.1 1 10 100

Time (t), ns

Fig. 6.12: Comparison of the temperature as a function of time of two coalescing gold

particles with a radius of2 nm and an initial temperature of895 Kfor two different laser spot

diameters of 1 and 85 pm; a) without laser irradiation, b, c) with laser irradiation of 0.1 or

LOW (laser spot diameter 1 pm) and d) with laser irradiation of 0.1 or LOW (laser spot

diameter of85 pm).
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laser irradiation of0.1 or LOW (laser spot diameter of85 pm).

6.4.4 Influence ofall energy gain and losses on coalescence

In this section, all energy gains and losses, provided by additional laser heating, heat diffusion

and radiation of the system to the surrounding are included. The influences of the surrounding

on the coalescence, namely on the temperature and excess surface area, are shown in Fig. 6.14

and compared to the cases without any influences and with losses by diffusion only. The

results for high laser intensities (laser diameter of 1 um) are similar to the case accounting

only for laser energy gain, because the energy losses from diffusion and radiation are
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negligible compared to the high energy input by the laser. For lower laser intensities (laser

diameter of 85 um) the energy input by the laser irradiation is smaller than the losses to the

surrounding through diffusion and radiation resulting in a decrease in temperature after the

coalescence process is finished (Fig. 6.14). The final particle temperature depends on the laser

energy. For small laser power (0.1 W) the temperature is slightly larger than the ambient

temperature which would be reached if only diffusive losses are included, whereas for higher

laser power (1.0 W) the final temperature is clearly higher (Fig. 6.14) than the ambient

temperature.
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Fig. 6.14: Comparison of the temperature of two coalescing gold particles with a radius of

2 nm and an initial temperature of895 K: a) without any interaction with the surrounding b)

with only the diffusive losses c) with energy gainfrom laser irradiation (0.1 W or LOW laser

power and a laser spot diameter of 1 pm) and losses by radiation and diffusion, d) with

energy gain from laser irradiation (0.1 W or LOW laser power and a laser spot diameter of

85 pm) and losses by radiation and diffusion).
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The simulations and the experiments do not correspond completely as for the simulation an

initial temperature of 895 K is used whereas the experiment starts at ambient temperature. In

addition, the experiments utilize toluene as carrier-liquid instead of nitrogen gas. The

influence of evaporation was not considered in the modeling. The model gives good results

for initial temperatures close to the reduced melting temperature of one single particle,

whereas for lower starting temperature the model does not agree with the molecular dynamics

(Arcidiacono et al., 2004).

Nevertheless the case with an initial temperature of 298 K, similar to the experiments, is

investigated but still for gold particles in nitrogen. With the starting temperature of 298 K the

laser energy heats up the particles to the temperature where coalescence starts and accelerates

the process by several orders of magnitude. Then the system reacts similar to the previous

case with the higher starting temperature. The results are depicted in Fig. 6.15, where the time

dependent behavior of the excess surface area reduction is compared with the temperature

with and without laser heating but without losses to the surrounding. The laser spot diameter

is 85 um and the laser power is 0.1 or 1.0 W. Without laser heating the coalescence process

starts after approximately 1 ms. With laser heating the coalescence process is accelerated and

starts for a laser powers of 0.1 and 1.0 W after 700 ns and 100 ns, respectively. The

temperature increase of 150 K due to the energy release by the coalescence without laser

heating is comparable with the temperature increase of the case with the initial temperature of

895 K (Fig. 6.3). The duration of the coalescence process is increasing with decreasing laser

energy input from 200 ns (1.0 W) to 700 ns (0.1 W) and up to 10 ms without energy input.

The resulting sintering times of the two cases with laser heating seem to be reasonable, since

the temperature during coalescence is around 800 K, hence, surface melting of the particles

can occur and the two particle can coalesce to one spherical particle. The final temperature of

the process without any heating is 450 K meaning that the two particles are still completely

solid. The model is assuming a perfect sphere as the final shape of the two coalescing

particles which is not true for solid particles (Arcidiacono et al., 2004). Therefore the

sintering time is questionable.

Finally, the energy gain by laser heating and the losses by diffusion and radiation to the

surrounding are included into the energy balance of the system of two coalescing gold

particles with a radius of 2nm and an initial temperature of 298 K. A comparison of the

temperature and excess surface area reduction as a function of time for the following three

cases are depicted in Fig. 6.16, a) no energy gains or losses, b) energy gain by laser heating

only and) all energy gains (laser heating) and losses (diffusion and radiation). The first two



164

cases are analogous to the ones discussed latter. The temperature is increasing right at the

beginning for case c) because there is only an energy gain by the laser heating. Both diffusion

and radiation have no influence since the driving temperature gradient is zero (Eq. 6.20).

However, with increasing particle temperature the energy losses are gaining influence and are

compensating the laser heating keeping the temperature constant. Finally, the coalescence

process starts and again an increase in temperature is recognizable. The final particle

temperature does not reach the value of the case without any gains and losses because the

coalescence process is slower (Fig. 6.16). The sintering time is of the order of ten

milliseconds which is in general agreement with the time scale of the experiments.
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Fig. 6.15: Comparison of the excess surface area and temperature of two coalescing gold

particles with a radius of 2 nm and an initial temperature of298 K as a function of time: a)

with energy gain from laser irradiation (0.1 W laser power and a laser spot diameter of

85 pm, b) with all gains and losses to the surrounding (1.0 W laser power and a laser spot

diameter of85 pm), and c) without any interaction with the surrounding.
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gains and losses to the surrounding (1.0 W laser power and 85 pm laser spot diameter).

To summarize, in this part of the chapter an analysis of the thermal behavior of two

coalescing gold nanoparticles with energetic influences from the surroundings is investigated.

The driving force for the two particles to form a completely fused spherical bigger particle is

the minimization of the surface free energy. This energy release due to the reduction of

surface area results in an increase of the particle temperature by two hundred degrees.

Comparing the energy gain by coalescence with the energy losses through diffusion and

radiation and the energy gain by laser radiation shows the importance of the energy release by
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coalescence. Only a high energy input through laser radiation can change the time scale of the

coalescence process.

The sintering time calculated with model including all gains and losses of the system to

the surrounding shows good agreement with the experimental results.
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7. Conclusions and Recommendations

The objective of this dissertation was to investigate a novel concept for producing conducting

micro-structures by laser printing of nanoinks. Drop-on-demand ink jet printing is used to

deposit the suspension in two-dimensional micro-patterns on a glass substrate. The cross

section of the manufactured structures can be controlled by appropriate tailoring of the laser

beam.

From in-situ pictures and analyzing the topography of the cured structures, the

following mechanism of the curing process is proposed: At the initial stage of the curing

process, the particles inside the solvent, which is practically transparent to the argon ion laser

radiation, are heated up because the particles that absorb the incoming laser radiation within a

micrometer thick layer of the solution. The volatile liquid solvent evaporates and the

nanoparticles are melted and sintered together forming a continuous conducting line. The

subsequent heating and melting is caused by heat diffusion from the absorbed laser radiation

of the formed gold layer through the substrate and the rest of the deposited material.

Due to the reduction of the surface tension (thermocapillarity) caused by the heating a

Marangoni flow is evolving inside the uncured nanoink which is displacing the ink ahead and

around the scanning laser spot. The Marangoni flow also generates a circulation inside the

nanoink and the concentration of nanoparticles is increased near the contact line. Gold

nanoparticles are mainly deposited at the evaporation interface contact line building the rims.

The bump in the centre of the "sombrero" profile cured with high laser power is verified by

etching experiments to be caused by an expansion of the glass substrate that does not

completely recover. The bump is growing with increasing velocity due to higher quenching

velocity. The bump formation is reduced or even prevented by the employment of chemically

strengthen glass with higher softening temperature.

The fictive temperature map from Bennett et al. (1998) is adopted to explain the volume

gain of the glass. Calculation of the temperature profiles induced by a scanning continuous

Gaussian laser beam inside the substrate confirms that the temperature in the middle of the

laser spot, where the Gaussian laser beam intensity peaks, exceeds the softening temperature

of the glass substrates. The "bowl" shape is the profile of a gold line without expansion of the

glass substrate (at low laser power). In this case the temperature does not exceed the softening

temperature.
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The gold conductors cured with low laser power or cured with high curing velocities at high

laser power exhibit high resistivities. This is either due to incomplete sintering at small energy

input or due to the growing bump in the middle of the gold conductors disturbing the

continuous structure at high energy input. At high quenching rates the possibility of crack

formation inside the substrate propagating into the gold layer causing discontinuities is

demonstrated.

The importance of the thermal diffusion in the curing process is shown in the

experiments conducted with Si and SiÛ2 (crystalline quartz) substrates. The thermal

conductivity of quartz is 10 times and that of Si 150 times larger than the thermal conductivity

of glass and the heat induced by the laser is diffusing very fast into the substrate. The

maximal available laser power which destroys the glass totally is not enough to heat up the Si

substrate to produce a gold conductor on Si and the power has to be more than doubled to

produce good conductors on the quartz.

The model to calculate the temperature profiles induced by a scanning continuous

Gaussian laser beam inside a substrate shows reasonable results and is therefore a good tool to

evaluate production parameters, i.e. laser power and curing velocity, for a given laser

diameter and for different materials after appropriate adjustments of material constants.

The "bowl" shape profile of the produced gold conductor is not optimal for electrical

applications because the lateral rims and peaks are not favorable for the current flow. Both

features are caused by flow pattern inside the displaced nanoink around the conductor induced

by Marangoni effects and instabilities. They are prohibited if the entire nanoink is cured and

no displacement happens. A curing without displacement prevents also the extra production

step needed to wash away the uncured ink. For feature sizes in the order of one hundred

micrometers this can be achieved applying moderate laser power with slow curing velocity or

by a properly modulated shape of the laser beam by dividing the laser beam through a beam

splitter and focusing both beams using two respective lenses, thus, achieving a "heart" shape

energy input on the deposited ink line. With this heart shape energy input, the overheating in

the middle of the substrate is prohibited and the total width of laser is larger than the width of

the printed line, aiming to guide the ink by thermocapillarity towards the center of the line,

thus minimizing material loss (Chung et al., 2004). A possible drawback is the size of the

produced structure which will have the same dimensions as the printed nanoink. For smaller

features a different deposition method will be necessary.

Producing smaller feature sizes is possible by using different deposition methods of the

nanoink and curing the entire line with or without a modulated laser beam. A possibility
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would be the writing of a thin line using a nanopipette with very small orifice. In this method

the nanoink is pulled on the substrate primarily by wetting forces after passing through the

orifice. The so produced line thickness can approach the order of 100 nanometers, that is, two

orders of magnitude narrower that those of the printing method. This approach is currently

pursued at Laboratory of Thermodynamics in emerging Technologies (LTNT) at ETH Zurich.

The temperature calculations and experiments indicate that in order to achieve low

resistances the needed temperature rise inside the substrate is high, which is inappropriate for

sensitive substrates such as polymers. A recommendation for future work that could alleviate

this problem is using pulsed lasers instead of continuous laser radiation. The pulsed laser can

effectively minimize the heat-affected zone. Another way to minimize the heat input into the

substrate by high laser radiation is a separate moderate heating of the substrate which

evaporates the carrier-liquid and less energy input from laser is needed. Combinations of the

above can be pursued in future investigations.

The minimum time required for the curing process and the transient phenomenon of

melting and coalescence of the thin gold layer are investigated with infrared (IR) transmission

measurements. This novel non-intrusive technique is based on the fact that the optical

absorption depth of employed gold nanoink increases from several micrometers at a

wavelength of approximately 500 nm to over 100 um for wavelengths in the near-IR region.

Since the optical penetration depth of infrared radiation in bulk gold is in the order of a few

tens of nanometers, the transmission of an IR probing laser beam focused inside the spot

heated by an argon laser beam is extinguished as nanoparticles form a continuous layer which

is thicker than a few tens of nanometers. The curing process is shown to be a relatively fast

process depending on the laser power. This method allows for the determination of

appropriate combinations of heating power and heating time.

The coalescence process of two single gold particles with identical initial diameter is

investigated with a phenomenological macroscopic model based on a system energy balance

supplemented by a model for the surface variation of the system. The model is also modified

to account for the curvature dependence of the melting temperature of the nanoparticles. The

driving force for the two particles to form a completely fused spherical bigger particle is the

minimization of the surface free energy. Two different configurations are studied; first, two

particles placed in vacuum without any energetic interaction with the surrounding and,

secondly, two particles placed inside a fluid experiencing effects of the environment and laser

heating. The results of the first configuration are compared with the Molecular Dynamics

simulations. The two models show good agreement for particles having a radius larger than
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2 nm and with an initial temperature near the particle melting temperature indicating that

grain boundary diffusion is dominant. For smaller particles and lower initial temperature the

analytical model predictions do not agree with the simulations indicating that for smaller

particles different mechanism than grain boundary diffusion play an important role during

coalescence. The second configuration shows the importance of energy release during

coalescence by the reduction of surface area as extremely high laser input is needed influence

the process speed which is accelerated with increasing temperature. The sintering times

calculated with the second configuration and parameters similar to the experiments shows

good agreement with the experimental results from the infrared transmission measurements.
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Appendix A:

A. Gold nanoparticle suspension: chemical composition and TEM

analysis for particle size determination

A.l. Composition of gold nanoparticle suspension (Manufacturer)

Product Name: Perfect Gold Aul02T(Cu) (Vacuum Metallurgical Co., Ltd.)

Pure or compound: Compound

Chemical name: Gold dispersed nano particle

Content/molecular formula: Gold 30 wt%

Toluene 70 wt% (C6H5CH3)

Copper compound: under 10 wt% (as CuO/Au)

Bismuth compound: under 10wt%

Toluene

Trace of interfacial active agent

CAS: Au 7440-57-5, Toluene 108-88-3-3

Fig. A.l: TEM picture of the Aul02T suspension provided by the manufacturer (Vacuum

Metallurgical Co., Ltd.).
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Figures A.l and A.2 show a TEM picture and the particle distribution of the Aul02T

suspension provided by the manufacturer (Vacuum Metallurgical Co., Ltd.).
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Fig. A.2: Particle distribution provided by the manufacturer (Vacuum Metallurgical Co.,

Ltd.).



173

A.2 TEM analysis for particle size determination

The used suspension was analyzed with TEM in order to check the manufacturer information.

The nanoparticle suspension Aul02T is diluted and a drop of the solution is dried on a TEM

grid (PLANO, W. Plannet GmbH, Germany). The TEM analysis is performed on a Hitachi

H600 transmission electron microscope operated at 150 kV. The TEM pictures are analyzed

using Optimas 6.51 (Media Cybernetics) software that allows drawing circles around the

primary particles. A detailed description about particle counting and determination of the

average particle radius is given by Mueller (2003).

Fig. A. 3: TEM picture of gold nanoparticles purchased as Aul02T solution from (Vacuum

Metallurgical Co., Ltd.). The circles are hand-drew.

The counted mean diameter, dmea„, is 3.7 nm (Fig. A.4) with a standard deviation of 0.8 and

the mean Sauter diameter, ds, is 4.1 nm having a standard deviation of 0.9. The initial

information of the manufacturer of a mean diameter of 4 nm is confirmed. The values of the

manufacturer provided lately show larger particles.
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Appendix B:

B. Code for the calculation of the optical behavior of a

nanoparticle suspension

B.l. Optical properties of gold

In each program (Matlab) the complex index of refraction h\ =nx +ikx of the nanoparticle

material has to be included. Both the real and the imaginary part of the complex index of

refraction are depended on wavelength. For simplicity this part will be shown here separately
and will be only marked in the different programs with "%input optical properties from palik's
data... "(Palik, 1985).

oinput optical properties of gold from palik's data

o - real part of the refractive index nav

o - imaginary part of the refractive index kav

o - normal incidence reflectance refav

0 - optical absortion coefficient absoav

01 is wavelength in microns

1)=0.245;

2)=0.288;
3)=0.295;
4)=0.302;

5)=0.31;
6)=0.3179;

7)=0.3263;

8)=0.3351;
9)=0.344;

0.3542;

0.3647;

0.3757;

0.3875;

0.400;

0.4133;

10

11

12

13

14

15

16

17

1

19

20

21

22

23

24

25

26

27

28

=0.4275

=0.4428

=0.4592

=0.4769

=0.4959

=0.5166

=0.5391

=0.5636

=0.5904

=0.6199

=0.6526

=0.6888

=0.7293
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1(29)=0.7749;

1(30)=0.8266;
1(31)=0.8856;

1(32)=0.9537;
1(33)=1.033;
1(34)=1.127;
%rn is the real part of the complex refractive index

rn(l)=1.6;
rn(2)=1.742;

rn(3)=1.776
rn(4)=1.812
rn(5)=1.830

rn(6)=1.840
rn(7)=1.824

rn(8)=1.798

rn(9)=1.766
rn(10;)=1.740;

rn(ir)=1.716;

rn(12;)=1.696;

rn(13;)=1.674;

rn(14;)=1.658;

rn(15;)=1.636;

rn(16;)=1.616;

rn(17;)=1.562;

rn(18;)=1.426;

rn(19;)=1.242;

rn(20;)=0.916;

rn(2L)=0.608;

rn(22;)=0.402;

rn(23;)=0.306;

rn(24;)=0.236;

rn(25;)=0.194;

rn(26;)=0.166;

rn(27;)=0.160;

rn(28;)=0.164;

rn(29;)=0.174;

rn(30;)=0.188;

rn(3L)=0.210;

rn(32;)=0.236;

rn(33;)=0.272;

rn(34;)=0.312;
%rk is the imaginary part of the complex refractive index

rk(l)=1.84;
rk(2)=1.9;

rk(3)=1.918;

rk(4)=1.920
rk(5)=1.916
rk(6)=1.904

rk(7)=1.878
rk(8)=1.860
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rk(9)==1.846;

rk(10;1=1.848;

rk(li;)=1.862;

rk(12;1=1.906;

rk(13;>=1.936;

rk(14;)=1.956;

rk(15;)=1.958;

rk(16;)=1.940;

rk(17;)=1.904;

rk(18;)=1.846;

rk(19;)=1.796;

rk(20;)=1.840;

rk(2L)=2.120;

rk(22;)=2.540;

rk(23;)=2.88;

rk(24;)=2.88;

rk(25;)=2.88;

rk(26;)=3.15;

rk(27;)=3.80;

rk(28;)=4.35;

rk(29;)=4.86;

rk(30;)=5.39;

rk(3L)=5.88;

rk(32;)=6.47;

rk(33;)=7.07;

rk(34;)=7.93;

%interpolate for finer resolution

%lambda is wavelength in m

%zn is the array of the real part of the complex refractive index

%zk is the array of the imaginary part of the complex refractive index

%nl is the array of the complex refractive index

xi=linspace(0.24,1.2,100);

zn=interpl(l,rn,xi,'spline');

zk=interpl(l,rk,xi,'spline');
lambda=xi*le-6;

nl=zn+zk*i;

B.2. Rayleigh Scattering

%program qabs
%calculates the rayleigh scattering efficiencies for gold particles
clear

%input optical properties of gold from palik's data

%n is the matrix carrier liquid refractive index taken as constant

n=1.5;
%a is the particle radius in m

a=le-9;
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%rhogold and rhomat are the densities of gold and the matrix liquid (kg/mA3)

rhogold= 19300;
rhomat=1000;
%fm and fv are the mass and volume ratios of particles
fm=0.3;

fv=fm*rhomat/rhogold;
%

forind=l:100

m(ind)=nl(ind)/n;

chi(ind)=2*pi*n*a/lambda(ind);
check(ind)=chi(ind)*abs(m(ind));
fac=(m(ind)A2-1 )/(m(ind)A2+1 );

qabs(ind)=4*chi(ind)*imag(fac);
cabs(ind)=qabs(ind)*pi*aA2;

abso(ind)=fv*qabs(ind)*3/4/a;

opab s(ind)= 1 /ab so(ind);
opabs(ind)=opabs(ind)*le6;
facabs=(real(fac))A2+(imag(fac))A2;

qsca(ind)=8/3*chi(ind)A4*facabs;
csca(ind)=qsca(ind)*pi*aA2;

ratio(ind)=qsca(ind)/qabs(ind);
end

%output of the date in files

forj=l:l:100

R(j,l)=lambda(j)*le6;
R(j,2)=qabsG);

R(j,3)=qsca(j);

R(j,4)=opabsG);
R(j,5)=chi(j);
R(j,6)=checkG);

end

dlmwrite('LOESRayleigh.txt',R,'\t')

B.3. Mie Scattering

%program miegold
clear

%input optical properties of gold from palik's data

%n is the matrix carrier liquid refractive index taken as constant

n=1.5;
%a is the particle radius in m

a=le-9;

%rhogold and rhomat are the densities of gold and the matrix liquid (kg/mA3)
rhogold= 19300;
rhomat=1000;
%fm and fv are the mass and volume ratios of particles
fm=0.3;

fv=fm*rhomat/rhogold;

%wavelength in microns

%absorption efficiency Qabs

%scattering efficiency Qsca

%absorption length in microns

%size paraeter x

%criterion for rayleigh approx.
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%next is the classical mie solution taken from bohren and huffman (appendix A)
%and calculated as a function of the wavelength

%output are the efficiencies for absorption, scattering, extinction and backscattering
%Qabs, Qsca, Qext, Qback
%the optical absorption coefficient opabs
for ilambda=l:100;
% x is the size parameter
x=2*3.14159265 *n*a/lambda(ilambda);

nang=ll;

dang=3.14159265/(nang-l);
%m is the relative refractive index

m=nl(ilambda)/n;
%calculate scattering and absorption

y=x*m;

xstop=x+4*xA(l/3)+2;
nstop=round(xstop);

ymod=abs(y);
nmx=max(xstop,ymod)+15 ;

nmx=round(nmx);
%calculate logarithmic derivatives d(j)

d(nmx)=0+0i;
nn=nmx-l;
for nind=l:nn;

rn=nmx-nind+l;

d(nmx-nind)=rn/y-l/(d(nmx-nind+l)+rn/y);
end

%

forjang=l:nang;

theta(j ang)=(j ang-1 )* dang;
amu(j ang)=cos(theta(j ang));

end

forjang=l:nang;

piO(jang)=0;
pil(jang)=l;

end

nn=2*nang-l;
forjnn=l:nn;

sl(jnn)=0+0*i;

s2(jnn)=0+0*i;
end

%ricatti-bessel functions with real argument x

psiO=cos(x);
psil=sin(x);

chiO=-sin(x);

chil=cos(x);
apsiO=psiO;

apsil=psil;
xiO=apsiO-chiO*i;
xil=apsil-chil*i;
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qsca=0;
for nind=l:nstop
dn=nind;

rn=nind;

fn=(2*rn+l)/(rn*(rn+l));
psi=(2*dn-l)*psil/x-psi0;

apsi=psi;

chi=(2*rn-l)*chil/x-chi0;
xi=apsi-chi*i;

an=(d(nind)/m+rn/x)*apsi-apsi 1 ;

an=an/((d(nind)/m+rn/x)*xi-xi 1 );
bn=(m*d(nind)+rn/x)*apsi-apsi 1;
bn=bn/((m* d(nind)+rn/x) *xi-xi 1 ) ;

qsca=qsca+(2*rn+l)*(abs(an)*abs(an)+abs(bn)*abs(bn));

forjang=l:nang;

jj=2*nang-jang;
pimat(jang)=pil(jang);
tau(j ang)=rn*amu(j ang)*pimat(j ang)-(rn+ l)*pi0(j ang);

p=(-l)A(nind-l);
si (j ang)=sl (j ang)+fn*(an*pimatG ang)+bn*tau^ang));

t=(-l)Anind;

s2(j ang)=s2(j ang)+fn*(an*tau(jang)+bn*pimat(j ang));
ifjang<jj;
slGJ)=sl(jj)+fh*(an*pimat(jang)*p+bn*tau(jang)*t);

s2GJ)=s2(jj)+fn*(an*tau(jang)*t+bn*pimat(jang)*p);
end

ifjang>jj;

slGJ)=sl(jj)+fh*(an*pimat(jang)*p+bn*tau(jang)*t);
s2GJ)=s2(jj)+fn*(an*tau(jang)*t+bn*pimat(jang)*p);

end

end

psi0=psil;

psil=psi;

apsil=psil;
chi0=chil;

chil=chi;

xil=apsil-chil*i;
rn=rn+l;

forjang=l:nang;

pilGang)=((2*rn-l)/(rn-l))*amuGang)*pimat(jang);
pi 1G ang)=pi 1Q ang)-rn*piOG ang)/(rn-1 );
piO(jang)=pimatGang);

end

end

qsca=2/xA2*qsca;

qext=4/xA2*real(sl(l));
qabs=qext-qsca;
qback=4/xA2*abs(sl(2*nang-l))*abs(sl(2*nang-l));

qscalam(ilambda)=qsca;
qextlam(ilambda)=qext;
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qabslam(ilambda)=qabs;

qbacklam(ilambda)=qback;
absorp=fv*qabs*3/4/a;

opabs(ilambda)=le6/absorp;
end

%output of the date in files

forj=l:l:100

MG,l)=lambdaG)*le6;
M(j,2)=qabslamG);

MG ,3 )=qscalamG );
M(j,4)=qextlamG);
M(j,5)=qbacklamG);

MG,6)=opabsG);
end

dlmwrite('LOESMie_04.txt',M,'\t')

B.4. Effective medium theory

%program effgold
clear

% claculation of the absorption by the effective medium theory
%small gold particles are embedded in a medium of refractive index n

%this is valid for rather small particles (usually < lambda/10)

%gives the volume averaged:
% - real part of the refractive index nav

% - imaginary part of the refractive index kav

% - normal incidence reflectance refav

% - optical absortion coefficient absoav

%input optical properties of gold from palik's data

%nm is the matrix carrier liquid refractive index taken as constant

nm=1.5;

%epsm is the dielectric function for the matrix medium

%epsav is the dielectric function for the matrix medium

%remember that eps
= (n+ik)A2

%real(eps) = nA2-kA2

%imag(eps)=2*n*k

epsm=nmA2;
%fm the mass fraction

fm=0.3;

rhogold= 19200;
rhomat=1000;
%fv the volume fraction

fv=fm*rhomat/rhogold;
for ilambda=l:100

eps=nl(ilambda)A2;

ratio=(eps-epsm)/(eps+2*epsm);
epsav=epsm*(l+3*fv*ratio/(l-fv*ratio));

fac=real(epsav)A2+imag(epsav)A2;

%wavelength in microns

%absorption efficiency Qabs

%scattering efficiency Qsca
%extinction efficiency Qext

%scattering efficiency Qback

%absorption depth in microns
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facl=sqrt(fac);

kav=sqrt((facl -real(epsav))/2);
kavlam(ilambda)=kav;

nav=sqrt(real(epsav)+kavA2);
navlam(ilambda)=nav;
refav=((nav-1 )A2+kavA2)/((nav+1 )A2+kavA2);

refavlam(ilambda)=refav;

absoav=4*3.14*kav/lambda(ilambda);
absoavlam(ilambda)=l/absoav*le6;
end

%output of the date in files

forj=l:l:100

EG,l)=lambdaG)*le6; %wavelength in microns

EG,2)=navlamG); %real part of the averaged refractive index nav

EG,3)=kavlamG); %imaginary part of the averaged refractive index kav

EG,4)=refavlamG); %normal incidence reflectance refav

EG,5)=absoavlamG) %optical absorption depth in microns

end

dlmwrite('LOESefftxt',E,'\t')

B.5. Effective medium theory with mean free path correction

%program effgoldjvf
clear

% claculation of the absorption by the effective medium theory
%INCLUDES MEAN FREE PATH CORRECTION (Bohren and Huffman p. 337)
%gives the volume averaged:
% - real part of the refractive index nav

% - imaginary part of the refractive index kav

% - normal incidence reflectance refav

% - optical absortion coefficient absoav

%input optical properties of gold from palik's data

%nm is the matrix carrier liquid refractive index taken as constant

nm=1.5;
% c is the speed of light (m/s)
% a is the particle radius (m)
c=3e8;

a=le-9;

%epsm is the dielectric function for the matrix medium

%epsav is the dielectric function for the matrix medium

%remember that eps
= (n+ik)A2

%real(eps) = nA2-kA2

%imag(eps)=2*n*k

epsm=nmA2;
%fm the mass fraction

fm=0.3;

rhogold= 19200;

rhomat=867;
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%fv the volume fraction

fv=fm*rhomat/rhogold;
%lplasma plasma wavelength (m)
%vf fermi velocity (m/s)
%wplasma plasma frequency
%eplasma plasma energy (ev)

eplasma=8.55;

%lplasma=2*Pi*c*hplanck/eplasma*1.602e-19
lplasma=l .24e-6/eplasma;
vf=1.39e6;

wplasma=2*3.1415*c/lplasma;
for ilambda=l:100

w=2*3.1415*c/lambda(ilambda);

eps=nl (ilambda)A2+3/4*wplasmaA2/wA3 *vf/a*i;

ratio=(eps-epsm)/(eps+2*epsm);

epsav=epsm*(l+3*fv*ratio/(l-fv*ratio));
fac=real(epsav)A2+imag(epsav)A2;
facl=sqrt(fac);

kav=sqrt((facl -real(epsav))/2);
kavlam(ilambda)=kav;

nav=sqrt(real(epsav)+kavA2);

navlam(ilambda)=nav;
refav=((nav-1 )A2+kavA2)/((nav+1 )A2+kavA2);
refavlam(ilambda)=refav;
absoav=4*3.1415 *kav/lambda(ilambda);
absoavlam(ilambda)=l/absoav*le6;
end

%output of the date in files

forj=l:l:100

NG,l)=lambdaG)*le6;

NG,2)=navlamG);
NG,3)=kavlamG);
N(j,4)=refavlamG);

NG,5)=absoavlamG);
end

%wavelength in microns

%real part of the averaged refractive index nav

%imaginary part of the averaged refractive index kav

%normal incidence reflectance refav

%optical absorption depth in microns



184



185

Appendix C:

C. Gaussian beam optics

C.l. Gaussian laser intensity profile

A typical laser operated in TEM0o mode has a Gaussian intensity profile. The Gaussian

intensity distribution of a laser can be expressed as (Davis, 1996):

l(r) = I0exp
f tf\

V rL J

(C.l)

where rL is the Gaussian beam radius, defined as the distance from the centre where the laser

intensity, /, has reached 1/e2 of the maximum intensity F at the centre of the axis. The laser

power, Pi(r) within the radius r of the laser beam, is obtained by integrating the intensity

distribution from 0 to r (Chung, 2002):

PL{r) = Pto l-exp

f 2r2^

V h J

(C.2)

This equation says that 87% of the laser power is contained within a radius r = rL. So the

maximal intensity; Io, of a laser is defined as:

/ =P

10 Â
tot

C 2 ^

\lj
(C.3)

C.2 Determination of beam waist and depth of focus (Approximation)

Figure C. 1 shows the traces of a laser beam after focusing. It is possible to focus a laser with a

lens in a single point and the power is increased by the second power of ratio between the
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radius before focusing and after focusing. Normal light (non coherent) is only mapped by a

lens and the power cannot exceed the power of the light source.

The smallest diameter a laser can be focused by an ideal lens with a focal length / can be

approximated as follows (Davis, 1996):

W/'

K D
(C.4)

where/is the focal length of lens, rL, X and D is the laser beam waist radius (after focusing),

the wavelength and beam diameter (before the lens) of the laser, respectively (Fig. C.l).

For real lenses Eq. (C.4) has to be corrected by a factor 4/3 and results in (Polytec):

2rT mt (C.5)

The depth of focus, DOF, is the distance over which the focused beam has about the same

intensity and is defined as the distance over which the focal spot size changes -5%~5%.

Usually longer depth of focus is chosen, because equal energy density along the beam is

preferred when using the laser to process materials, as in the present work:

DOF =

W/'

71 D
(C.6)

Fig. C.l: Beam traces of laser beam after a focusing lens (focal length fi. Typicalparameter

of a laser are laser diameter D before lens, beam waist radius ri at z = 0 and the beam

divergence 6.
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The divergence, 6, of a laser is defined as (Kneubühl and Sigrist, 1991; Davis, 1996):

6 =— (C.7)
7trL

The beam waist of "configuration B" is 37 um, calculated with the laser and optics parameter

given in Table C.l.

Table C.l: Calculation of the beam waist and depth of focus of the laser used in

"configuration B
"

with Eqs (C1 — C. 7).

Description Value

Wavelength of laser, Â (nm) 514

Original beam diameter, 2r0 (mm) < 1.3

Beam divergence (full angle), #(mrad) 0.8

Distance laser - lens, dLL (m) 2.0

Beam diameter at lens, D (mm) 2.9 (D = 2r0 + (dLL tan(6))

Focal length of lens,/(mm) 250

Calculated beam waist, rL (um) 37.5

Depth of focus, DOF (mm) 9.7

C.3. Determination of beam waist with "knife edge profiling technique"

The common way to "measure" the beam waist semi-experimentally is the knife edge

profiling technique (O'Connell and Vogel, 1987). The transmitted energy of the laser is

measured at two axial positions at known distances far from the depth of focus. The

transmitted power distribution is:

r r P
(x-x„)V2

P(x)=\\l(x,y)dxdy = ^rfc
K o)

(C.8)
h{*)
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where x0 and rL(z) represent the centre of the beam and 1/e radius of the beam, respectively.

The measured data consisting of position x and the corresponding power at two location z, are

fitted into Eq. (C.8) by using the least square method in Mathematica (Wolfram Research,

1988-2003) to evaluate the parameter Ptot, x0 and rL(z) (see Table C.2).

From rL(z) and the known distance between the two measurements, the divergence

angle 6 can be calculated and with Eq. (C.6) a beam waist radius of 75 - 80 um is calculated.

Table C.2: Program to calculate the least square method in Mathematica (Wolfram Research,

1988-2003).

« Statistics'NonlinearFif

datai = {{-2, 0}, {-1.8, 0.002}, {-1.6, 0.004}, {-1.4, 0.005}, {-1.2, 0.01}, {-1, 0.015}, {-0.8,

0.024}, {-0.6, 0.037}, {-0.4, 0.056}, {-0.2, 0.083}, {0, 0.118}, {0.2, 0.16}, {0.4, 0.204}, {0.6,

0.25}, {0.8, 0.292}, {1, 0.325}, {1.2, 0.351}, {1.7, 0.386}, {2.2, 0.397}, {2.7, 0.401}}

NonlinearFit[datal, pl/2 Erfc[(-xl + xOl) 2A0.5/wl] + poffset, {xl}, {pi, poffset, wl, xOl }]

BestFitParameters /.

NonlinearRegress[datal, pl/2 Erfc[(-xl + xOl) 2A0.5/wl] + poffset, {xl}, {pi, poffset, wl,

xOl}, RegressionReport -> \BestFitParameters]
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Appendix D:

D. Code for particle coalescence: without and with interactions

with surrounding

The changes due to neglecting or including the losses in the code are only included in the

"Function for Temperature".

c
* Coalesence model for solid gold solved with Runge Kutta 4th order *

c
* by Nicole Bieri 4/31/03 mod 13/08/03 *

c
* Sintering model: - Modified grain boundary diffusion *

program main

implicit double precision (a-h,o-z)
integer n

dimension y(2)
double precision t,temp,a,tend
common/Sintering/wb,Ds,Dosl,Dos2,sigma,sigmaLV,Domega,Qosl,Qos2

+ Ea,as,tau,aprime,Qos,Dos,curv
common /particle/ ra,rpi,rp,vp,fL,xN,Cp,CpO,rs,
+ vmo,amo,rmo,vO,aO,Aun

common /const/ Pi,skb,Ru,ssb,sh,sMAu,RMau,rhop,
+ tempo,Tc,sn,Ah,Bh,Ch,av,eps,Tml,Tm2,Tm

common /gas/ Cg,gp,gm,sMN2,Z
c initial condition

Pi = 4.d0*atan(l.)
c universal gas constant [J/(mol*K)]

Ru = 8.3144126d0

c Boltzman constant [J/K]
skb = 1.38066244d-23

c Stefan-Boltzman constant [W/(mA2*KA4)
ssb = 5.6703271d-8

c Avogadrosche constant [1/mol]
av = 6.0220453d23

c Atomic radius of gold [m]
ra= 144.2d-12
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c Initial radius of primary particle [m]

rpi = 2.d-9

c initial temperature of the particles [K]

tempo=298.0d0

c Melting temperature of bulk gold Tm [K]=1064.18°C
c Tm = 1337.18d0

if (rpi.eq. 1.3d-9) then

Tml =770.d0

Tm2 = 930.d0

endif

if (rpi.eq. 1.53d-9) then

Tml = 890.d0

Tm2 = lOlO.dO

endif

if (rpi.eq.2.d-9) then
Tml = 1030.d0

Tm2 = 1110.d0

endif

if(rpi.eq.2.23d-9)then
Tml = 1070.d0

Tm2 = 1140.d0

endif

if(rpi.eq.2.52d-9)then
Tml = HlO.dO

Tm2 = 1165.d0

endif

write(*,*) Tml, Tm2

c molar latent heat[J/mol]
fL= 12362.d0

c number of gold atoms in one particle [#]
xN= rpi**3.d0/ra**3.d0

c emissivity of gold [-]

eps
= 0.02d0

c molecular weight of Au [kg/mol]
sMAu= 196.96655d-3

c molecular weight ofN2 [kg/mol]
sMN2 = 28.014d-3

c density ofthe Au bulk particle [kg/mA3]
rhop = 19.3d3
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c molar volume of diffusing species [mA3/#]

Domega = sMAu / rhop / av

c width of grain boundary [m]
wb = Domega* *(l.d0/3.d0)

c specific gas constant of gold [J/(kg K)]
RMau=Ru/sMAu

c Surface tension of liquid bulk [J/mA2]

sigmaLV= 1.14d0

c Parameter for calculating Cp (temp)
Ah = 21.992d0

Bh=1.3011d-2

Ch = -5.2303d-6

c initial surface area of 1 particle
aO=4.dO*Pi*rpi**2.0dO

c volume of the initial particle of lparticle
vO=4.dO*(Pi*rpi**3.0dO)/3.dO

c Surface area of the completely fused (spherical) aggregate, as [mA2]:
as = 4.0dO*Pi*((6.dO*vO/4.dO/Pi)**(2.dO/3.dO))

c radius of the completely fused aggregate rs

rs = (3.dO*(2.dO*vO)/(4.dO*Pi))**(l.dO/3.dO)

c Initial Conditions

c initial surface area [m**2]

y(l)= 2.0d0*a0

c initial temperature [K]

y(2) = tempo

temp = tempo

n=l.d7

rtm = 0.9d-l

h=rtm/real(n)
t = 0

tend=0

1=0

open(8,file='Coalesence_GB.txt')

open(9,file='Parameters.txt')
write(8,10) t* 1 .d9,curv,y(l),y(2),(y(l)-as)/as,sigma,Tm

do ii=0,n-l
1=1+1

tend=t+h
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c call RKT(y,n,h,t,tend)
c write(*,10) t,curv,y(l),y(2),(y(l)-as)/as

if (1.1e. 100) then

write(8,10) t* 1 .d9,curv,y(l),y(2),(y(l)-as)/as,sigma,Tm
endif

if (1 .eq. 1000) then

write(8,10) t* 1 .d9,curv,y(l),y(2),(y(l)-as)/as,sigma,Tm
1=0

endif

call RKT(y,n,h,t,tend)

af = 2.d0*a0-0.95d0*(2.d0*a0-as)
c if(af.le. 1.05)then

if (y(l) le. af)then

write(9,10) rpi,tempo,Tm,2.dO*aO,as,t,af
endif

t = tend

enddo

10 format(7(lx,lpel5.8))

stop
end

c Function for Temperature

double precision function dtemp(t,a,temp)

implicit double precision (a-h,o-z)

double precision t,temp,a,tend
common/Sintering/wb,Ds,Dosl,Dos2,sigma,sigmaLV,Domega,Qosl,Qos2
+ Ea,as,tau,aprime,Qos,Dos,curv
common /particle/ ra,rpi,rp,vp,fL,xN,Cp,CpO,rs,
+ vmo,amo,rmo,v0,a0,Aun

common /const/ Pi,skb,Ru,ssb,sh,sMAu,RMau,rhop,
+ tempo,Tc,sn,Ah,Bh,Ch,av,eps,Tml,Tm2,Tm

common /gas/ Cg,gp,gm,sMN2,Z

c model without any losses

dtemp = (-sigma*aprime)/(2.dO*xN*Cp/av)
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G

c model with all gain and losses to surrounding
c dtemp = (-sigma*aprime-sh*a*(temp-tempo)
c + -eps*ssb*a*(temp**4.d0 - tempo**4.dO)+4.dO*xsize*Pi*2.dO*
c + rpi**2*sLI*res)/(2.dO*xN*Cp/av)

G

c model with only gain from laser radiation

c dtemp =(-sigma*aprime + 4.dO*xsize*Pi*2.dO*rpi**2*sLI*res)/
c + (2.dO*xN*Cp/av)
G

G

c model with only losses due to diffusion

c dtemp = (-sigma*aprime-sh*a*(temp-tempo))/(2.dO*xN*Cp/av)
G

return

end

G

G

G

c Function for surface area

G

double precision function da(t,a,temp)

implicit double precision (a-h,o-z)

double precision t,temp,a,tend,aprime

common/Sintering/wb,Ds,Dosl,Dos2,sigma,sigmaLV,Domega,Qosl,Qos2
+ Ea,as,tau,aprime,Qos,Dos,curv
common /particle/ ra,rpi,rp,vp,fL,xN,Cp,CpO,rs,
+ vmo,amo,rmo,vO,aO,Aun

common /const/ Pi,skb,Ru,ssb,sh,sMAu,RMau,rhop,
+ tempo,Tc,sn,Ah,Bh,Ch,av,eps,Tml,Tm2,Tm

common /gas/ Cg,gp,gm,sMN2,Z

c constant volume heat capacity Cv=Cp=C for solid/liquid
c C @ 280K = 25.227 J/mol/K, C @ 946K = 29.619 J/mol/K

c Accurate solution: Cp= Ah + Bh*T +Ch*TA2

if (temp .ge. 280 .and. temp .le. 946) then

Cp= Ah + Bh*temp +Ch*(temp**2.dO)
else

Cp = 29.619

endif

c constant pressure heat capacity Cp=Cg for nitrogen N2 (NIST) [J/mol/K]
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c Cp = A + B*t + C*t2 + D*t3+E/tAA2

tem=tempo/l.d3
c

An=26.09200d0

Bn=8.218801d0

Cn=-1.976141d0

Dn=0.159274d0

En=0.044434d0

Cg=(An+Bn*tem+Cn*(tem**2.dO)+Dn*(tem**3.dO)+En*(tem**2.dO))/sMN2

c background pressure of gas [Pa]

gp=l.d5

c gm mass of nitrogen atom (m=28 g/mol mg=m/av

gm
= sMN2/av

c collision rate [1/s]

Z=gp/((2.dO*Pi*gm*skb*tempo)**0.5dO)
c convection/conduction term [W/(mA2*K]

sh = Z*Cg*gm

c curv when particle is spherical
curvf = rs/rpi

c melting temperature as a function of size (curvature)
Tm = Tm2 + (Tml-Tm2)*dexp(-5*curv)

c surface tension of liquid particle [J/mA2]

sigma = (1.2d0 * Ld3*sigmaLV + 0.45d0 * (Tm - temp))/l.d3

c pre-exponential factor GB-self-diffusion [mA2/s]
Dos = 3.d-5

c activation energy [J/mol] from Gj ostein [J/mol]

Qos = (17.8dO*Tm) * 4.1868d0

c GB Self-diffusion coefficient [mA2 / s]
Ds = Dos * dexp( - Qos / (Ru*temp))

c GB Sintering time [Coblenz]! Attention if Ru is used, —>Domega*av
c if k is used,~> Domega
c B = Ru*(0.83d0**6.0d0) / (192.dO*wb*Dos*sigma*Domega*av)

tau=Ru*temp*(0.83dO**6.0dO)*rpi**4.dO
* / (192.dO*wb*Ds*sigma*Domega*av)

curv=((192.dO*wb*Ds*sigma*Domega*av)/
& (rpi**4.dO*Ru*temp)*t)**(l./6.)

da = -(a-as)/tau
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aprime = da

return

end

G

Subroutine RKT(y,n,h,t,tend)
G

implicit double precision (a-h,o-z)
external dtemp,da

double precision t,tend,a,y(2),temp,aprime
double precision h,k,l,kl,ll,k2,12,k3,13,k4,14,hh,yl,y2

common/Sintering/wb,Ds,Dosl,Dos2,sigma,sigmaLV,Domega,Qosl,Qos2
+ Ea,as,tau,aprime,Qos,Dos,curv
common /particle/ ra,rpi,rp,vp,fL,xN,Cp,CpO,rs,
+ vmo,amo,rmo,vO,aO,Aun

common /const/ Pi,skb,Ru,ssb,sh,sMAu,RMau,rhop,
+ tempo,Tc,sn,Ah,Bh,Ch,av,eps,Tml,Tm2,Tm

common /gas/ Cg,gp,gm,sMN2,Z

hh = t+.5d0*h

yl=y(l)

y2 = y(2)
kl = da(t,yl,y2)*h
11 =dtemp(t,yl,y2)*h
k2 = da(hh,yl+0.5d0*kl,y2+0.5d0*ll)*h
12 = dtemp(hh,yl+0.5d0*kl,y2+0.5d0*ll)*h
k3 = da(hh,yl+0.5d0*k2,y2+0.5d0*12)*h
13 = dtemp(hh,yl+0.5d0*k2,y2+0.5d0*12)*h
k4 = da(hh,yl+k3,y2+13)*h
14 = dtemp(hh,yl+k3,y2+13)*h
k = (kl + 2.d0*k2 + 2.d0*k3 + k4)/6.d0
1 = (11 + 2.d0*12 + 2.d0*13 + 14)/6.d0

y(l) = y(l) + k

y(2) = y(2) + 1

return

end
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Appendix E:

E. Code for temperature profiles induced by scanning cw laser

beam

G

G

PROGRAM main

G

c This program computes the temperature profile induced by a scanning
c cw laser beam The 1982 paper of J E Moody is taken as reference

c

c Substrates - soda-lime glass
c - AF45

c (- quartz)
c (c)M Dietzel, N Bieri

c Devel M Dietzel, dietzel@ltnt iet mavt ethz ch

c N Bieri, bieri@ltnt iet mavt ethz ch

c imdi, 21 04 04

G

INCLUDE 'parambeam h*

LOGICAL cmdlog
G

c— Parameter readin

CALL PARAM READIN

c— Initialization

ry
= rx/cos(phi/180 0d0*pi)

rav = sqrt(rx*ry)
dxx = dx/rav

dyy = dy/rav
dzz = dz/rav

xxmin = xmin/rav

xxmax = xmax/rav

yymin = ymin/rav

yymax
= ymax/rav

zzmin = zmin/rav

zzmax = zmax/rav

xxplot = xplot/rav

yyplot = yplot/rav
zzplot = zplot/rav
vOr = vO/rav

pwrr
= pwr/rav

beta = ry/rx
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ttO= l.OdO

tetaO = O.OdO

kttO = cond(ttO)
itermaxdtth = itermax/dtth

WRITE(reswatch(l 1:11),1030) '|'

c— Print out computational parameters
CALL PRINT OUT

c— Open data file

OPEN(10,FILE='beamld.dat')
REWIND 10

OPEN(l l,FILE='beam2d.dat')
REWIND 11

OPEN(12,FILE='beam3d.dat')
REWIND 12

c— Compute temperature field

zz = zzmin

! loop in zz

DO WHILE ((zz-zzmax).LT.errmin)

IF(abs(zz).LE.zero_tol) zz = O.OdO

yy
= yymin

! loop in yy

DO WHILE ((yy-yymax).LT.errmin)
IF(abs(yy).LE.zero_tol) yy

= O.OdO

xx = xxmin

! loop in xx

DO WHILE ((xx-xxmax).LT.errmin)
IF(abs(xx).LE.zero_tol) xx = O.OdO

iter = 0

res = errmax

tt = ttO

DO WHILE (res.GT.errmin.AND.iter.LE.itermax)

iter = iter + 1

uu = O.OdO

intfu = O.OdO

dtt = diff(tt)
stt = sig(tt)
rtt = refl(tt)

DO WHILE (uu.LE.uumax)

fuu = (xx + v0r*stt*uu**2.0d0)**2.0d0/
& (uu**2.0d0 + 1.0d0/beta)
& + yy**2.0d0/(uu**2.0d0 + beta)
& + zz**2.0d0/(uu**2.0d0 + zerojol)
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fuu = exp(-fuu)
fuu = fuu/sqrt((uu**2.0d0 + l.OdO/beta)*

& (uu**2.0d0 + beta))

! update
intfu = intfu + fuu*duu

!.. next

uu = uu + duu

ENDDO !/uu

teta = pwrr*(1.0d0 - rtt)/pi**(3.0d0/2.0d0)/ktt0*intfu

! debug output 1

PRTNT*,'intfu:',intfu

PRTNT*,'teta:',teta

! approximate finally tt

intkt = O.OdO

iter2 = 0

tth = ttO ! init help temperature

! Attention teta is (teta - tetaO) in paper!
DO WHILE ((intkt + errmin).LT.teta/tO

& AND.

& iter2.LE.itermax_dtth)

iter2 = iter2 + 1

ktt = cond(tth)
intkt = intkt + ktt/kttO*dtth

tth = tth + dtth

ENDDO !/intkt

! check for iteration maximum

IF(iter2.GE.itermax_dtth) THEN

PRINT 1060

PRINT*,'Iteration to compute intkt did not converge!'

PRINT*,'iter2:',iter2

PRINT*,'intkt:',intkt

PRINT*,'Reduce integration step dtth or enlarge errmin!'

PRINT 1060

STOP

ENDIF

! residual

res = abs((tth - tt)/tt)
!.. residual watch

ires = int(res*errmax)
IF(ires.GT.10)ires= 10
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DO i = 1, ires

WRITE(reswatch(i:i),1030) '*'

ENDDO

DOi = ires+ 1, 10

WRITE(reswatch(i:i),1030)
' '

ENDDO

PRTNT*,reswatch

! update
tt = tth

ENDDO !/iteration loop

! debug output 2

PRINT*,'iter:',iter

PRINT*,'t:',tt*tO

! check for iteration maximum

IF(iter.GE.itermax) THEN
PRINT 1060

PRINT*,'Iteration to compute tt did not converge!'

PRTNT*,'iter:',iter

PRTNT*,'res:',res

PRTNT*,'tt:',tt

PRINT*,'Reduce integration steps!'
PRINT 1060

STOP

ENDIF

! write data files

!.. t(x,yplot,zplot), t(xplot,y,zplot) or t(xplot,yplot,z) plot data

IF((plot_tof.EQ.'x'.OR.plotJof.EQ.'X').AND.
& (abs(yy - yyplot).LT.errmin.AND.
& abs(zz - zzplot).LT.errmin)) THEN

WRITE(10,1000) xx*rav,tt*t0

ELSEIF((plot_tof.EQ.'y'.OR.plot_tof.EQ.'Y').AND.
& (abs(xx - xxplot).LT.errmin.AND.
& abs(zz - zzplot).LT.errmin)) THEN

WRITE(10,1000) yy*rav,tt*t0

ELSEIF((plot_tof.EQ.'z'.OR.plot_tof.EQ.'Z').AND.
& (abs(xx - xxplot).LT.errmin.AND.
& abs(yy - yyplot).LT.errmin)) THEN

WRITE(10,1000) zz*rav,tt*t0
ENDIF

!.. t(x,y,zplot) plot data

IF(abs(zz - zzplot).LT.errmin) THEN

WRITE(11,1010) xx*rav,yy*rav,tt*t0
ENDIF
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!.. t(x,y,z) to data file

WRITE(12,1020) xx*rav,yy*rav,zz*rav,tt*tO
PRINT*,'xx, yy, zz, tt'

PRINT 1020, xx*rav,yy*rav,zz*rav,tt*tOxx*rav
PRINT 1060

! next

xx = xx + dxx

ENDDO !/ x-loop
c WRITE(11,*)"

! next

yy
=

yy + dyy
ENDDO !/y-loop

c WRITE(12,*)
' '

! next

zz = zz + dzz

ENDDO !/z-loop

PRINT*,'
'

PRINT*,' schoenbloed!'

PRINT*,'
'

CLOSE(IO)

CLOSE(ll)

CLOSEQ2)

c Data processing w/ gnuplot
! system call; needs compilation w/ -Vaxlib

!.. creating ps-plot

cmdlog = SYSTEMQQ ('gnuplot beamgnuld.m')
PRINT*,'Output of system call l:',cmd_log
cmdlog = SYSTEMQQ ('gnuplot beam_gnu_2d.m')
PRINT*,'Output of system call 2:',cmd_log
!.. viewing ps-plt
cmdlog = SYSTEMQQ ('gv beamld.ps &')

PRINT*,'Output of system call 3:',cmd_log

cmdlog = SYSTEMQQ ('gv beam2d.ps &')
PRINT*,'Output of system call 4:',cmd_log
!.. converting pic
cmdlog = SYSTEMQQ ('convert beamld.ps beamld.eps')
PRINT*,'Output of system call 5:',cmd_log

cmdlog = SYSTEMQQ (convert beam2d.ps beam2d.eps')

PRINT*,'Output of system call 6:',cmd_log
G

1000 FORMAT (2(el2.6, lx))
1010 FORMAT (3(el2.6,lx))
1020 FORMAT (4(el2.6, lx))
1030 FORMAT (al)
1060 FORMAT (' ')
G

STOP

END
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G

SUBROUTINE PARAM READIN

G

c This sr defines the run parameters

c

c !mdi, 04.03.04

INCLUDE 'parambeam.h'

G

c— Parameter w/ dimension

rx = 27.8d-4 ! spot radius in x [cm] (l/e)-> rx(l/e)=rx(l/eA2)/sqrt(2)
xmin = 0.0d-2 ! min x [cm]
xmax = 0.0d-2 ! max x [cm]

ymin = -3.0d-2 ! min y [cm]

ymax
= 3.0d-2 ! max y [cm]

zmin = -3.0d-2 ! min z [cm]
zmax = O.OdO ! max z [cm]
dx = 5.0d-3 ! stepping in x [cm]

dy = 1.0d-3 ! stepping in y [cm]
dz = 1.0d-3 ! stepping in z [cm]
to = 293.0d0 ! réf. temperature [K]

pwr
= 0.8d0 ! laser power [W]

vO = 0.1d0 ! stage velocity [cm/s]

phi = 30.0d0 ! beam inclination [degr], dflt. 30.0d0

c— Parameter w/o dimension

dtth = 1.0d-4 ! integration step in tt

duu = l.Od-1 ! integration step in uu

uumax = 1.0d4 ! integration end coordinate;
! (should approach infinity)

errmin = 1.0d-4 ! acceptable residual

errmax = 1.0d4 ! arbitrary maximum residual

zerotol = 1.0d-5 ! zero tolerance

itermax = 400 ! maximum iteration number

c— Plotting input

WRITE(plot_tof,1000) 'z' ! specify in plotting dimension ofbeamld.dat

xplot = O.OdO ! plot @ xplot = const., [cm]

yplot = O.OdO ! plot @ yplot = const., [cm]

zplot = O.OdO ! plot @ zplot = const., [cm]
c Note: For e.g. plotting T(y) @ (xplot,zplot) = const., specify plottof = y

c The T(x), T(y) or T(z) data is written in 'beamld.dat'

c The T(x,y) data is written in 'beam2d.dat'

c The T(x,y,z) data is written in 'beam3d.dat'

1000 FORMAT (al)
G
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RETURN

END

G

G

G

G

SUBROUTINE PRINTOUT

G

c This sr defines the run parameters

c

c !mdi, 04.03.04

INCLUDE 'parambeam.h'

c— Print out computational parameters
PRINT 1060

PRINT*,' Hallo Nicole, Du bist schoen!

PRINT*,'
'

PRINT*.

PRINTS

PRINTS
PRINT*.

PRINT*.

PRINT*:
PRINT*.

PRINT*:

PRINT*:
PRINT*.

PRINT*.

PRINT*:
PRINT*.

PRINT*:

PRINT*:
PRINT*.

PRINT*.

PRINT*:
PRINT*.

Print out of computational parameters:

rav:',rav

xxmin:',xxmin

xxmax:',xxmax

yymin:',yymin

yymax:',yymax
zzmin:',zzmin

zzmax:',zzmax

xxplot:',xxplot
yyplot:',yyplot
zzplot:',zzplot
dxx:',dxx

dyy:',dyy
dzz:',dzz

beta:',beta

v0r:',v0r

pwrr:',pwrr
itermax dtth:',itermax dtth

c— Print out plotting parameters

PRINT*,'
'

PRINT*,'Print out of plotting parameters:'
PRINT*,'

'

IF(plot_tof EQ. Y.OR.plot_tof.EQ.'X') THEN

PRTNT*,'Writing T(x,yplot,zplot) to file "beamld.dat"
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ELSEIF(plot_tof EQ.'y'.OR.plot_tof.EQ.'Y) THEN

PRINT*,'Writing T(xplot,y,zplot) to file "beamld.dat"'

ELSEIF(plot_tof.EQ.'z'.OR.plot_tof.EQ.'Z')THEN

PRTNT*,'Writing T(xplot,yplot,z) to file "beamld.dat"'

ENDIF

PRINT*,'xxplot:',xxplot

PRINT*,'yyplot:',yyplot

PRINT*,'zzplot:',zzplot

c— Check spatial resolution

PRINT*,'
'

IF(abs(xxmin-xxmax).LT.dxx) THEN

PRINT*,'*** Warning ***:'

PRINT*,'abs(xxmin-xxmax) < dxx'

PRTNT*,'Reduce dx!'

ENDIF

IF(abs(yymin-yymax).LT.dyy) THEN

PRINT*,'*** Warning ***:'

PRINT*,'abs(yymin-yymax) < dyy'
PRTNT*,'Reducedy!'
ENDIF

IF(abs(zzmin-zzmax).LT.dzz) THEN

PRINT*,'*** Warning ***:'

PRINT*,'abs(zzmin-zzmax) < dzz'

PRTNT*,'Reducedz!'
ENDIF

PRINT*,'
'

PRINT*,'...Done!'

PRINT*,'
'

PRINT*,'Press <return> to continue!'

READ(5,*)
PRINT 1060

G

1060 FORMAT (' ')

G

RETURN

END

G

G

G

G

REAL*8 FUNCTION cond(tt)
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c This function gives the sub conductivity as a fct of temperature tt

c

c !mdi, 04.03.04

G

INCLUDE 'parambeam.h'

G

c density rho [g/cmA4]

c parameter soda-lime glass
rho = 2.55d0

t = tt*to

cond = (0.0048339d0-0.0059221d0*EXP(-0.0104037d0*t))*rho*
+ (0.0010452059789d0*t+0.47611629603d0)

c parameter AF 45

c rho = 2.72d0

c t = tt*t0

c cond = (0.00545397d0+0.36856d0*EXP(-0.0170935d0*t))*rho*
c + (3.8585858586d-9*t**3 - 9.1831255411d-6*t**2

c + +7.3892727821d-3*t-1.0445525212d0)

c parameter Moody
c cond = 299.0d0/(t - 99.0d0)

G

RETURN

END

G

G

G

G

REAL*8 FUNCTION diff(tt)

G

c This function gives the sub diffussivity as a fct of temperature tt

c

c !mdi, 04.03.04

G

INCLUDE 'parambeam.h'

G

t = tt*to

c Soda-lime glass
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diff=0.0048339d0-0.0059221d0*EXP(-0.0104037d0*t)

c AF45

c diff = 0.00545397d0+0.36856d0*EXP(-0.0170935d0*t)
c Moody
c diff=0.565d0

G

RETURN

END

G

G

G

G

REAL*8 FUNCTION sig(tt)

G

c This function gives reciprokal of the sub diffusivity
c as a fct of temperature tt

c

c !mdi, 04.03.04

G

INCLUDE 'parambeam.h'

G

sig=rav**2.0d0/(4.0d0*diff(tt))

G

RETURN

END

G

G

G

G

REAL*8 FUNCTION refl(tt)

G

c This function gives the sub reflectivity as a fct of temperature tt

c

c !mdi, 04.03.04
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INCLUDE 'parambeam.h'

G

t = tt*to

c reflectivity of gold @ 516nm (perpendicular polarized)
refl= 0.68

c reflectivity of gold @ 516nm, 20% reduced due to melting of gold layer
c (Zhang and Grigoropoulos et al, propose a reduction of 26% at 488nm)
c refl= 0.5

c reflectivity Moody
c refl = 0.367d0 + 4.29d-5*(t - 273.OdO)

G

RETURN

END

G

G

G

G

c parambeam.h
c

c fitstobeam210404.f

c !mdi, 04.04.04

c"

c Fixed parameters
PARAMETER (pi=3.14159d0, pi2=2*pi)

G

c Global and common parameters

c— Logical
LOGICAL plottx
COMMON plottx

c— Counters

INTEGER itermax, itermaxdtth

COMMON /int_cmn/ itermax, itermax_dtth

c— Reals

REAL*8 xmin, xmax, ymin, ymax, zmin, zmax

REAL*8 xxmin, xxmax, yymin, yymax, zzmin, zzmax

REAL*8 xplot, yplot, zplot, xxplot, yyplot, zzplot
REAL*8 uumax

REAL*8 dx, dy, dz

REAL*8 dxx, dyy, dzz

REAL*8 duu, dtth

REAL*8 rx, ry, rav

REAL*8 beta, phi



3

Iuqoi^AvsajmiDVWHD

15[im'njiui8*TVÏH

O^Pl'epi8*TVÏH

S9-I8*TVÏH

nnj'nn8*TVïa

111'ns'up8*TVÏH

om'ip[8*Tva^i

qil'n'i8*TVÏH

zz'ää'xx8*avaa

saji'jjaii'jaii"aaoaLNI

sjapurareduouiuiooiouinqj^qo|£)o

3

joiio|d/uuiojeip/MOIA0AIO3

I*joi~pidmiDVWHD

sjapmrnp—o

ow013>

'jJAVd'jA\d3>

'JOA'0A3>

'piojaz3>

'xeuijja'uiuijja3>

'iqd'epq3>

'ÄJ'xj'aej3>

'qiip'nnp3>

'zzp'ÄÄp'xxp3>

'zp'Äp'xp/uuio"£reaj/MOIAHM03

xeumn3>

'lO|dzz'io|dÄÄ'pjdxx3>

'lO|dz'io|dÄ';ojdx3>

'xeuizz'uiuizz3>

'xeraÄÄ'uiuiää3>

'xeuixx'uiuixx3>

'XEUJZ'UIUJZ3>

'xeuiÄ'uiraÄ3>

'xerax'uirax/uuioII^SJ/MOIAQAIOD

Oil'018*TVa^I

jjAvd'jAvd8*TVÏH

JOa'0*8*TVa^I

piojaz8*TVTH

xeuuia'uiuijja8*TV3>I

80S



209

Appendix F:

F. EDX spectra

Figure F.l shows a SEM micrograph of the gold conductor cured with a laser power of 1.0 W,

a laser diameter of 46 urn and a curing velocity of 2.4 mm/s analyzed with EDX. The circle

indicates the position of the x-ray focused on the smooth gold layer and the cross the one

focused in the disturbed region in the middle of the gold conductor.

Fig. F.l: SEMpicture ofgold conductor analyzed with EDX. The cross (on disturbed middle

region) and circle (on smooth gold layer) indicate the position ofanalysis.
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F.l. Continuous gold layer
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Fig. F.2: EDXspectra off the smooth gold layer (circle in Fig. F.l). The detailed information

in weightpercentfor each occurring element is given in Fig. F.3.
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Refit _0 K' _0 K" _Cu L _Cu-

K* _Fe K' _Mn K' JMn K« „Fs L'

Refit jCu L Jin K

Refit _Mn L

Cfai-sqd = 12.34 L.vet.mo = 30.0 Sec.

Standard!ets Ânalysit

L" _A1-X' _A1-K' _Tu-K' „Cu-K" Kg-K' Mg-.<" _;

_Fe L" _Mh-Lr _Mn-L' _Bi-L' Bi-t"

Element Relative Eu si 5fc_ En or

k-ratio (1-Sigma) Counts (1 -Sigma)
0 -_< 217 i/- 24

C a - Ij ___ ___ 0 + /- C

Al-K 0 C0391 4/- 0 00130 109 + /_ 36

Si -TC Q.79°l? t/- 0 00462 7972 + /- 123

Ca-K 0 C109C + /_ 0 00601 57 11 31

Mg-K 0.0 07 31 + /- 0 001Û2 216 + /- 30

Fe-K 0.0 05 04 + /_ 0.00340 41 + /- 27

Mii-K 0 etc OC + /- 0 00001 0 + /_ (

Fe-L 22 + /- Jl

Mn-Ii 0 + /_ C

Aa-_i 0.63268 + /_ 0.06147 119/ + /- 116

Bi-1 0.04104 + /_ 0.04456 36 + /- 39

Ad_ustm^nt Pc ctors K L M

Z-Balance: 0.00000 0.00000 C COCOO

Shel1 - 1.00030 1.00000 1 COCOO

PKOZA Collection Acc Volt.;

Number of Iterations - 4

2 3 kV Tâke-olf 3aigle=3Q 0 0 deg

Element k-retio ZÄF Atom i Element Wi % En . Mon têt-.u

(cale ) Wt % Ci-Sigma) Wt %

Al-K 0 0 03 2 1 577 1 21 3.50 +•/- 0.17 0 50

Si K 0 2439 1 291 72 35 31 43 + /- 0 4S 31 48

Ca-K 0 0 089 0.916 0 33 0.81 >-/- 0.45 C 81

Mg-*< 0.006 0 1.904 1 04 1 il i/- 0 16 1 14

Fe-K 0.0041 0 99>i 0.48 3.41 + /- 0 28 0 41

Mi-K 0 .0000 1 .Obi 0 30 3.00 +/- C 00 0 00

Aj-L Ü.b!60 1.193 20.32 61.58 (/- b 98 61 58

Bl-_ 0.0335 1.218 1.2? 1.08 +/- 4.43 4 08

Total 100 30 103.00 100 00

ed

Table F.l: Detailed information to spectra (Fig. F.2) ofall occurring elements.
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F.2. Disturbance in centre region
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Fig. F.3: EDXspectra off the smooth gold layer (circle in Fig. F.l). The detailed information

in weightpercentfor each occurring element is given in Table F.2.



213

Refil _Cu-L' „Ctl-L' 7u-X' Cj-K" _Mg K* Mg K" _Fe-K' _Fe-K' _Mr. K' _Mn K" _Fe

L' _:>a-L' _Mn-L JMn-L" _An-L' _Au-L" _Bi-L' Ji-t"

Refit ...O -K' _Cu L _A1-K JWn-K _Au-L

CTri-sqd = 10.53 LiveL_me = 30 3 Soc.

Standardless Analysis
EJ einent Relaiiva Error Net Error

k-ratio (1 Eigiaa) Counts ;i.-Sigtid )

0 -K 2412 r l- 58

Cu-L --- 0 + /_ 0

Al-K 0.00000 + /- 0..30001 0 + / - 0

Si-K. 0.94965 r/ 0..01053 11720 i / no

Cu-K 0.01429 + /- 0..00967 35 + /_ 24

Mg K 0. Ü271C + /- 0 .00250 330 + /_ 34

Fe-K 0.00136 i/ 0 ,00571 6 + /_ 24

Mn-K 0.00000 + /- 0 00001 C + /- 0

Fe-li ___ 190 + /- 34

Mn-L --- 93 + /_ 41

Au-L 0.003CC + /_ 0 000 01 0 + /_ 0

Bi-L 0.00760 + /_ 0 06331 4 + /- 25

Adjustment Factors K L M

Z-3alanee: 0.00000 0 00000 C. 03000

Shell. 1.00000 1.00000 1 03000

PROZA Correcticn Ace.Volt. = 20 k¥ Take-off Angie=30 00 lieg
Numbar of Iterations = 5

Elenent k-ratio ZAF Atom % Bleirect Wt % Krv
.
No 'mal i r.oC

(calci Wt % (1-Sigma) Wt %

A.-K 0.3000 1.113 0.00 0.0C +/- 0,00 C 03

Si K 0.B6S9 1.032 95.45 94.05 +/- 1.04 94.0d

Cu-K 0.0131 1.212 0.71 1.59 +/- 1.0/ 1.59

Eg-K 0.0248 1.240 3.61 3 08 +/- 0.28 3 08

Fe-K 0.0012 1.137 0.08 0.15 +/- 0.62 0.15

En-K 0 00C0 1.227 0.00 0.00 +/- 0,00 C.03

Au-L 0.OOC0 1.570 0.00 0.00 i/ 0.00 0.03

Ei-A 0.0070 1.639 0.16 1.14 +/- 9.49 1.14

Total 100.00 100 00 100.00

Table F.2: Detailed information to spectra (Fig. F.4) ofall occurring elements.
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