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ABSTRACT

Femtosecond laser pulses allow for the study of materials in unique, and often extreme,

conditions. As research regarding femtosecond laser interaction with materials progresses,

the mechanisms for damage and modification are better understood. As a result, more

complicated configurations of the target material can be explored often revealing new routes

to modify materials. This work explores femtosecond laser irradiation of thin metal films

and characterizes the resulting morphology, microstructure, and composition using optical

microscopy, scanning electron microscopy, atomic force microscopy, transmission electron

microscopy, and time-resolved pump-probe microscopy.

Three areas are addressed; the removal of ultrathin metal films from non-absorbing

substrates, mixing of multilayer Ni-W and Ni-Ag films to form thermally stable nanocrys-

talline alloys, and in-situ irradiation of Fe catalyst thin films to stimulate chemical vapor

deposition of carbon nanotubes. A mechanistic understanding of the materials response

was pursued for each case studied including the role of interfaces, and the interaction of

solid, liquid, and gaseous phases formed by irradiation.

The dynamics of femtosecond laser removal of ultrathin Ni films from glass substrates

were measured using time-resolved pump-probe microscopy. Within 50 ps of irradiation

the film-substrate interface separated and the removed layer accelerated to a constant ve-

locity, faster than predicted by previous models. The Ni film was driven into extreme

thermodynamic states after irradiation that caused the Ni film to rapidly decompose into

a liquid-vapor mixture, similar to spinodal decomposition. Spinodal-like decomposition

of a bulk metal after irradiation causes homogeneous nucleation of vapor; in this study
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spinodal-like decomposition caused heterogeneous nucleation at the Ni-substrate interface

at relatively low fluences, broadening the range of temperatures to observe this process

compared to previous studies. Studying the removal of ultrathin films provides a route to

explore the extreme states of matter that occur after femtosecond laser irradiation.

It has been predicted in previous studies that rapid cooling after femtosecond laser

irradiation can drive homogeneous solidification in pure metals to form nanocrystalline

material at the surface, however this is not generally observed. Ultrathin, multilayer films

of Ni-W and Ni-Ag were irradiated with a single pulse and the resulting morphology and

microstructure of the films were studied at a range of laser fluences. For Ni-W, a ther-

mally stable nanocrystalline film was formed possibly due to solute stabilization of grain

boundaries. The method for femtosecond laser mixing of multilayer metal thin films can

be applied to create nanocrystalline surface layers for a wide range of alloy compositions

that possess robust mechanical properties, increased corrosion resistance, unique magnetic

properties, and are used as catalyst.

Irradiation of carbon nanotube catalyst during Chemical Vapor Deposition stimulates

the growth of aligned forests and in some cases increasing the terminal length of the aligned

forest by up to 150X. It is shown that the femtosecond laser stimulates growth by combining

Pulsed Laser Vaporization synthesis and Chemical Vapor Deposition, vaporizing the initial

population of carbon nanotubes to jump start forest growth. This method provides a novel

and simple route to efficient growth in systems where the static growth parameters are not

optimized. Laser irradiation may also be used to pattern growth of aligned CNT forests

without pre-pattering catalyst via photolithography, or post processing.
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CHAPTER 1

Introduction

Femtosecond laser pulses allow for the study of materials in unique, and often extreme,

conditions. The femtosecond laser is a variety of pulsed laser where energy is compressed

into a period on the order of 100 fs (10-13 s) making it possible to achieve extremely high

maximum intensities with relatively low energy pulses. While high power CW lasers for

marking or laser cutting reach 1000 W, the peak power of a femtosecond laser pulse is

routinely higher than 1012 W. This class of laser has opened a new field of research in

laser-material interaction making it possible to add significant energy to the target mate-

rial before mechanical or thermal responses can take place[1]. In metals, light is absorbed

primarily by conduction electrons during the term of the laser pulse. Energy absorbed by

the electrons is transferred to the ionized atoms via electron-phonon coupling which oc-

curs over a period of several picoseconds. The transfer of energy between the electrons

and ions increases both the temperature and pressure in the target material to high values.

In this work phenomena are studied where the energy deposited after irradiation is near

the threshold for material removal via liquid spallation; in that regime the material reaches

temperatures from 4,000 to 10,000 K and pressures of 1 GPa[1]. The relaxation of the

target material from far from equilibrium pressures and temperatures drives dynamic pro-

cesses and final states that are unique to femtosecond laser irradiation. For longer laser

pulses, such as nanosecond lasers, the deposition of energy, heating of the lattice, and the

mechanical response occur simultaneously. At moderate intensities the target material is
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close to equilibrium[2]. Though ns pulsed lasers can be used to reach the same extreme

conditions as femtosecond laser irradiation, the total energy of the pulse must be much

higher resulting in an excessive melting depth and excessive material removal.

This dissertation explores femtosecond laser irradiation as a route to modify the mor-

phology, microstructure, and composition of thin metal films. Three areas are addressed:

the removal of ultrathin metal films from non-absorbing substrates, mixing of multilayer

Ni-W and Ni-Ag films to form thermally stable nanocrystalline alloys, and in-situ irradia-

tion of Fe catalyst thin films to stimulate chemical vapor deposition of carbon nanotubes.

A mechanistic understanding of the materials response was pursued for each case studied

including the role of interfaces, and the interaction of solid, liquid, and gaseous phases

formed by irradiation.

The mechanism for removal of ultrathin metal films is frequently exploited in the pro-

duction of patterned thin films for microelectronic devices by subtractive machining of thin

films or Laser Induced Forward Transfer (LIFT) of layers or nanoparticles[3–5]. As the

thickness of films nears the excitation depth of the laser pulse the mechanism for removal

is less clearly attributable to a single mechanism, possibly occurring by liquid spallation

or vaporization at the interface. This work uses time-resolved microscopy to put bounds

on the time for separation and acceleration of removed layers, and measure the velocity of

films removed from an interface and use those results to differentiate between the possible

mechanisms. Investigations of removal at interfaces indicate that separation is driven by a

phase transformation that occurs due to the unique evolution of the thermodynamic state of

material during the excitation and relaxation driven by femtosecond laser irradiation.

Previous studies had shown that alloying at metal-metal interfaces can be driven by a

femtosecond pulse[6, 7]. The earlier observation of a rapid heterogeneous phase transfor-

mation for removal of metal films, extreme thermodynamic states observed in simulations

of bulk and thin film irradiation[8–13], and the high heating and quenching rates after

pulse-laser irradiation together inspired an investigation to produce alloys of metals be-
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yond their equilibrium solubility by irradiating layered metal films. The Ni-W system was

chosen because nanocrystalline alloys of Ni-W had been produced by electrodeposition

by precisely controlling the composition of the deposited layer[14]. In electrodeposited or

sputtered Ni-W, nanocrystalline Ni grains are stabilized because W solute atoms segregate

to grain boundaries, reducing the grain boundary energy and preventing coarsening[15–

17]. It is understood that rapid quenching of materials after femtosecond laser irradiation

should lead to the formation of nanocrystalline material via the homogeneous nucleation

of solid crystals in the melt, as in the synthesis of nanocrystalline and glassy materials via

melt spinning or splat quenching. However, nanocrystalline materials is not observed ex-

perimentally at the surface of metals after femtosecond laser irradiation. It is likely that

the nanocrystalline material is consumed by larger grains in the bulk because pure materi-

als coarsen at low temperature. In this dissertation multilayer Ni-W films with controlled

thickness of each material were used as an alternative approach to control the overall com-

position of Ni-W films, then the films were irradiated. This dissertation presents the first

observation of the formation of thermally stable nanocrystalline microstructures at the sur-

face of metals after femtosecond laser materials processing. Using the Ni-W system two

aspects of the materials response to irradiation were considered: what fluence range heats

the multilayer Ni-W films for mixing and will the solidification of the mixed material per-

mit forming nanocrystalline microstructure that is thermally stable. It was then considered

if the high degree of mixing that is observed in the Ni-W system can possibly be replicated

in the immiscible Ni-Ag system.

Carbon nanotubes can be produced by a variety of methods including electric Arc Dis-

charge, Pulsed Laser Vaporization (PLV), and CVD. PLV synthesis of CNTs can be per-

formed with continuous wave and pulsed lasers[18]. As the carbon bonds reform new al-

lotropes of carbon including Fullerenes and CNTs can form. Often a catalyst, such as metal

nanoparticles, are included in this process because they absorb the carbon and precipitate a

nanotube[19]. Similarly, CVD often uses a metal nanoparticle as a catalyst to break down
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gas molecules containing carbon, absorb carbon, and precipitate a nanotube[20]. The pro-

cess of CVD is limited by a process called poisoning, eventually the reaction at the catalyst

stops and CNT growth is terminated. The mechanism for this process is not fully under-

stood but one common model is that amorphous carbon coats the catalyst and prevents the

absorption of new carbon to extend the nanotube[21]. The femtosecond laser was proposed

as a means to remove amorphous carbon and reactivate catalyst, or to prevent catalyst poi-

soning altogether by irradiating material during growth. In pursuing that question it was

observed that irradiation of catalyst with a single pulse at the beginning of CVD growth

greatly enhanced the growth of CNT forests for up to 30 minutes and yielding forests up

to 150 times taller. For the first time pulsed laser irradiation was combined with an active

CVD process during nucleation; it is shown that technique increases the number of catalyst

nanoparticles that produce CNTs and consequently improve self-organization of CNTs into

aligned forests.

The goals of this thesis :

Determine the mechanism for separation of ultrathin metal films from a substrate

after irradiation by

1. Observing the dynamics of removal for ultrathin Ni thin film on glass substrates

using time-resolved pump-probe microscopy.

2. Identifying a mechanism for the rapid formation of vapor that severs the Ni-substrate

interface.

Explore femtosecond laser irradiation of ultrathin multilayer, multicomponent

metal films as a technique to form alloys of metals with limited solubility by

1. Demonstrating that homogeneous mixtures of elements can be formed by femtosec-

ond laser melting and quenching.
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2. Observing the morphology of the removal craters and microstructure of alloys

formed via irradiation in terms of the local fluence.

3. Defining the conditions after irradiation that lead to the observed range of removal

craters and microstructures in multicomponent, multilayer metal films.

Explore the effect of irradiation on Chemical Vapor Deposition Carbon Nanotubes

by

1. Demonstrating that femtosecond laser irradiation of catalyst during CVD growth

dramatically increases the terminal length of aligned CNT forests.

2. Demonstrating that the enhancement of forest growth is highly dependent on the

dynamics of nucleation and growth of CNTs.

3. Identifying the mechanism for enhancement of aligned forest growth as laser stimu-

lated nucleation of CNTs via combination of PLV and CVD synthesis.

This dissertation explores the effect of irradiation with a single femtosecond laser pulse

on the microstructure and composition of thin metal films using time resolved and post

mortem microscopy methods. The experimental results in this dissertation provide a fun-

damental understanding of materials response to femtosecond laser irradiation, as in the

case of spinodal-like decomposition of metal stabilized by an interface. Simultaneously,

new materials processing techniques were discovered as in the case of laser stimulated nu-

cleation of CNTs during thermal CVD or the formation of nanocrystalline alloy films after

irradiation.

Fs-laser mixing of ultrathin multilayer films is a novel method to study alloy forma-

tion with a wide range of compositions, particularly any composition that is difficult to

synthesize using other alloying methods. In this dissertation the method is applied to mix
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multilayer Ni-W films on Ni substrates and create a nanocrystalline film on the Ni surface.

Fs-laser synthesized nanocrystalline coatings could be produced on metal surfaces to take

advantage of their useful mechanical, chemical or magnetic properties. The same method

could be potentially applied to create thin films of almost any alloy system; it is only nec-

essary that the materials can be deposited in a sufficiently thin film on the same substrate.

This technique could be used to study the formation of alloys with unique compositions

such as typically immiscible alloys[22–24].

Enhancing CNT nucleation with the femtosecond laser provides a novel route to im-

prove CVD growth in situations where the chamber and growth recipe are not optimized,

and also compensate for natural variation in growth runs, making efficient growth of aligned

CNT forests more easy to achieve. New methods to widen the range of parameters for ef-

ficient growth are critical for the widespread application of CNT based materials that are

derived from aligned forests, including fibers, sheets, or coatings[25–27]. Additionally the

methods demonstrated here may be used to pattern growth of aligned CNT forests without

pre-pattering catalyst, masking, or post processing. It is also shown here that enhanced

growth can be patterned by using diffraction or photo lithography masks to change the

spatial distribution of the laser energy at the surface.
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CHAPTER 2

Background

A review of prior research regarding the interaction of fs-laser pulses with solid materials is

presented in this chapter with emphasis on materials on the nanoscale including thin metal

films, metal nanoparticles, and CNTs. The influence of interfaces on absorption, energy

deposition, and the mechanisms for damage will be addressed where appropriate in order

to understand the thresholds for damage, dynamics of damage, and resulting morphology

presented in this dissertation. A review of CNT growth methods, previous experiments

using lasers to drive or modify growth, and laser interaction with CNTs is also presented.

2.1 Material Response to Femtosecond Laser Irradiation

This section will give an overview of the interaction of a fs pulse with metals, including the

absorption and redistribution of laser energy, the evolution of stress and strain, and phase

transformations that occur after irradiation.

2.1.1 Absorption of Radiation and Heating

Femtosecond lasers like that used in this work have a pulse duration of 150 fs and a pulse

energy of more than 1 mJ. When focused the maximum irradiance of a pulse can reach

1014 W/cm2. For femtosecond lasers energy is absorbed primarily by electrons, not by the

lattice. For the most part, the lattice remains unexcited until after the laser pulse has passed
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and absorption is over. The energetic electrons couple with phonons to transfer energy to

the lattice and begin the major relaxation processes like thermal transport, hydrodynamic

motion, and phase transformation. In many cases the absorption of light and material re-

sponse can be considered largely separate; the fluence deposited in the material is the most

important quantity and is expressed in J/cm2.

Radiation is absorbed by electrons that are excited to higher energy states. In metals,

femtosecond laser energy is linearly absorbed by free electrons. The skin depth is the point

where the intensity of the incoming laser light has dropped to 1/e2 of its initial value and

86% of the laser energy has been deposited. The definition of the skin depth is given in

equation 2.1, where λ is the laser wavelength and k is the imaginary component of the

refractive index.

ls =
λ

k4π
(2.1)

Within 200 fs the excited electrons thermalize[1] via electron-electron collisions and

attain a temperature in excess of 11,000 K[2, 3]. Ballistic electrons[4, 5] and high temper-

ature electrons[6–8] have a mean free path on the order of 100 nm and greatly increase the

depth where energy is deposited in the electron system[9] and ultimately the temperature

profile of the lattice[10].

While the laser pulse is “on,” and light is absorbed by the electrons, the lattice remains

close to room temperature. The separate high temperature electrons and a room temperature

lattice are treated theoretically using the two-temperature model[11]. The lattice is heated

as the electron and lattice temperatures equilibrate through electron-phonon coupling[9],

rapidly heating the lattice over several picoseconds after irradiation[10, 12, 13]. With a

sufficiently short pulse the heating rate of the lattice is limited by the electron-phonon

coupling coefficient. The rapid transfer of energy between the electrons and lattice drive a

mechanical response and phase transformation that occur far from equilibrium unlike with

other types of laser excitation, e.g. nanosecond laser excitation[2].
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Aspects of femtosecond laser interaction with thin films are still being explored, in-

cluding the effect of the evolving absorption coefficient[14], electrons scattering at inter-

faces[15], and electron energy loss to the substrate[15].

2.1.2 Evolution of Stress and Strain

Over the few picoseconds it takes for the electron system and lattice to equilibrate, the

temperature of the lattice rises without a significant increase in volume, so the pressure in

the heated layer rises. Since the pressure at the surface of the target material must remain

zero, a sharp pressure gradient is created across the free surface. The high pressure in the

heated layer relaxes via expansion in the direction the pressure gradient, toward the free

surface. There is also a pressure gradient in the target material below the heated surface

layer and a compressive wave is launched into the bulk[16–18]. Behind the compressive

wave an unloading rarefaction wave is created putting the material under tensile stress.

As the tensile wave travels deeper into the material it forms a trough that broadens and

intensifies.

At sufficiently high fluences, the mechanical response to irradiation is strong enough

to overcome the cohesive strength of the target. This process is called spallation and is the

dominant mechanism for material removal in metals. Typically spallation occurs above the

threshold to melt, and the compressive and tensile stress evolves in the thin molten layer at

the surface. As the tensile trough intensifies, free volume in the hot liquid coalesces through

the homogeneous nucleation of voids. The voids perforate the liquid along a plane[17, 19–

21] reducing the cross sectional area of liquid along that plane and weakening it. As the

cross sectional area falls the tensile stress increases and eventually exceeds the cohesive

strength of the liquid; the remaining liquid tendrils break similar to cavitation[22] releasing

the upper layer of liquid.
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2.1.3 Femtosecond Laser Driven Phase Transformations

Femtosecond laser irradiation drives phase transformations by a variety of mechanisms.

At a threshold fluence below liquid spallation, melting occurs homogeneously[13] in the

heated material where the energy deposited in the lattice exceeds the heat of fusion of the

metal[2].

Figure 2.1: Hydrodynamic simulation of Al irradiated with 5 J/cm2 peak fluence showing
trajectories in density/temperature phase diagram. Trajectories represent the time evolution
of density and temperature at different depths in a bulk Aluminum target irradiated with a
peak fluence of 5 J/cm2. In the diagram the solid curves represent the phase boundaries
and the dashed curve represents the spinodal. The phases are g, stable gas; l, stable liquid;
s,stable solid; l+s, stable melting; g+l, liquid-gas mixture; g+s: solid-gas mixture; (g),
metastable gas; (l), metastable liquid; (l+s), metastable melting; (s), metastable solid. The
phase trajectories correspond to depths of 5, 15, 20, 30, 50, 80, and 130 nm from the initial
target surface. Arrows along the trajectories show the flow of time. The laser pulse is 100
fs long and the center wavelength is 800 nm. Reprinted from [23]

As fluence is increased irradiation drives the liquid to vapor transition; this occurs in

several regimes and depends on both the thermal and mechanical evolution of the mate-
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rial. The liquid to vapor transformation is most easily discussed in terms of the T-ρ phase

diagram, shown for aluminum in Figure 2.1. Of particular importance to understand the

laser driven liquid/vapor transformation is the lower density region where the liquid and

vapor phases coexist called the vapor dome. The peak of the vapor dome is called the

critical point, above the vapor dome the liquid and vapor are indistinguishable at constant

temperature. The trajectories in Figure 2.1 represent hydrodynamic simulations of the time

evolution of density and temperature at different depths in a bulk Aluminum target irradi-

ated with a peak fluence of 5 J/cm2[23]. Initially the material increases in temperature at

solid density, crosses the liquid-solid boundary, and the superheated material melts homo-

geneously. In the deeper simulated layers, where the energy per unit volume is relatively

low, the compressive and tensile waves cause the density to rise then to fall. The material

briefly enters the vapor dome then equilibrates to the liquid line and will eventually cool

returning to the solid state. Within the vapor dome the liquid is metastable: if the material

could be held at this point for an infinite time the liquid would decompose into a coexis-

tence of liquid and vapor. During liquid spallation, the tensile stress is intensified in a plane

due to the generation of voids and the reduced cross sectional area. Cavitation occurs since

some trajectories in that region drop in density and pass through the vapor dome[24], that

material transforms to the vapor phase instead of returning to the liquid phase and break

the connection between the upper and lower layers of the liquid.

At layers closer to the surface where the absorbed energy and the peak temperature

of the liquid are much higher, such as the trajectories at 20 and 30 nm in Figure 2.1, the

material enters the vapor dome near the critical point. The liquid excited into this region

is unstable and local variations in the density and temperature[25] allow the material to

spontaneously decompose into a mixture of the liquid and vapor phases, similar to spinodal

decomposition, called critical point phase separation[16, 23, 25, 26]. The critical point

phase separation region is usually defined as the area inside the vapor dome within 10% of

the critical point.
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If the material is excited to extremely high energies it will transition directly to the

vapor phase passing over the critical point as shown with the trajectory at 5 and 15 nm

in Figure 2.1. This is called explosive boiling and is characterized by the homogeneous

nucleation of vapor forming a mixture of liquid droplets and vapor that are ejected from the

material[23, 26, 27].

The processes of explosive boiling or critical point phase separation share some simi-

larities, such as a rapid and uniform decomposition into liquid and vapor and the emission

of droplets from the surface. As a result there is some confusion regarding terminology,

like the term phase explosion sometimes being used to refer to either process as noted by

Povarnitsyn et. al.[23].

For longer pulses where heating and expansion occur concurrently and the trajecto-

ries do not enter the vapor dome as significantly as with femtosecond pulses[28]. This

is especially true at lower fluences where the trajectories enter the vapor dome at lower

temperature where the tensile waves drives the density of the liquid toward lower values,

and the strong tensile wave is a consequence of relaxation from the far from equilibrium

temperature and pressure after femtosecond laser irradiation. The effects of the unique re-

laxation dynamics after femtosecond laser irradiation are explored in Chapter 4 regarding

the liquid to vapor phase transformation that occurs in the vapor dome, and again in Chap-

ter 5 regarding the effect of the highly non-equilibrium relaxation path and the vapor dome

on binary alloys.

2.2 Fs-Laser Damage Thresholds of Ultrathin Films

The damage threshold of metal films is lower than bulk materials due to several factors[4,

7, 29]. First, the specific energy deposited by the laser increases as the film thickness is

reduced. In a bulk material high energy density at the surface will equilibrate with lower

energy density deeper in the material. As the film thickness is reduced the low energy tail
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is not absorbed, and the high energy deposited in the surface layer is not redistributed.

This section reviews previous work regarding femtosecond laser irradiation of films

including the effect on the distribution of energy, the evolution of stress and strain, and the

observed damage mechanisms.

2.2.1 Distribution of Laser Energy in Ultrathin Metal Films

Here, an ultrathin film is defined as sufficiently thin so that it approaches a uniform tem-

perature distribution after irradiation due to electron transport and thermal transport, before

major relaxation processes like hydrodynamic flow or vaporization. Electron transport be-

fore electron-phonon coupling is the primary factor in the redistribution of absorbed laser

energy. Gold, a noble metal with a longer ballistic electron range and lower coupling co-

efficient, can be considered ultrathin below 443 nm and Nickel, a transition metal with a

higher coupling coefficient, can be considered ultrathin below 31 nm[7]. Simulations also

show that the critical thickness of a Ni film to transition to a uniform energy distribution

and damage mechanism is between 50 and 20 nm [30, 31].

2.2.2 Confinement of Stress

The compressive and tensile waves launched after irradiation of a bulk material are trans-

mitted into the underlying solid material. In a thin film, the strain pulse can be reflected by

a boundary either with a free surface or the substrate material. Molecular Dynamics (MD)

simulations of free standing ultrathin metal films show that after irradiation above the liquid

spallation threshold the laser energy is distributed uniformly and stress in the film evolves

symmetrically[22, 31]. Under these conditions the maximum tensile stress occurs at the

midpoint of the film and the film breaks into two layers with equal thickness.

In other MD simulations of thicker suspended films show that the compressive wave

launched from the from irradiated surface of the film travels to, and is reflected from the

rear free surface[17]. Upon reflection from the rear free surface, the sign of the compressive
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pressure wave reverses and a tensile wave travels back into the film. The unloading tensile

wave and the counterpropagating reflected wave can then constructively interfere creating a

maximum tensile stress. The location of the maximum is dependent on the film thickness,

speed of sound, and relative intensity of each tensile wave. For thin metal films on a

substrate the strain pulse is reflected or transmitted at a solid-solid interface depending on

the acoustic impedances of the film and the substrate materials. The acoustic impedance of

a material is equal to ρc, where ρ is the density of the material and c is the speed of sound.

The ratio of the reflected intensity of an acoustic wave at an interface is give in Equation

2.2. R is the ratio of the reflected and incident intensities for a wave propagating from the

film with density ρf and speed of sound cf to a substrate with density ρs and speed of sound

cs. The reflected wave changes sign when it is reflected from a substrate with a lower

acoustic impedance, similar to the case of a suspended film. The type of substrate will

determine the sign and intensity of the reflected wave and therefore significantly change

the location and intensity of the maximum tensile stress in the film.

R =
(ρ2c2 − ρ1c1)2

(ρ2c2 + ρ1c1)2
(2.2)

For ultrathin films on a substrate, it has been observed in MD simulations[32] and

experimentally[29] that the depth removed by liquid spallation is slightly less than half of

the film thickness.

2.2.3 The Effect of an Interface on Femtosecond Laser Induced Dam-

age

Interfaces can play a significant role in the removal mechanisms of ultrathin films having an

effect on the absorption of light by the film, changing the mechanical response of the film by

reflecting or transmitting pressure waves, or providing a stable location for heterogeneous

phase transformations. In an ultrathin metal film, a significant amount of light still reaches
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the film substrate interface and is reflected. It has been shown that the damage threshold of

ultrathin Ni is proportional to the absorbance of the film calculated using equations for thin

film interference[33, 34].

Interfaces influence the mechanism of laser damage by serving as a location for in-

creased light absorption, creating a location for heterogeneous nucleation in laser induced

phase transformations[29, 32], or as a discontinuity in the strength of material[35]. Dis-

tinguishing between these removal mechanisms can be complicated and is examined in

Chapter 4.

Taking advantage of preferential removal from interfaces, femtosecond laser irradiation

of thin films of metal, dielectrics, or ceramics is used as method to create nanoparticles[36]

or to deposit thin films by LIFT. Femtosecond LIFT has the advantage that it is possible to

remove materials “gently,” without destroying their structure.

Research into the effect of interfaces on the absorption and distribution of laser energy

is ongoing. Recent work has shown that interfaces can increase light absorption and scat-

ter or reflect electrons[37], ultimately influencing energy deposition in the lattice near the

substrate.

It has been observed that melting of multilayer materials can be used to create solid

solutions. In the Mo/Si[38] system an amorphous solution was created within 20 nm of the

irradiated surface. Reactive foils of CoAl[39] and AlPt[40], where mixing is an exother-

mic reaction, were mixed after irradiation with a single ultrashort pulse. At high fluence,

exothermic mixing in the irradiated spot was sufficient to ignite the film, propagating the

reaction throughout the target material. Simulations[41] and experiments[42] show that

femtosecond laser irradiation of an Au/Cu bilayer, above the threshold to melt the inter-

face, causes interdiffusion of Cu/Au in the melt zone. The mixed composition is retained

after resolidification. The systems investigated previously alloy spontaneously and form

stable compounds. Chapters 5 and 6 of this dissertation explore mixing of multilayer ma-

terials whose elements/compositions are immiscible.
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2.2.4 Pump-probe Microscopy of Thin Film Removal

The dynamics of material removal after irradiation can be studied using pump-probe mi-

croscopy. A pump-probe experiment refers to the use of a laser to excite a response in a

sample that is repeatable, and then uses a probe with a variable delay to collect information

about the state of the material with some time resolution. Pump-probe imaging uses the

probe pulse as a fast illumination source to create an image, similar to a flash bulb. Pump-

probe imaging of materials irradiated by femtosecond pulses was first applied to measure

the dynamics of electron and lattice heating and melting[43, 44]. In studies where the peak

fluence exceeded the liquid spallation threshold, concentric interference fringes were ob-

served in the crater area[18, 45–49]. Fringes in the liquid spallation region are generated

similarly to thin film interference. Instead of reflection occurring at the upper and lower

bounds of a single layer, light is reflected by the ejected liquid “spall” layer and the station-

ary surface of the sample. As the displacement of the moving layer increases, the phase

difference between the reflected rays increases. With increasing phase difference interfer-

ence causes successive maxima and minima in the reflected intensity. It has been shown

in previous studies that the speed of material ejected after femtosecond laser irradiation is

proportional to the local fluence of the laser pulse[46]. Since the laser pulse has a Gaussian

spatial distribution, the ejected layer forms a dome with a displacement proportional to the

local fluence. Interference maxima and minima form concentric rings marking incremental

displacements of the ejected film, similar to a contour map. Concentric interference rings

of this same type had previously been used by Issac Newton to characterize the curvature

of lenses, and are called Newton’s rings[50]. Other pump-probe studies using an imaging

interferometer confirm that after irradiation with a Gaussian pulse liquid is ejected in a

dome[51].

In previous work Newton’s rings were used to measure the displacement of thin glass

films from a surface after femtosecond laser irradiation[52, 53]. The removal of glass films

from silicon substrate was studied to determine what fills the gap between the ejected ma-
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terial and the silicon surface during removal near the liquid spallation threshold of silicon.

The refractive index of the gap material was measured to be 0.9 and it was suggested that

the gap material was a plasma.

Pump-probe microscopy was performed of molybdenum films 320 to 500 nm thick on

glass substrates[54, 55]. Experiments show that ultrathin Mo films would be less than 66

nm thick[7]. The films were irradiated through the glass substrate, as they would be during

LIFT, to study material ejection to the confinement of vaporized material at the interface.

The time resolved reflectivity was used to observe acoustic waves launched within the Mo

film and Newton’s rings were used to measure separation at the Mo-glass interface. For

removal of glass films on silicon substrates and thick Mo films on glass substrates, the

fluences used are high enough to drive the liquid to vapor transformation at a free surface.

In summary, the effect of fs-laser vaporization on an interface has been studied, but no

previous study has shown the effect of an interface on vapor formation. Also no previous

experiment has permitted the measurement of two removed layers simultaneously, which

allows a direct comparison of interface removal with the known mechanism of liquid spal-

lation. In Chapter 4 of this dissertation, pump-probe microscopy of ultrathin films is used

to determine the role of interfaces in the liquid to vapor phase transformation and clarify

the mechanism of removal at an interface at fluences close to the liquid spallation threshold.

2.3 Nanocrystalline alloys

2.3.1 Stability of Nanocrystalline Metals by Alloying

Polycrystalline metals with nanoscale grain size exhibit unique characteristics such as

enhanced mechanical properties including high hardness, wear resistance, ductility, and

strength[56–59], increased corrosion resistance[60, 61], and unique magnetic properties[62].

However, nanoscale grains are thermally unstable and in pure metals grain growth occurs at

a fraction of the melt temperature and at room temperature in some metals such as Cu, Pd,
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Sn, Pb, Mg, and Al[58, 63–65]. This is particularly dramatic in the case of Pd which has

a melting temperature of 1552 ◦C. In nanocrystalline Ni, grain growth has been observed

near 100 ◦C[66].

Thermally stable nanocrystalline metals can be created through the addition of a solute

species that preferentially occupies sites on grain boundaries. The solute atoms reduce the

grain boundary free-energy effectively “pinning” the grain boundary and preventing grain

growth[67]. This technique has been demonstrated in electrodeposited nanocrystalline Ni

with W as the solute species. At equilibrium, W is soluble in fcc-Ni up to 12.4 at%, in-

creased W composition will lead to the formation of the Ni4W ordered compound. In

electrodeposited nanocrystalline Ni, W can be added up to 30 at%[68–70], without form-

ing ordered phases. For W compositions from 5 to 30 at%, nanocrystalline fcc-Ni with

dissolved W are formed with W rich grain boundaries[70]. With increasing W concentra-

tion, the volume of W rich grain boundaries increases[71, 72] and consequently the average

grain size decreases. Average grain sizes between 2-140 nm in diameter are produced for

compositions ranging from 25 to 2 at% W respectively.

2.3.2 Formation of Nanocrystalline Metals via Laser Quenching

The layer of molten metal formed in a bulk material after irradiation with a short laser pulse

is thin, either because the fluence was low and the melt depth was limited or a high laser flu-

ence was used and most of the molten material was removed. The remaining molten layer

is in contact with the bulk material which serves as an excellent thermal bath. In simula-

tions of bulk Ni irradiated with picosecond pulses, thermal transport into the bulk quenches

the melt layer at rates exceeding 1011 K/s[73]. Experimentally, the extreme quench rates

after short pulse laser irradiation have been used to widen the range of compositions for

glass formation in alloys compared to other methods having slower quench rates including

splat quenching or melt spinning[74].

Simulations of pure Ni thin films irradiated with a femtosecond pulse were performed
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to determine if laser quenching could produce a metallic glass, instead they predicted that

the crystalline solid phase nucleates homogeneously in the deeply undercooled liquid and

forms a nanocrystalline microstructure[30]. Simulations of bulk Ag irradiated just below

the liquid spallation threshold also predicted the formation of a nanocrystalline surface

layer[75], despite the formation of subsurface voids that would limit heat transport into the

bulk. However, the nanocrystalline microstructure is not observed experimentally at the

surface of pure metals after irradiation. Recent parallel experiments and simulation regard-

ing the incubation of femtosecond laser damage in pure metals show that during solidifica-

tion the melt resolidifies epitaxially from the bulk, however the extreme solidification rate

leads to a large concentration of twin boundaries in the near surface[76, 77].

Chapter 5 of this thesis will explore grain boundary stabilization as a method to preserve

the nanocrystalline microstructure after rapid heating and quenching via femtosecond laser

irradiation.

2.4 Carbon Nanotubes

2.4.1 Methods for CNT Growth

A carbon nanotube is a sheet of graphene that forms a hollow cylinder. Graphene is a two

dimensional hexagonal lattice of sp2 bonded carbon. CNTs can be produced by many meth-

ods[78, 79], most notably arc discharge[80], laser vaporization with continuous or pulsed

lasers[81–83], and CVD[84]. Typically in each of these processes CNTs formed by nucle-

ation and growth from a metal catalyst nanoparticle. The nanoparticle serves as a catalyst

for the absorption of carbon from the atmosphere, precipitates sp2 carbon on the surface to

form graphene structure of the CNT, and assists in the absorption and transport of carbon

from the atmosphere for continued CNT growth[85]. During nucleation carbon is absorbed

by the catalyst nanoparticle from the atmosphere and precipitates on the surface forming

a roughly hemispherical graphene sheet, similar to a Fullerene. The Fullerene is approxi-
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mately the diameter of the catalyst nanoparticle and will later be the closed end or “cap” of

a CNT. More carbon is absorbed by the catalyst nanoparticle and transported to the edge of

the cap causing the cap to lift off the surface of the nanoparticle. Between the catalyst and

the cap, additional carbon organizes into a cylindrical graphene sheet causing the growth

of a CNT. It is common for multiple nanotubes to grow in a nested configuration, called

multiwalled carbon nanotubes. The walls of the tubes are coupled due to van der Waals

bonding and generally treated as a single unit.

In Arc Discharge and Laser Vaporization synthesis a graphite target impregnated with

the metal catalyst nanoparticles is either vaporized or ionized in an inert gas atmosphere.

The metal catalyst precipitates forming catalyst nanoparticles that react with vaporized

carbon, in the form of C1, C2, and C3 clusters to form CNTs[86, 87]. CVD growth of

CNTs is performed by passing a carbon feedstock, typically a hydrocarbon or CO, over

heated catalyst nanoparticles. Thermal decomposition of the feedstock liberates carbon to

be absorbed by the catalyst and form a CNT. The two processes are similar in that they

involve the formation of the CNT cap using a catalyst nanoparticle as a template, and that

the nanoparticle acts as a medium for the absorption and transport of carbon to the growing

CNT, they differ in how the catalyst nanoparticle and carbon feedstock are produced and

the state of the carbon as it is absorbed.

It should be noted that aspects of this process are complex; the catalyst nanoparticle

changes shape during nucleation[88], many types of catalyst can be used including di-

electrics[85, 89–91], and it is even possible to form CNTs without a catalyst[92].

2.4.2 Activation and Termination of Catalytic Chemical Vapor Depo-

sition

A common method to form catalyst nanoparticles for CVD growth is reduction and dewet-

ting of a thin metal oxide film. The process of reducing the catalyst and producing nanopar-

ticles is referred to as annealing. In this work iron oxide was used on an Al2O3 support.
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As-deposited iron oxide thin films are reduced to iron by heating them in a hydrogen at-

mosphere. The high interfacial energy of metallic iron and the substrate drives a reduction

in the surface area and the film dewets forming a distribution of metal nanoparticles on the

support[85]. Recent work has shown that iron catalyst on an Al2O3 support only partially

dewets during annealing and that the formation of nanoparticles is not complete until after

the carbon carrying gas is introduced for CVD growth[93]. This is in agreement with the

ubiquitous observation that CNT furnaces are more efficient if they have some adsorbed

carbon on the internal surfaces[94].

After nucleation of a CNT on the catalyst nanoparticle, growth proceeds in a random

direction. If the number of active catalyst nanoparticles per unit area on a surface is high,

the randomly growing CNTs will impinge on one another preventing growth parallel to

the substrate. This can prevent further growth of the nanotubes. If the area density is

sufficiently high, above 1.7x109 cm2[95], the CNTs will collectively orient perpendicular

to the surface forming an aligned forest [96].

Recent work shows that growth of aligned forests terminates when the area density of

active catalyst falls below a critical value and CNTs are too diffuse to support alignment

[97]. The area density of catalyst falls due to Oswald ripening[98], mass transport into the

substrate[98], or poisoning by the growth of an encompassing amorphous carbon layer[99].

Most research to increase the terminal length of CNT forests aims to extend the lifetime of

the catalyst by optimizing static parameters such as: the atmosphere, pressure, and temper-

ature; the composition, size, and distribution of catalyst; the support; or by introducing a

plasma [78, 79].

2.4.3 Lasers in Chemical Vapor Deposition of CNTs

Apart from PLV synthesis of CNTs, continuous wave, nanosecond, and femtosecond lasers

have been used to machine CNT forests, provide spatially resolved heat for CVD, and pre-

irradiate catalyst to improve growth. Continuous wave[100–108] and pulsed lasers[109]

23



have been used as a means to heat catalyst, either directly or via absorption in a buried

layer, for spatially resolved thermal CVD growth. Nanosecond laser pretreatment of metal

catalyst layers, before annealing, was observed to dramatically increase the height of the

aligned CNT forests[110]. It was found that the pretreatment caused CNTs in the treated

area to have a smaller diameter and fewer walls and that the total catalytic activity in the

treated area increased. It was proposed that the primary reason for the increased growth

rate in the laser treated areas was that for the same mass of carbon, greater lengths of CNTs

must be produced if the nanotubes are narrower and have fewer walls.

A different combination of the PLV and CVD methods has been investigated previously.

Catalyst Co-Ni nanoparticles were produced by pulsed laser deposition using a nanosec-

ond pulsed laser. The nanoparticles were heated to 700-1100 ◦C in an argon atmosphere

atmosphere, similar to CVD. Instead of using a carbon carrying gas, for example acety-

lene, carbon for CVD growth was provided by pulsed laser ablation of a pure graphite

target[111]. Normally during PLV synthesis of CNTs the catalyst nanoparticles condense

in the presence of carbon. The previous study attempted to replicate PLV synthesis of

CNTs in two discrete steps: the condensation of catalyst and later the absorption of carbon.

Ultimately the process was more similar to CVD growth. Unlike in this dissertation, the

catalyst was not irradiated with the laser during CVD growth.

2.4.4 Laser Breakdown of Carbon Nanotubes

Studies of femtosecond laser irradiation of graphite targets show that material removal

occurs above a threshold of ~0.1 J/cm2[112–115]. Two mechanisms have been proposed

for damage at fluences near the threshold. First, electronic excitation causes vibrations in

the graphene sheets and momentum is transferred into the direction normal to the graphene

sheets breaking the weak van der Waals bonds between layers and ejecting intact graphene

layers[115, 116]. Second, sp2 bonds within graphene sheets are broken by nanoscopic

coulomb explosion resulting in the emission of carbon ions and clusters[112, 114, 117].
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After femtosecond laser ablation of graphite, light was emitted from the plume of ejected

carbon by blackbody emission from large carbon clusters and characteristic emission from

carbon atoms and small clusters[118].

Several studies have shown that absorption of laser radiation also break sp2 bonds in

fullerenes and CNTs. MD simulations show that bonds in the CNT cap are broken at lower

fluences than the graphene in the CNT walls[119]. Simulations show that the threshold for

fragmentation of Single Walled Nanotube (SWNT)s is 2.8 eV/atom[119–121] correspond-

ing to a fluence of 0.48 J/cm2[119].

Femtosecond laser machining of CNT forests has been studied[122] showing that CNTs

can be removed cleanly without damaging the substrate allowing the machining of shapes

with high aspect ratios. Femtosecond laser irradiation of CNT forests with 0.48 J/cm2

at room temperature caused the surface of CNT forests to be destroyed; in the irradiated

regions large iron nanoparticles precipitated and CNTs were highly defective. Other exper-

iments show that isolated bundles of SWNT on glass substrates disintegrated after irradi-

ation above ~0.05 J/cm2[123]. Femtosecond laser irradiation of thick aligned forests with

a single pulse produced by the laser used in this dissertation showed that the crust of the

forest was destroyed above a threshold fluence of 0.1 J/cm2[33].

Studies of irradiation with multiple nanosecond pulses show that with increasing pulse

energy the sp2 bonds of CNTs are broken generating a structure of amorphous carbon[124].

Irradiation with a series of higher energy nanosecond laser pulses was found to damage the

surface layer of an aligned CNT forest. Light was also emitted from the ablation plume,

similar to previously discussed femtosecond laser ablation of graphite, indicating the car-

bon nanotubes were broken down into some combination of clusters and ions[125]. Irradia-

tion of aligned forests with nanosecond laser pulses produces shallow damage craters[126].

Nanosecond and CW lasers have also been used to machine structures in CNT forests [127]

to produce tips for field emission of electrons.

In summary, lasers can be used in CNT production by creating free carbon, to create or
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modify catalyst nanoparticles, and as a local heat source to drive CVD. In Chapter 7 of this

dissertation femtosecond laser irradiation was used to augment CVD growth of CNTs. The

processes of catalyst activation and poisoning and the mechanism for forest growth that

were described in this section are used to understand how irradiation with a single pulse

has a long term effect on the alignment and terminal length of CNTs grown using CVD.
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CHAPTER 3

Experimental Details

3.1 Irradiation of Materials

Experiments were performed using a Clark MXR CPA 2001 that produced 1 mJ laser pulses

at a pulse repetition rate of 1 kHz. Pulses had a 780 nm center wavelength with a bandwidth

of 10 nm, linear polarization, and a Gaussian spatial profile. The 1/e2 diameter of the

unfocused beam was 7mm. The maximum variation in the energy of laser pulses was 2%

of the average energy. Before each experiment, a rudimentary auto correlation was used to

minimize the pulse length and to verify that the pulses were near 150 fs in duration. All

experiments were performed at the laser focus, using a single pulse. All experiments in

this work were performed by irradiating pristine material; no experiment in this work was

performed with multiple pulses. The sample is maneuvered in the beam path using three

Newport ILS100CC servo linear stage with a single step accuracy of 1 µm and an XPS C-8

stage controller.

For most experiments a single plano-convex lens with a 20 cm focal length was used to

focus the laser beam. The sample was placed at the focus by irradiating pristine material at

various positions along the beam direction without varying the pulse energy. As the sample

approaches the focal point of the laser, the diameter of the ablation crater increases. At

focus, the diameter of the crater reaches a maximum. The damage craters were measured

in-situ using a tabletop Infinitube microscope with a Mitutoyo SLWD 50X objective that
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was oriented parallel to the beam path. Once the sample is at the focus the beam power is

reduced using Neutral Density (ND) filters and a 1/2 waveplate/polarizer pair until ablation

craters are formed for only 50% of pulses. The 2% noise in the pulse intensity causes half

of the pulses to rise above the threshold fluence for damage and half to fall below, but the

average peak fluence is centered at the threshold for damage. To determine the fluence

the pulse energy and beam radius must be measured. The pulse energy is determined by

dividing the power of the beam at threshold, Pth, by the repetition rate of the laser, v. The

beam power is measured using an Ophir Electronics thermopile detector. The beam radius

was measured using a WinCamD-12 beam profiling camera by Dataray Incorporated. The

factory calibrated scale of the profiling camera, 0.14 µm/pixel, was verified by translating

the camera using a Newport ILS100CC servo linear stage with a single step accuracy of

1 µm, then measuring the displacement of the beam in pixels. The area of the beam with

an intensity greater than 1/e2 of the maximum was measured, and the effective 1/e2 beam

radius, w0, was calculated. The threshold fluence for damage is determined using Equation

3.1. In Equation 3.1 w0 is the 1/e2 radius, v is the pulse repetition rate of the laser, and Pth

is the threshold power for damage.

Fth =
2Pth
vw0

(3.1)

The liquid spallation threshold of silicon was used as the standard measurement for

alignment and as the “canary in the coal mine,” a qualitative indicator that laser conditions

were acceptable and consistent day to day. Significant variations in the pulse duration,

contrast between the seeded femtosecond pulse and the Amplified Spontaneous Emission,

or large pre-pulses and post-pulses would change the measured threshold fluence and the

morphology of the ablation crater.

The threshold fluence for liquid spallation of silicon has been widely measured and is

generally consistent across many groups[1–4]. A Si threshold between 0.29 and 0.34 J/cm2
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was deemed acceptable for experiments in this dissertation. The variation is believed to be

the result of small variations in the contrast of the femtosecond pulse and the Amplified

Spontaneous Emission (ASE) since every other variable could be directly measured.

3.1.1 Finding Threshold From Damage Radius vs. Fluence

In some experiments, it was impossible to directly measure the beam profile. In those

cases, the threshold of silicon was measured before moving into the experimental setup,

to verify the consistent Si threshold. In the experimental setup, the beam radius and Si

threshold were measured in-situ. The sample was irradiated with multiple pulse energies

and the area of the ablation spots was measured for each pulse energy. The beam profile

and threshold were determined by fitting the measured damage area vs. the laser energy

using the method of Liu et. al.[5]. An example of this method is shown in Figure 3.1. A

silicon sample was irradiated with a range of peak fluences. The area of 10 damage spots

were measured for each peak fluence. The data in Figure 3.1 show the average effective

radius and error bars show the standard deviation for each peak fluence. The laser irradiated

spots were more than 5 beam radii apart so the target area was not modified by a previous

pulse.

3.2 Sample Preparation

Glass substrates for thin metal films were prepared by the procedure in table 3.1 adapted

from the University of California-Irvine Integrated Nanosystems Research Facility[6].

3.2.1 Depositing Thin Metal Films

Thin films of pure Ni or multilayer films of Ni and W were sputter deposited using a

Denton Vacuum DC Magnetron sputter head operated at a constant power of 200 W and

Argon working pressure of 2 mTorr. The sputtering targets were 4 inches in diameter and

39



Figure 3.1: Method of finding threshold by fitting damage radius vs single pulse energy.
An example using a two parameter fit of damage radius vs fluence to determine the damage
threshold fluence of Si is shown.

Table 3.1: Procedure to clean glass substrates before deposition of thin metal films
STEP DESCRIPTION TIME (MINUTES)

1 Scrub with 10% Triton (aq) NA
2 rinse with DI H2O NA
3 Soak in Acetone, 60 ◦C 10
4 Sonicate in Acetone 8
5 Sonicate in Methanol 8
6 Sonicate in Ethanol 8
7 Soak in 4M HCl (aq) 30
8 Rinse with DI H2O NA
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substrates were less than 1 inch in diameter. The samples were placed on a platen rotating

at 160 rpm so that they passed directly under the sputter target during each rotation. The

sputter rates of Ni and W were 1.66 and 1.41 Å/s respectively. The deposition rates of

each material were calibrated with Rutherford Backscattering Spectrometry using a 2 MeV

helium ion beam in the Michigan Ion Beam Laboratory operated by Fabian Naab.

Multilayer films of Ni and Ag were deposited in the Lurie Nanofabrication Facility

using a Kurt J. Lesker Lab18 sputter system operated at a constant power of 50 W and

Argon working pressure of 2.4 mTorr. The sputter rates of Ni and Ag were 1.4 and 4 Å/s

respectively. The deposition rates were calibrated using a Woollam M-2000 Ellipsometer

to measure the thickness of metal thin films deposited with a target thickness of 20 nm on

a Si wafer with 300 nm thermal oxide.

3.3 Chemical Vapor Deposition of Carbon Nanotubes

3.3.1 Preparing Catalyst for Chemical Vapor Deposition of Carbon

Nanotubes

In this work, a well known and highly active catalyst system, Iron on an alumina substrate,

is used[7–9]. Catalyst films of 2/10 nm of Fe/Al2O3 were deposited using Kurt J. Lesker

Lab 18 RF sputtering tool. At a constant power of 200 W and Argon working pressure of

2.4 mTorr, the sputter rate of Al2O3 was 0.04 Å/s. Using a constant power of 50 W and

Argon working pressure of 2.4 mTorr, the sputter rate of Fe was 0.3 Å/s. The substrate was

a 500 µm thick Si wafer with 300 nm of thermal oxide.

3.3.2 Modified Sabre Furnace

A modified Absolute Nano Sabre cold-walled, atmospheric pressure CVD reactor was used

to grow and irradiate CNTs. The smooth reactor tube was replaced with a cross that had
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added quartz viewports above and below the catalyst as shown in Figure 3.2.

Figure 3.2: Diagram of setup for laser irradiation of CNT catalyst during growth. The laser
is directed to the catalyst through a quartz window in the cross-shaped CVD reactor. The
reactor is mounted on a translation stage so the location of the laser beam can be controlled
in one direction. The location of the beam is controlled in a second direction, orthogonal
to the direction of the motor, using a galvanometer mirror.

The catalyst was supported by a silicon wafer 500 µm thick, 1 cm wide, and 5 cm long

suspended between tungsten clamps. The Si wafer was resistively heated using a power

supply that requires a thermocouple input. During operation the temperature was instead

monitored using an infrared detector through the bottom viewport. The infrared detector

output voltage vs. temperature was calibrated using a thermocouple gauge then passed into

a Labview program. The Labview script determines the output voltage expected by the

power supply which is generated by an National Instruments 6211 DAQ. Gas flow rates

were controlled using either a manual rotometer from MKS instruments or using computer

controlled mass flow controllers from Brooks Instruments. Images were captured during

growth using an Imitech 1200FT CCD attached to a telephoto lens. A single Labview
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program was used to handle the infrared detector output and power supply input voltages ,

gas flow rates, and capture in-situ images of the catalyst at set times relative to the start of

CNT growth defined by the introduction of acetylene.

3.3.3 Chemical Vapor Deposition recipe

The efficiency of CNT growth varied between batches of catalyst, when gas bottles were

replaced, or if the system was not used for a long period of time. To minimize variation

between CVD growth runs, catalyst was produced in large batches, and a 10 Standard

Cubic Centimeter per Minute (sccm) flow of helium was maintained in the system while

not in use. Bleeding helium into the reactor prevents adsorption of water by the chamber

walls or silicon heater and assembly; water vapor has a significant impact on CNT growth

and would cause variation. Because the furnace had to be opened between each growth run

to exchange the catalyst, the furnace was purged with 200 sccm He for 20 minutes when

resealed. During the annealing and growth steps, 10 sccm of Helium was passed through a

gas washing beaker to add a controlled amount of water vapor to the reactor that was higher

than the contamination from opening the chamber.

In this work CVD growth was performed with separate annealing and growth steps with

the general parameters shown in Figure 3.3. The Fe/Al2O3 catalyst was annealed at 750

◦C for 10 min with flow rates of 200 sccm helium and 200 sccm hydrogen. The annealing

gases were added 5 minutes before the catalyst was heated. The Fe catalyst oxidizes when

removed from vacuum after sputter deposition. Annealing reduces the Fe-oxide and causes

the film to partially dewet, forming nanoparticles that serve as the catalyst for CVD growth

of CNTs. After annealing the flow rate of helium was reduced to 190 sccm and 10 sccm

acetylene was added to initiate CNT growth. The temperature is maintained at 750 ◦C

for the growth step. The Root Mean Square (RMS) deviation in the setpoint temperature

was 0.7 ◦C. In these experiments CNT growth was observed only at temperatures above

700 ◦C. The most efficient temperature for CNT growth was determined to be 750 ◦C by
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Figure 3.3: Parameters for CVD growth of CNTs. Before CVD the Sabre furnace is purged
with helium for 20 minutes at room temperature. Catalyst was annealed at 750 ◦C for 10
min with helium and hydrogen. To initiate CNT growth acetylene is added and the helium
flow rate is reduced to maintain a uniform overall flow rate. After a 10 minute growth stage
the catalyst heater is turned off, acetylene and hydrogen flow is stopped, and the chamber
is purged with helium.

a parametric study where CVD growth was performed using growth temperatures between

600 and 800 ◦C in 50 ◦C increments. Femtosecond laser enhanced CVD growth, discussed

in Chapter 7, also yielded the tallest aligned forests of CNTs using a growth temperature

of 750 ◦C.

At the end of the growth step the catalyst heater is turned off, acetylene and hydrogen

flow is stopped, and the chamber is purged with helium to stop growth. The temperatures

for growth were are relatively low in the range for growth of multiwalled tubes[10]. The

annealing step is also relatively long, producing catalyst with large diameter that will typi-

cally result in growth of multiwalled nanotubes.

3.3.4 Irradiation of Catalyst During CVD Growth

For in-situ irradiation of catalyst during growth, the laser was directed through the top

viewport and was incident on the catalyst surface, as shown in Figure 3.2. The laser was

focused using a lens with a 40 cm focal length placed upstream of the Galvonometer. The
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laser was focused onto the catalyst surface by the same procedure as in Section 3.1, but

instead of changing the sample position through the laser focus, the lens was mounted on a

manual micrometer stage and translated relative to the catalyst.

The position of the laser spot on the catalyst wafer was controlled in two dimensions by

mounting the whole furnace on a mechanical stage to control the position in the x direction,

and using a galvanometer mirror to position the laser in the y direction.

After growth an array of irradiated spots was observed on the sample in the form of

stalks or areas with dense CNTs. In order to know the delay for irradiation of a given sam-

ple area, fiducial marks were made where the laser would land at the start of the growth

step and at the end of growth. During the experiment, the laser spot was moved at a con-

stant speed between the fiducial marks while pulses were delivered at a constant repetition

rate, making it possible to accurately determine the time for irradiation by measuring the

distance between the fiducial mark and the area of interest.

3.3.5 In-situ Microscopy of CNT Growth

A video camera equipped with a telephoto lens was used to record the the catalyst surface at

a 80 degree angle of incidence during growth. The Sony ICX274AL CCD used is sensitive

to wavelengths between 350 nm to 800 nm, the peak of the quantum efficiency curve is at a

wavelength of 500 nm. It has been shown that emission in this wavelength range increases

with CNT coverage during CVD growth [11].

3.4 Experimental Setup for Pump-Probe Optical Microscopy

For pump-probe microscopy, single pulses were split using a pellicle beam splitter into a

pump and probe pulse. The pump pulse was focused onto the film at normal incidence with

a 1/e2 area of 10500 ± 400 µm2, measured with a DataRay WinCamD-14 beam profiling

camera. The probe pulse was delayed 0-12 ns using a mechanical stage, frequency doubled
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Figure 3.4: Experimental setup for the observation of Newton’s rings in reflection geome-
try. For pump-probe measurement of Newton’s rings images were captured in a reflection
geometry. Single pulses were split into a pump and probe pulse. The pump pulse was
focused onto the film at normal incidence. The probe pulse was delayed 0-12 ns using a
mechanical stage, frequency doubled to 390 nm, focused on the sample at a 45 ± 2◦ angle
of incidence with p polarization, and collected with a tabletop microscope.

to 390 nm, focused on the sample at a 45 ± 2◦ angle of incidence with p polarization, and

collected with a tabletop microscope. An aperture 1 mm in diameter was placed in the

probe line to reduce the beam waist before the lens that focuses the probe on the sample.

Adding the aperture increases the diameter of the probe pulse at focus to evenly illuminate

the sample over an area much larger than the pump spot. The setup is shown in Figure 3.4.

The x and y scale bars of the image were calibrated by taking an image of a copper

Transmission Electron Microscopy (TEM) grid with square holes that were 62 µm from

center to center. Zero probe delay was determined within 5 ps by observing the rapid

increase in reflectivity in a Si sample due to the onset of carrier excitation and melting[12–

14]. A single labview program was used to move the sample to a pristine area, set the

probe delay, trigger the pump and probe pulses, and capture the images. Since the labview

program automatically moves to pristine locations on the sample surface, the sample could

not be manually repositioned to the common focus of the pump beam, probe beam, and

microscope objective after each irradiation. To ensure the sample remains at the focus, it
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was essential that the plane of the sample surface was exactly parallel to the translation axes

of the stage. A goniometer was mounted between the sample and the stage and the sample

was aligned using a micrometer, placed to measure the position of the surface perpendicular

to the two scan directions. The goniometer was adjusted until the reading of the micrometer

gauge did not change as the sample was translated.
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CHAPTER 4

Separation of Interfaces Via Laser Driven

Extreme States

Published: Schrider, K. J., Torralva, B. & Yalisove, S. M. The dynamics of femtosecond

pulsed laser removal of 20 nm Ni films from an interface. Applied Physics Letters 107,

124101 (Sept. 21, 2015).

Previous experiments by this research group indicated that removal of ultrathin Ni films

on glass substrates occurs by two distinct mechanisms called intrafilm and interface re-

moval[1, 2]. Intrafilm removal, where less than half the thickness of the Ni film is removed,

was shown to occur by liquid spallation, similar to ablation of bulk metals and semicon-

ductors. It was shown that ablation at an interface occurs due to heterogeneous nucleation

of vapor. However the precise mechanism for interface removal was not well understood;

it was believed that interface removal occurred where the melt front propagated to the in-

terface, and so would occur as the film thickness was reduced or the local fluence was

increased. Further consideration showed that ultrathin Ni films are heated uniformly, and

at the melt threshold, the interface will melt without causing removal. This chapter studies

the removal dynamics of 20 nm, ultrathin Ni films on glass substrates using pump-probe

microscopy to clarify the mechanism for interface removal. Experimental results in this

chapter show that removal occurs earlier after irradiation and the ejected layer accelerates

more rapidly than was predicted by recent molecular dynamics models[3]. It is shown that

the formation of vapor at the interface depends on the extreme non-equilibrium states that
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are encountered as the film relaxes after heating with an ultrashort pulse.

The two removal mechanisms observed for 20 nm Ni films on glass substrates are also

observed in ultrathin Ni-based two-component films studied in later chapters. The fluence

threshold for interface removal and the dynamics of material relaxation involving the vapor

dome are used as a reference to explore the effect of femtosecond laser irradiation on two-

component ultrathin films.

4.1 Femtosecond Laser Removal of 20 nm Ni films on Glass

Substrates

In previous studies by this group the threshold for damage and the depth of the removal

crater were measured for bulk Ni, and for films ranging from 140 nm thick to 2 nm thick[1,

2]. The threshold for liquid spallation in bulk Ni is 0.32 J/cm2. For Ni films 70 to 20 nm

thick, the threshold fluence for liquid spallation and depth of removal fell smoothly with

decreasing film thickness. For Ni films 70 to 20 nm thick, removal also occurred at the Ni-

substrate interface. The threshold for removal at the Ni-substrate interface is higher than the

liquid spallation threshold. Only interface removal was observed for Ni films less than 20

nm thick. The roughness in the interface and intrafilm removal regions was measured using

Atomic Force Microscopy (AFM)[1]. The RMS roughness was 3.06 nm after interface

removal, and 1.27 nm after intrafilm removal. The smooth intrafilm removal region is

consistent with homogeneous nucleation of voids during liquid spallation. If the bonding

at the Ni-glass interface was weak and interface removal occurred by liquid spallation,

the roughness in the interface and intrafilm removal regions should be the same. It was

also observed in previous work that interface removal could occur in the intrafilm removal

region forming “pinholes” 1-3 µm wide that penetrated to the Ni glass interface. The

location of pinholes was apparently random. It is not reasonable that the tensile strength of

the liquid layer or the intensity of the tensile wave varied locally leading to the pinholes.
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The pinholes were attributed to heterogeneous nucleation at sites on the Ni glass interface.

The observations of random round pinholes, reminiscent of vapor nucleation by surface

defects, and of high surface roughness at the exposed Ni-glass interface, inconsistent with

homogenous nucleation of voids as in liquid spallation, indicated that interface removal

occurs by heterogeneous nucleation of vapor[1, 2].

In this work, the state and temperature of the Ni film was estimated using a simplified

thermodynamic model. The absorbance of the 20 nm Ni film was calculated using solutions

for the Frensel equation for the case of an absorbing film on a non-absorbing substrate[4]. It

was assumed that the absorbed energy was evenly distributed through the Ni film because

the 20 nm thick Ni film is thinner than the mean free path of ballistic and hot electrons

after irradiation[5–7]. The energy density per mol was compared with the NIST-JANAF

thermochemical tables[8]. According to the data, the Ni film would begin to vaporize

at 30% of the interface removal threshold and completely vaporize at 110%. Ni vapor

would be most stable along the Ni-glass interface; in that position, the vapor bubbles would

break the Ni-glass interface and the Ni vapor pressure would exert a force propelling the

interface removal layer away from the substrate. The dynamics of interface removal via

vapor formation are examined in the next section. It should be noted that the NIST-JANAF

data was calculated for quasi-static heating at ambient pressure, and does not exactly reflect

the temperature or transformations after femtosecond laser irradiation. First, the metal

initially heats at constant volume: for most solids the heat capacity at constant volume is

slightly lower at elevated temperatures. Second, the work of expansion will reduce the peak

temperature of the film. Later, hydrodynamic simulations [9] and previous MD simulations

[3] are considered; the simulations more accurately show the response of ultrathin metal

films after irradiation.
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4.2 Pump-Probe Microscopy of 20 nm Ni Films

For 20 nm Ni films, the threshold fluences for interface and intrafilm removal are 0.16 and

0.36 J/cm2 respectively. Figure 4.1 shows a post-mortem AFM image of a 20 nm thick

Ni film irradiated with 0.4 J/cm2. Because the pulse has a Gaussian intensity profile, a

two-stepped crater is formed as shown in Figure 4.1. Interface removal occurs within the

central region, above the interface removal threshold, and intrafilm removal occurs in the

surrounding region, below the interface removal threshold, but above the intrafilm removal

threshold.

Figure 4.1: Femtosecond laser removal crater of 20 nm Ni films on glass. Removal of
ultrathin Ni films occurs by two mechanisms, intrafilm and interface removal. Intrafilm
removal occurs via liquid spallation removing less than half of the film above a threshold
fluence of 0.16 J/cm2. Interface removal occurs above a threshold fluence of 0.36 J/cm2.
Irradiation with a gaussian laser pulse creates a two-stepped removal crater. AFM shows
the extent and depth of removal in each region.

Pump-probe microscopy was selected to study removal of 20 nm Ni films because it is

possible to observe the configuration of the Ni film during removal, measure the speed of

the removed layers, and determine the time that they separate from the substrate.
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Figure 4.2: Possible configurations for removal of 20 nm Ni thin films after irradiation.
Several configurations of the Ni during removal would consistent with the two stepped
crater formed after irradiation above the interface removal threshold. Each configuration
would indicate different mechanisms for removal in the interface region.
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The configuration of the Ni film refers to the number and thickness of layers removed at

a given fluence. We speculated that several possible configurations of the removed material

were consistent with the stepped crater morphology, shown in Figure 4.2. Material could

be ejected as a single liquid layer with the same profile as the crater, as a central disk and

surrounding ring, or in two continuous layers. Each configuration had implications about

the mechanisms for removal. For example, configuration 1, where removal in each region

separates at the same time and travels at the same speed, could indicate interface removal

occurs by liquid spallation at the weak Ni-glass interface. The sequences of pump-probe

images in Figures 4.3, 4.4, and 4.5 show that removal occurs with configuration 3 from

Figure 4.2 indicating the top and bottom layers are removed by different mechanism.

Figure 4.3: Pump-Probe images of 20 nm Ni films on glass after irradiation from the free
surface with a peak fluence below the threshold for interface removal. A single Newton’s
rings pattern is observed within the intrafilm removal region indicating a single moving
layer.
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Figure 4.3 shows a sequence of pump-probe images captured at different delays for a

20 nm Ni film irradiated with a peak fluence of 0.3 J/cm2. In this case, below the thresh-

old for interface removal, only intrafilm removal is observed post-mortem, resulting in a

uniform crater 7 nm deep. In Figure 4.3, a single family of Newton’s rings is observed

to develop inside the intrafilm region. Each dark or bright ring represents a interference

extrema that occurs when the removed film reaches a fixed displacement away from the

stationary substrate. The Newton’s rings originate at the middle of the removal crater, cor-

responding to the peak fluence, and develop outward because the speed of the removed film

is proportional to the local fluence. After irradiation with a Gaussian pulse the center of the

film is moving the fastest. The speed elsewhere drops as a Gaussian function of distance

to the center so that at any given time the moving layer is in the shape of a dome. The

center of the dome reaches the fixed displacement for an interference extrema first. Then

the slower moving areas just outside the peak of the dome reach the interference extrema,

and so on such that the contrast moves outward in all directions forming the Newton’s ring,

as in Figure 4.3. A schematic cross section diagram of the Ni film during removal is shown

in the lower-right of Figure 4.3. The origin of the fine fringes around the circumference of

the Newton’s rings pattern is not known, but they could be caused by Fresnel diffraction

from the edge of the removal crater.

Figure 4.4 shows a sequence of pump-probe images after irradiation at 0.6 J/cm2, above

the interface removal threshold so a two-stepped crater is observed post-mortem similar to

Figure 4.1. From 0 to 2000 ps after irradiation, a family of Newton’s rings is observed to

develop inside the intrafilm region. Between 2000 and 3000 ps the first family of Newton’s

rings distorts–initially narrowing along the minor axis of the Newton’s rings pattern, as

seen in Figure 4.4 2100 ps after irradiation, forming an “hourglass” shape. Eventually the

distortion of the Newton’s rings pattern leads to the formation of a diamond-shaped set of

fringes, as seen in Figure 4.4 3500 ps after irradiation. The distortion of the first family of

Newton’s rings resembles an extreme comatic aberration of a beam through a lens: coma
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Figure 4.4: Pump-Probe images of 20 nm Ni films on glass after irradiation from the free
surface with a peak fluence above the threshold for interface removal. Two Newton’s rings
patterns are observed within the intrafilm and interface removal regions respectively indi-
cating two separate moving layers. The interface removal pattern is revealed after 2000
ps.
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occurs when a beam passes through a lens at an angle. In this case, the dome formed by

the moving film acts as a lens. With increasing delay the film travels and the curvature of

the dome increases and so does its focussing power; eventually the comatic aberration is so

significant that the image of intrafilm removal rings is eliminated.

After the intrafilm removal rings disappear, a second family of Newton’s rings is ob-

served in the interface removal region. The existence of two families of Newton’s rings,

corresponding to the intrafilm and interface removal regions respectively, indicates that

above the interface removal threshold the film is removed in two distinct layers. The in-

trafilm layer is 7 nm thick and is removed as a disk corresponding to the area of the intrafilm

removal region; the interface layer is 13 nm thick and is removed as a disk from the inter-

face removal region. A schematic cross section diagram of the Ni film configuration during

removal is shown in the lower-right of Figure 4.4.

The technique of pump-probe microscopy is typically performed using a microscope at

normal incidence to the sample surface; the probe pulse replaces the lamp for illumination

and the pump pulse is introduced at an angle[10–20]. This is simply because when a mi-

croscope views a surface at an angle only a narrow band of the image is at focus. When 20

nm Ni ablation was viewed at normal incidence, the Newton’s rings from intrafilm removal

region never disappeared. Using the pump probe setup in Figure 3.4, it is possible to ob-

serve Newton’s rings from multiple ejected layers provided they have different velocities.

Comatic aberration eliminates interference contrast caused by the faster moving layer as

the curvature of the ejected layer increases. This is the only pump probe method where

Newton’s rings from multiple ejected layers can be observed separately and is a single

pump probe experiment.

As the probe delay increases, Newton’s rings progress outward and eventually pass out

of the removal region; this occurs because the velocity at the removal threshold is not zero.

In Figure 4.4 it is impossible to know how many interface removal rings have progressed

out of the interface removal region before the pattern is revealed 3500 ps after irradiation.
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Figure 4.5: Pump-Probe images of 20 nm Ni films on glass after irradiation through the
glass substrate with a peak fluence above the threshold for interface removal. Images
were collected through the glass substrate. The interface removal Newton’s rings pattern is
viewed directly and is not obscured by reflections from the intrafilm removal layer.
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It is therefore impossible to know the interference order of the extrema or determine the

displacement of the film. To measure the Newton’s rings formed by the interface removal

layer without looking through the intrafilm removal layer, the sample was flipped over and

the Ni-substrate interface was viewed through the glass as shown in the schematic cross

section view shown in the lower-right of Figure 4.5.

Figure 4.5 shows a sequence of pump-probe images after irradiation at 0.7 J/cm2 where

the sample was irradiated and viewed through the glass substrate. While the intrafilm

removal region can be seen clearly after 60 ps, no Newton’s rings are observed. Only the

Newton’s rings in the interface removal region are observed, and they form well before

3500 ps.

The back-side intrafilm and interface removal thresholds are 0.11± 0.02 J/cm2 and 0.20

± 0.02 J/cm2 respectively. The decreased thresholds are consistent with an increase in the

optical absorbance of the Ni film to 0.52 for irradiation through the glass, compared with

0.35 for irradiation from the Ni free surface. The absorbance was calculated using a model

for absorbing films on nonabsorbing substrates[4], and the optical constants of Ni[21] and

glass[22].

4.3 Interpreting Newton’s Rings

In previous studies, displacement vs. time of the moving layers was measured by visually

determining when each Newton’s ring appeared at the center of the pump spot[18, 20,

23] or by measuring the number of rings in each image. These methods are adequate to

interpret the extent and the velocity of a single moving layer, but will lead to a significant

error in the measured displacement.

1. The visual reversal in the bright/dark contrast at the center is well before the true

minimum or maximum interference occurs, the displacement will be overestimated

by ∼ 1/4λ.
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2. Image artifacts in the removal crater at early time can resemble a Newton’s ring and

lead to a systematic error of order in the measured interference extrema.

3. Counting the Newton’s rings in the pattern will underestimate the interference order

at the center at long delays after Newton’s rings have progressed out of the removal

area.

Figure 4.6: Pump-probe images showing the appearance of separate Newton’s ring patterns
distinct to interface and intrafilm removal. Using a front-side probe and a peak pump
fluence of 0.60 J/cm2, two Newton’s ring patterns indicate removal in two distinct layers.
Note, intrafilm removal occurs at a lower fluence and thus a wider area than interface
removal. Schematics of the moving layers are shown at each delay (not to scale). The
reflections forming Newtons rings are indicated by angled arrows. At 120 ps delay two
rings are marked, one ring will be identified as an imaging artifact.

For this work, where the dynamics of two moving layers must be distinguished and

the displacement must be measured accurately, images were created that track the radial

expansion of the Newtons rings with increasing delay. Radial intensity profiles were mea-

sured along the long axis of the Newtons rings pattern, as shown with the arrows in Figure

4.6. The width of the line profile was 3 µm. The corresponding intensity profiles are shown

in Figure 4.7a. The radial intensity profiles measured at each delay were arranged with re-

spect to time, forming the plot in Figure 4.7b. The location of the profiles from Figure 4.6

are shown with analogous arrows. In Figure 4.7b, the y axis corresponds to radial position

in the pump spot, the x axis corresponds to time, and the reflected intensity is represented
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in greyscale at each coordinate. This image is referred to here as a composite plot of the

Newton’s rings.

Figure 4.7: Plot showing evolution of Newton’s rings in pump-probe microscopy on Ni
films a) Newton’s rings profiles were taken from each pump-probe image along arrows in
Figure 4.6. The scale is the same for all 3 profile plots. b) Profiles were arranged according
to their delay time forming a new composite plot. Newtons rings appear at the peak fluence
and expand radially. This plot shows the artifact at 120 ps in Figure 4.6 does not evolve over
time and is not a Newtons ring. The expansion of Newtons rings with time is discontinuous
at the interface crater edge. The interface layer is ejected with a minimum velocity at
the crater edge and is stationary below the removal threshold. The rings in the interface
removal region show the relative velocity of the intrafilm and interface layers.

The radial progression of the Newton’s rings in the composite plot follow a characteris-

tic curve because the velocity falls with increasing radial position according to the Gaussian

distribution of local fluence. In Figure 4.7b a discontinuity in the curves of the Newton’s

rings is visible at the edge of the interface removal region, indicating a discontinuity in the

velocity. It appears that the velocity of the intrafilm removal layer is slightly faster just

outside the interface removal region. Consider the schematic images of the Ni film for each

time in Figure 4.6. The displacement and velocity of the intrafilm removal layer is continu-

ous at the interface removal threshold, but the interface layer goes from moving with some

minimum speed to not moving and fixed on the substrate. There, the relative displacement
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of the Ni layers suddenly increases causing the discontinuity in the radial expansion of

Newton’s rings seen in Figure 4.7b. For a peak fluence above the removal threshold, as in

Figure 4.7b, the displacement measured at the center of the pump spot is the intrafilm layer

displacement minus the interface layer displacement.

Figure 4.8: Plots comparing the evolution of Newton’s rings viewed from the free surface
and through the glass substrate. The composite plots for pump-probe of the Ni free surface
and through the glass substrate are shown for the same absorbed fluence. Backside pump-
probe includes the interface removal Newton’s ring pattern at early time. For probe delays
longer than 2500 ps the progression of Newton’s rings from interface removal are identical.

Figure 4.8 shows the composite plot created for front side and back side pump probe

after irradiation with a peak absorbed fluence of 0.28 J/cm2, corresponding to peak pulse

fluences of 0.8 and 0.5 J/cm2 for front side and back side respectively. Because of the

different absorbance for irradiation from each side, the absorbed fluence is the same. Com-

parison of the two images shows that the radial progression of interface Newton’s rings is

the same from 2700 to 6000 ps after irradiation. The maxima are marked in the front-side
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plot and the minima are marked in the back-side plot. The sign of interference extrema

at the same displacement of the film are opposite because in the case of interface removal

viewed from the back-side, there is a 180 phase change on reflection at the interface of the

glass and the gap because the light is reflecting at the surface where the index of refrac-

tion drops. In all other cases, reflection occurs at an interface where the index of refraction

rises. As a result, the first interference extrema of the interface removal layer is constructive

viewed from the front side and destructive viewed from the backside.

4.4 Measuring Displacement Using Newton’s Rings

Displacement vs. time of moving layers was measured by the appearance of extrema at the

center of the pump spot, fundamentally similar to previous studies using ring counting, but

visual bias was eliminated by using temporal profiles of reflected intensity and referencing

the composite plot to determine the interference order.

Temporal profiles of reflected intensity were measured directly from the composite plot

by taking a line profile corresponding to the box in Figure 4.9a. The measured intensity in

the temporal profile corresponds to a 3x4 µm rectangle at the center of the pump spot. The

intensity at the center was normalized to the probe intensity by placing a second monitor

region 150 microns away from the pump spot. The normalized data were smoothed with a

3rd order Savitzky-Golay filter spanning nominally one half of the period between extrema,

the period is the time from maxima to maxima or vice versa. Finally the smoothed data

were fit with a variable knot 10th order spline. The spline fit consists of a piecewise 10th

order polynomial function. Knots in the piecewise function connect polynomial segments.

The spline was produced with the Matlab® Curve Fitting Toolbox which determines the

coefficients of the polynomials and distributes the knots along the polynomial to achieve

the best fit. Figure 4.9b shows the raw reflected intensity data, (x), the smoothed data, (o),

and the spline fit. The delay for extrema were measured from the maxima and minima in
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Figure 4.9: Determining the displacement of Ni films vs. time by measuring the reflected
intensity in pump-probe microscopy images. The displacement of the ejected layers was
measured using Newton’s rings by a) creating the composite Newton’s rings plot, here for
irradiation with a peak fluence of 0.3 J/cm2. A profile of reflectance vs. time is taken from
the composite plot near the peak fluence. b) The raw data is smoothed, then fit with a spline
function to measure the delay for each interference extremum. c) The displacement of the
film calculated for each interference extremum is plotted at each measured time. The error
bars correspond to 1/2 of the period between interference extrema.
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the fit with an uncertainty of one half of the period. Data collection ended when the image

of the Newton’s rings pattern distorted due to comatic aberration, as shown in Figure 4.3 at

a delay of 2100 ps.

The order of extrema is clear from images like that in Figure 4.9a, because Newton’s

rings exhibit the characteristic curve in their radial progression. This image also eliminates

the possibility of a systematic error in displacement caused by mistaking an artifact, like

that shown at 120 ps in Figures 4.4 and 4.6, for a Newtons ring. The artifact appears to

be an interference maximum, in a single image, but shown in Figure 4.7 clearly does not

correspond to a Newton’s ring. In previous studies the displacement of the removed layers

was overestimated, making it appear that the film started moving before irradiation. In that

work, the order of the extrema was determined by simply counting rings, and due to the

artifact, they erroneously added one more.

Figure 4.9c shows the displacement of the intrafilm layer at a peak fluence of 0.3 J/cm2

measured using the temporal profile in Figure 4.9b. The displacement was calculated in

terms of the relative phase shift, φ, of the reflections using Equation 4.1 adapted from Ref

[4]. Constructive and destructive interference correspond to relative phase shifts of nπ or

(n + 1
2
)π respectively, where n is the interference order. hNi is the thickness of Ni at the

first reflecting surface. The refractive index of Ni, nNi, was taken as 2.53 + i4.4 [21]. At

this time the effect of temperature on the refractive index was not considered. θ0 is the

probe angle of incidence. The angle of refraction in the metal film, θNi, angle of refraction

in the gap, θgap, and the phase change on reflection from each surface, φR1 and φR2, were

calculated using References [24–27].

The refractive index of the space between the ejected layers and the substrate, ngap, was

assumed to be 1. However, previous studies have shown ngap to be 0.9 after ablation of Si

tamped by SiO2[23]. Uncertainty in ngap of ± 0.1 would correspond to 22% uncertainty

in any absolute measurement of displacement or velocity. The uncertainty in ngap does not

affect relative measurements of displacement or velocity, the conclusions in this chapter
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are drawn from those relative measurements.

d(φ) =
φ+ φR1 − φR2 − ( 4πnNi

λ0 cos θNi
+ 4πn0 sin?θ0

λ0
tan?θNi)hNi

( 4πngap

λ0 cos θgap
+ 4πn0 sin?θ0

λ0
tan?θgap)

(4.1)

Figure 4.10: Displacement vs. time of intrafilm and interface removal layers after irradia-
tion of 20 nm Ni films with selected fluences. The displacement of intrafilm and interface
removal layers was measured using pump-probe. Each plot shows linear behavior, indicat-
ing the films are moving at constant velocity, and the intercepts of the fits are distributed
around a delay of 0 ps, indicating the film rapidly separate and accelerate.

The displacement vs. delay of the intrafilm and interface removal layers were measured

at a range of fluences, shown in Figure 4.10. In each case the a linear fit closely matches the

data indicating the films move at a constant velocity after removal. The x-intercepts of the

linear fits are distributed around the origin indicating the films reached constant velocity

early after irradiation. The average and standard deviation of all the calculated x-intercepts

for intrafilm and interface removal are 0 ± 50 ps and -10 ± 50 ps respectively.

Figure 4.11 shows the displacement measured from intrafilm and interface rings at an

absorbed fluence of 0.25±0.02 J/cm2, measured from the composite plots shown in Figure

4.8. The velocity of the intrafilm removal layer, ejected via liquid spallation, is five times

faster that in interface removal layer. Recent MD simulation of a 20 nm Pt film on a
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Figure 4.11: Measured displacement vs. time of intrafilm and interface removal layers after
irradiation of 20 nm Ni films with the same absorbed fluence viewed from the free surface
and through the glass substrate respectively. The absorbed fluence in the film was 0.25 ±
0.02 J/cm2. Both films quickly reach constant velocity and the time intercepts of linear fits
are near zero delay.

non-absorbing silica substrate irradiated with an ultrashort pulse exhibited intrafilm and

interface removal[3]. The final velocity of the intrafilm layer was 300% faster than the

interface removal layer, similar to our experimental results. The mechanism for interface

removal was determined to be the heterogeneous nucleation and expansion of vapor at the

Pt-substrate interface.

Figure 4.12 shows the speed of the intrafilm and interface removal layers at a range

of fluences calculated from the linear fits shown in Figure 4.10. Error bars in Figure 4.12

represent the uncertainty introduced by the temporal error in Figure 4.11. The fluence axis

has separate scales to account for the higher absorbance in the Ni for irradiation through

the glass substrate. The velocity of the interface removal layer was measured from both the

Ni free surface and through the glass substrate, for the same absorbed fluence the velocity

is the same.
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Figure 4.12: Velocity vs. fluence of intrafilm and interface removal layers after irradiation
of 20 nm Ni films on glass substrates. The speed of the interface layer and the speed of
the intrafilm layer minus the interface layer are plotted for several fluences. The dotted line
approximates the speed of the intrafilm layer. Front and back side fluence axes are scaled
to account for the relative absorbance, the direction of irradiation does not effect the speed
of the interface removal layer. At the same absorbed fluence the intrafilm removal layer is
moving 500% faster than the interface removal layer.

Post mortem and time-resolved measurements show that the direction of the pump pulse

affects the absorption but not the removal mechanics. The depth of removal craters was

identical, the removal thresholds scale by the absorption, and the speed of the interface

layer is the same, as shown in Figure 4.12. Since no differences are observed in the mech-

anisms for removal between a front or back side pump, it is reasonable to conclude that the

20 nm Ni film was uniformly heated after irradiation and only the relaxation of the high

temperature and high pressure of the film drives removal.

The actual speed of the intrafilm layer is indicated with the dashed line in Figure 4.12.

The actual speed of the interface layer is determined by adding the speed measured using

the interface and intrafilm Newton’s rings, corresponding to the substrate-interface layer
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distance and the interface-intrafilm layer distance respectively. The speed measured using

Newtons rings from the intrafilm layer at fluences below the interface removal threshold

fall on the dashed line because the lower 13 nm of Ni remains attached to the substrate.

Though the final velocities of the layers in our experiment and in MD simulation of

20 nm Pt films [3] are similar, the simulation shows that the intrafilm and interface layers

accelerate for 1 ns and 3 ns due to the vapor pressure of Ni in the gap and the interface

layer does not separate from the substrate until >100 ps. Our results indicate the interface

layer separates and accelerates much faster.

It was found that linear fits of displacement for interface removal intercept the delay

axis at -10 ± 50 ps. The 50 ps error corresponds to the average intercept and the standard

deviation of all the x intercepts. That the linear fits of interface displacement data intercept

near zero delay indicates the Ni film separates from the substrate and accelerates to its final

velocity before the first interference extrema appears. Since lower acceleration would shift

the intercept of the linear fit to later time, the early intercept shows the interface layer in

fact reached constant velocity well before the first extrema was observed.

The displacement of moving layers at early times, before the first interference extrema,

can be inferred from relative changes in reflected intensity. Figure 4.13a shows the temporal

profile of reflected intensity for 0.70 ± 0.02 J/cm2 viewed from the back and Figure 4.13b

shows 0.30 ± 0.02 J/cm2 viewed from the front, corresponding to interface and intrafilm

removal respectively. The average intensity over the time range is shown with a horizontal

line to guide the eye. The slopes of each profile are initially of opposite sign because in the

case of interface removal viewed from the back-side, the phase difference is π (174◦) upon

separation. For interface removal, the uncertainty of the smoothed profile is taken as ±1/6

of the amplitude, corresponding to the scatter of the raw data. The interface removal profile

increases by 1/3 of the amplitude, two times the uncertainty, within 50 ps, corresponding to

a displacement of 30 ±15 nm according to Equation 4.1. The raw and smoothed intrafilm

removal profiles decrease within 20 ps indicating separation of the intrafilm layer on a
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Figure 4.13: Pump-probe reflectivity showing that both the intrafilm and interface removal
layers separate from the substrate within 50 ps. Temporal profiles of a) interface removal
at 0.70 ± 0.02 J/cm2 viewed from the back and b) intrafilm removal at 0.30 ± 0.02 J/cm2

viewed from the front. Relative changes in reflected intensity before the first interference
extrema can be used to determine an upper limit in the time for separation of each layer.
Interface separation occurs within 50 ps and intrafilm separation occurs within 20 ps.
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timescale consistent with liquid spallation.

In summary, after irradiation with an ultrashort pulse the 20 nm Ni film is uniformly

heated but the intrafilm layer is ejected with a final speed 500% faster than the interface

layer. The velocities of the intrafilm and interface removal layers were 500 to 2000 m/s and

300 to 700 m/s respectively in the fluence ranges studied. Several factors indicate interface

removal occurs due to the nucleation and growth of vapor at the Ni-glass interface. The

relative velocity of the intrafilm and interface removal layers are consistent with recent MD

simulations where the driving force for interface removal is expansion of vapor between the

layers and the interface. The interface removal region exhibits relatively high roughness in

AFM, inconsistent with liquid spallation. And a simplified thermodynamic calculation

using the absorbed energy and the thermochemical data of Ni at constant pressure shows

that the majority of the Ni film will vaporize at the interface removal threshold. By refining

the technique of measuring Newtons rings using pump-probe microscopy, it was shown that

the Ni-glass interface breaks within 50 ps and the interface layer reaches constant velocity

well before the first interference extrema. The rapid separation and acceleration of the

interface removal layer conflict with previous models of diffusion-limited nucleation and

growth.

4.5 The Role of the Vapor Dome in Interface Removal

The results of pump-probe microscopy indicate that interface removal involves rapid vapor-

ization at the interface on a timescale similar to mechanical relaxation. To better understand

the dynamics of ultrathin films irradiated with a femtosecond pulse, hydrodynamic simula-

tions were performed of 20 nm thick Ni films on glass substrates for irradiation conditions

consistent with pump-probe results[9]. Those simulations used the 1D hydrodynamic code

HYADES[28] and the SESAME equation of state for nickel. Within 50 picoseconds, the

time for separation and acceleration of the Ni film by the formation of vapor, the state of
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the film enters and then exits the vapor dome, a region in the T-ρ phase diagram where the

liquid and vapor phases coexist.

Figure 4.14: Hydrodynamic simulations of ultrathin Ni films corresponding to conditions
of intrafilm and interface removal of 20 nm Ni films. The relaxation dynamics of 20 nm
Ni films in the temperature-density phase diagrams were modeled using a 1-D HYADES
hydrodynamic code. With increasing fluence the state enters the vapor dome at higher
temperature, or kinetic energy, and remains there for a longer period of time. Previous
simulations show that material driven into the critical phase separation region is unstable
and will decompose into vapor and liquid via spinodal-like homogeneous nucleation of
vapor. Reprinted with the permission of Ben Torralva.

Figure 4.14 shows the dynamic relaxation path Ni film through the density-temperature

phase diagram in two cases. Each path was created by monitoring the state of a layer of

Ni in the simulation. The lower path corresponds to Ni in the intrafilm removal layer at

the threshold for liquid spallation. Initially the lattice increases in temperature at solid

density and melts. The hot liquid then expands, reducing in density, and passes into the

vapor dome. The state of the metal exits the vapor dome and cools along the liquid line,

increasing in density, until it returns to its original point on the phase diagram. On exiting
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the vapor dome it is observed that the density fluctuates before settling on the liquid line.

The dotted line indicates the approximate path of the layer where liquid spallation occurs;

this layer traverses the vapor dome due to cavitation and transforms to vapor, breaking the

liquid film at a depth of 7 nm.

The upper path corresponds to Ni in the interface layer at the measured interface re-

moval threshold. As before, the Ni layer increases in temperature at solid density and melts,

but now reaches higher temperature due to the higher laser fluence. The liquid nickel ex-

pands and the density falls, driving into the vapor dome, and then exiting the vapor dome

to the liquid line. Again, the density fluctuates before settling on the liquid line. In this

case, the Ni remains inside the vapor dome longer and at higher temperature. The path

approaches the critical phase separation region but does not enter it.

Previous simulations of bulk materials irradiated with much higher fluence show that

material that enters the vapor dome within 10% of the critical temperature, called the crit-

ical phase separation region, is thermodynamically unstable[29, 30]. In this regime there

is no kinetic or energetic barrier to the formation of vapor, and the metal decomposes into

liquid and vapor within picoseconds via spinodal-like homogeneous nucleation of vapor.

However, the trajectory of metal through the temperature-density phase diagram is simi-

lar after irradiation with lower fluences and spinodal-like variations in density still occur

when the material enters the vapor dome outside the critical point phase separation region.

However outside the critical point phase separation region the spinodal-like instability does

not result in the formation of stable homogeneous nuclei and the material simply returns

to the liquid state. In the case of the ultrathin Ni film, the metal-substrate interface can

stabilize vapor nuclei that form at lower temperatures, leading to heterogeneous nucleation

at the Ni-glass interface breaking the interface within tens of picoseconds as seen in time

resolved experiments[31].

Entering the vapor dome at moderate fluence, as in this mechanism, requires the high

temperature, high pressure non-equilibrium and the unloading rarefaction wave decreasing
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the density of the liquid, that are unique to femtosecond laser irradiation. The same relax-

ation path is not available using longer pulses where heating and hydrodynamic expansion

occur concurrently. In that case, the state of the target material follows the equilibrium

lines through the phase diagram[32]. With a longer excitation pulse, entering the vapor

dome would take a comparatively high fluence. Non-equilibrium conditions would occur

early during the laser pulse, but then the remainder of the pulse energy would be deposited

driving excessive removal. Material that entered the vapor dome does not remain on the

surface.

The method of irradiating ultrathin films makes it possible to retain Ni that was excited

to high temperatures in the vapor dome by reducing the depth of material removed by liquid

spallation. In the case of bulk Ni irradiated at 0.36 J/cm2 liquid spallation occurs to a depth

of 20 nm. For the 20 nm film irradiated at the same fluence, the depth of liquid spallation

layer is just 7 nm.

In summary, the removal dynamics of 20 nm Ni films from glass substrates were ob-

served using time-resolved pump-probe microscopy. It was found that the 20 nm film is

removed in two distinct layers corresponding to the area and depth of the intrafilm and

interface removal regions of the damage crater. The velocity of the interface removal layer

is approximately 20% of the velocity of the intrafilm removal layer, in agreement with

previous MD simulations where interface removal is driven by the formation of vapor at

the Ni glass interface. However, the separation and acceleration of the layers was much

faster than in the MD simulation. Both the intrafilm and interface removal layers separated

within 50 ps and both layers reached their maximum velocity within 50 ps of irradiation,

the resolution limit of pump-probe using Newton’s rings.

Hydrodynamic simulations of 20 nm Ni film removal show that Ni enters the vapor

dome in the Ni density vs. temperature phase diagram for a short time after laser excita-

tion and adiabatic expansion. In the vapor dome liquid and vapor are in equilibrium and

vapor forms homogeneously similar to spinodal decomposition, without kinetically lim-
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ited nucleation. Homogeneous vapor nuclei form and are stable if the liquid is driven into

the critical phase separation region, defined as within 10% of the temperature at the criti-

cal point. The fluence for interface removal drives Ni close to, but not inside, the critical

phase separation region, so stable vapor nuclei cannot form homogeneously. The Ni-glass

interface provides a stable location for vapor nuclei that form inside the vapor dome, and

separation of the interface can occur on the observed timescale of 50 ps.
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CHAPTER 5

Femtosecond Laser Formation of

Nanocrystalline Materials

Submitted for Publication: Schrider, K. J., Torralva, B. & Yalisove, S. M. Nano-crystalline

Ni-W Alloy Formation via Femtosecond Laser Induced Extreme States. Applied Physics

Letters (March 10, 2017).

Femtosecond laser driven heating and quenching of a thin surface layer drives cooling

rates much greater than other methods sufficient to significantly undercool materials and

form glassy or nanocrystalline phases. However, nano-crystalline or amorphous phases of

pure metals are not thermally stable and are not typically observed experimentally at the

surface of metals irradiated with a single femtosecond pulse[1]. Instead the surface layer

regrows epitaxially with crystal grains in the bulk, either during solidification or possibly

via coarsening after solidification. In some cases the rapidly resolidified material contains a

large concentration of defects and twin boundaries[2, 3]. Recent molecular dynamics sim-

ulations of femtosecond laser irradiated bulk Ag and 20 nm Ni films suggest femtosecond

laser melt and quench of monatomic metals results in a fine nano-crystalline microstructure

within 300 ps via homogeneous nucleation[4, 5].

It has been shown previously that nano-crystalline materials can be stabilized by the

addition of a solute species that has limited solubility. The solute preferentially segregates

to grain boundaries, reduces the grain boundary free energy, and effectively “pins” the

boundary preventing grain growth[6]. It was hypothesized that an analogous microstructure
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could be created via femtosecond laser melting and quenching of multilayer metal thin films

with suitable alloying species.

It has been demonstrated in previous studies that femtosecond laser irradiation can be

used to mix metals at interfaces, either at a single interface or in multilayer materials.

Previous investigations focussed on metals that mixed readily– those metal systems are not

suitable for solute stabilization of grain boundaries. This chapter investigates femtosecond

laser intermixing of metals that do not alloy readily. The Ni-W system was selected because

solute stabilization of grain boundaries has been previously observed in electrodeposited

films. W is soluble in Ni up to 12.4 at% but during electrodeposition W will preferentially

segregate to sites on grain boundaries for compositions ranging from 5 to 30 at% without

forming equilibrium ordered Ni-W phases[7, 8].

It is shown that femtosecond laser irradiation of ultrathin multilayer Ni-W films on

Ni substrates results in a removal crater similar to pure Ni films on glass substrates. The

multilayer Ni-W film exhibits a two-stepped removal crater. Intrafilm removal removes the

top half of the multilayer Ni-W film and interface removal occurs at the interface of the

Ni-W film and the Ni substrate. Cross section STEM shows that above a local fluence of

0.34 J/cm2 the Ni-W in the intrafilm removal region that remains on the Ni substrate is

uniformly mixed. NBED of the mixed Ni-W film is consistent with nanocrystalline metal.

The depth of material removal by liquid spallation is suppressed in ultrathin films. Ma-

terial in the intrafilm removal region was driven to high temperatures and extreme, non-

equilibrium states in the phase diagram after irradiation. After irradiation of a bulk sample,

material excited with a similar energy density would be close to the surface and removed

by liquid spallation. After irradiation of an ultrathin film, some material excited with the

same energy density remains on the substrate in the intrafilm removal region. The results

of the previous chapter and hydrodynamic simulations of the state of Ni during relaxation

are used to gain insight into the evolution of the Ni-W film in the intrafilm removal region.

The possible influence of the vapor dome on mixing the Ni and W layers is also considered.

81



The method of laser mixing of ultrathin multilayer films that is presented in this chap-

ter could be applied to almost any system; it is only necessary that the materials can be

deposited in a sufficiently thin film on the same substrate. This process is unique since

materials are heated to temperatures close to or above the vaporization temperature. In the

future this method could be used to study the microstructure of a uniform alloy formed with

nearly any composition.

5.1 Femtosecond Laser Interaction with Ultrathin Multi-

layer Ni-W Films

Multilayer Ni-W films were prepared by depositing 12 alternating layers of 1.4 nm W and

2.5 nm Ni on a substrate. The composition of the film is 27 at% W. W composed the top

layer, at the free surface. The substrate consists of 100 nm Ni, serving as a heat sink, 300

nm SiO2 as a diffusion barrier to prevent Ni silicide formation, and a 500 µm thick Si

support. Figure 5.1 shows Scanning Transmission Electron Microscopy (STEM) images

of the as-deposited multilayer Ni-W film. The High Angle Annular Dark Field (HAADF)

image, also called z-contrast, shows the alternating Ni and W layers. The bright layers in

Figure 5.1 correspond to W (z=74) and the dark layers correspond to Ni (z=28). Areas

of periodic contrast in HAADF images are caused by the lattice. The interplanar spacings

were measured by taking an Fast Fourier Transform (FFT) of lattice contrast and indexing

them like a diffraction pattern. On the right of Figure 5.1, pure grains of Ni and W were

indexed to verify the composition of the layers. Multiple grains are visible in each as-

deposited layer.

Multilayer Ni-W films exhibit two distinct thresholds for removal after irradiation with

a single pulse, shown in Figure 5.2. At a fluence of 0.20 J/cm2 the top half of the multilayer

Ni-W film is removed. At a fluence of 0.47 J/cm2 the entire Ni-W film is removed exposing

the Ni substrate. As shown in Figure 5.2, intrafilm removal by liquid spallation occurs at
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Figure 5.1: Schematic of the structure of as-deposited multilayer Ni-W films. Ni-W films
were prepared by depositing of 12 alternating layers of 1.4 nm W and 2.5 nm Ni on a
substrate consisting of 100 nm Ni, serving as a heat sink, 300 nm SiO2 as a diffusion
barrier to prevent Ni silicide formation, and a 500 µm Si wafer support. HAADF STEM of
the as-deposited film shows distinct layers of polycrystalline BCC W and FCC Ni.
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Figure 5.2: Damage craters after irradiation of multilayer Ni-W films on Ni substrates.
Multilayer Ni-W films on Ni substrates exhibit intrafilm and interface removal, similar to
pure ultrathin Ni films on glass. Intrafilm removal occurs at half the thickness of the Ni-W
film, interface removal occurs at the thick Ni substrate.
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the third Ni layer from the surface, removing the top three W layers. It is interesting to

note that the ratio between the intrafilm and interface removal thresholds are the same as

pure Ni on glass. As shown in Figure 5.2, irradiation with a peak fluence greater than 0.47

J/cm2 results in a two stepped removal crater that is similar to ultrathin Ni films on glass.

Surrounding the removal craters, a ring of bright contrast was observed using Scanning

Electron Microscopy (SEM) with a 5 kV accelerating voltage, shown in figure 5.2. The

threshold of the ring was 0.15 J/cm2. The local fluence to melt Ni and W in the multi-

layer Ni-W film was estimated to be 0.10 and 0.19 J/cm2 respectively by determining the

total fluence absorbed per mole by the Ni and W systems and comparing the enthalpy with

the JANAF thermochemical tables[9]. The calculation assumed that the laser energy ab-

sorbed by the multilayer film was uniformly distributed before melting; this is a reasonable

assumption since the entire Ni-W film is much less than the skin depth. This simplified

calculation does not account reflections from interfaces in the multilayer film or electron

transport out of the Ni-W film into the Ni substrate.

5.2 Femtosecond Laser Mixing of Ni-W

Cross section STEM was used to characterize the microstructure of the Ni-W film after

irradiation with respect to the local fluence.

Figure 5.3a shows multilayer Ni-W films after irradiation with local fluences of 0.28

and 0.39 J/cm2; Figure 5.3b shows another film after irradiation with local fluences of 0.25

and 0.34 J/cm2. In Figure 5.3 the top 3 layers of Ni and W have been removed via liquid

spallation. At 0.25 and 0.28 J/cm2 distinct Ni and W layers are observed. At 0.34 and 0.39

J/cm2 the layers of Ni and W are no longer distinguishable. The transition from distinct

layers to an uniform mixed layer occurs over a narrow fluence range from 0.28 to 0.34

J/cm2. The sharpness of layers of Ni and W decreases as the local fluence approaches

the threshold fluence for mixing, this could be caused partial intermixing of the Ni and W
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Figure 5.3: Cross section STEM of multilayer Ni-W films after irradiation above and below
the threshold fluence for mixing. Ni and W layers in the intrafilm removal region transition
from having distinct Ni and W layers to mixed over a local fluence range of 0.28 and
0.34 J/cm2. a) and b) show HAADF images from two different experiments with similar
parameters. Layers of Ni and W are observed below 0.28 J/cm2 and a film of mixed Ni-W
is observed above 0.34 J/cm2.
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layers. The edges of the Ni and W layers may also result from the STEM probe not being

aligned parallel to the layers at higher fluences where the Ni substrate and multilayer Ni-W

film exhibit increased roughness.

In Figure 5.2, cross section STEM of the multilayer Ni-W film near the interface re-

moval threshold shows that large voids form in the Ni substrate at the interface with the

mixed Ni-W film. It is probable that these voids are produced by melting and vaporization

at the interface, but that vapor formation does not proceed far enough to drive removal.

Figure 5.4: Cross section STEM and NBED of multilayer Ni-W films after femtosecond
laser mixing. The top HAADF STEM image shows the Ni substrate with a mixed Ni-
W film on its top surface. The mixed Ni-W film is brighter due to the higher average Z. A
single crystal NBED pattern is observed over the Ni substrate. The multilayer Ni-W film ir-
radiated with a local fluence between 0.30 and 0.47 J/cm2 exhibits a distinct polycrystalline
diffraction pattern consisting of many individual diffraction spots forming a ring. A dashed
line is overlaid with the diffraction pattern to indicate the edge of the first polycrystalline
ring.
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Nano-beam Electron Diffraction (NBED) of the irradiated film was performed. NBED

patterns contain disks instead of sharp spots because the beam is focused not parallel. The

nano-beam was ~2 nm in diameter, making it possible to place the probe over the 10 nm

thick mixed Ni-W film and exclude both the Ni substrate and the protective Pt coating.

Nano-beam electron diffraction patterns of the Ni-W film and Ni substrate are shown in

Figure 5.4. STEM shows the Ni substrate layer consists of grains approximately 20 nm

in diameter. A single crystal diffraction pattern corresponding to the [110] zone axis is

observed in the Ni substrate layer. The NBED pattern of the mixed Ni-W film shows many

individual diffraction spots forming a ring indicating the Ni-W film is polycrystalline con-

taining many randomly oriented grains. Lattice contrast was not observed in the irradiated

film using HAADF or BF STEM implying that grains in the mixed material are very small

relative to the film thickness, possibly approaching an amorphous microstructure.

The system examined in this work and the characterization methods used were simi-

lar to previous studies of short range order in annealed metallic glasses on a length scale

of several nanometers[10–13]. In that work, short range order was not always clear in

HRSTEM but was detectable using NBED appearing as a selection of NBED spots over-

laid with the rings produced by scattering in the metallic glass. For Ni-W with an overall

composition of 27%, as used in this chapter, electrodeposited films had a grain size of ~2

nm[14]. The NBED pattern of the mixed Ni-W film in Figure 5.4 is consistent with the

anticipated microstructure consisting of small grains and a large volume fraction of grain

boundaries.

5.3 Formation of Thermally Stable Nanocrystalline Mi-

crostructure

The nanocrystalline Ni-W microstructure is observed after the molten alloy rapidly quenches

via thermal transport into the Ni substrate. The quench rates after femtosecond laser ir-
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radiation can exceed 1011 K/s. However, glassy or nanocrystalline microstructure is not

experimentally observed after irradiation of pure metal targets irradiated with a single fem-

tosecond pulse. Instead the melt resolidifies epitaxially with the underlying solid material,

or coarsening causes larger grains in the bulk to consume the thin nanocrystalline layer

at the surface. Previous MD simulations of bulk Ag and Ni ultrathin films also show that

during femtosecond laser driven melting and quenching, the solid phase nucleates homoge-

neously when the molten metal is undercooled to 60% of the melting temperature. The high

concentration of nuclei with random orientation results in a nanocrystalline microstructure

at the surface of the Ag target[4, 5].As discussed in Section 2.3.1, nanocrystalline phases of

pure metals are thermally unstable and coarsen at a fraction of the melt temperature and in

some cases at room temperature. In the case of Ni, coarsening has been observed to begin

near 100 ◦C[15]. Additionally the nanocrystalline layer at the surface of metals would be

very thin, less than the melt depth, making it possible for the nanocrystalline film to be

removed by coarsening before it can be examined. It is possible that after irradiation of

multilayer Ni-W films, the nanocrystalline microstructure formed during resolidification is

stabalized by grain boundary segregation of W, similar to the structure of electrodeposited

Ni-W films[7, 8]. The nanocrystalline film produced in this work was characterized several

weeks after irradiation, indicating that the nanocrystalline material is thermally stable at

room temperature.

It was observed that melting and quenching after irradiation is insufficient to mix the

Ni and W layers. The calculated melt thresholds of Ni and W in the film are 0.10 and 0.19

J/cm2 respectively and intrafilm removal by liquid spallation occurs above 0.20 J/cm2. Also

above 0.15 J/cm2 a contrast change is observed in SEM indicating damage, but not removal.

To mix, the layers must be irradiated between 0.28 and 0.32 J/cm2. Mixing of the Ni and W

layers does not occur until almost two times the melt threshold. It is also observed that the

transition from unmixed layers to mixed layers occurs over a narrow fluence range. Unlike

femtosecond laser melting and quenching in a bulk material, the material in the intrafilm
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removal crater has been pushed in to conditions far from equilibrium. In bulk materials,

liquid spallation occurs on the order of half the melt depth. In most situations material that

enters the vapor dome near the critical point is near the surface and is removed by liquid

spallation[16]. In this work, the ultrathin film was uniformly heated after irradiation but

the depth of liquid spallation is limited to approximately half the thickness of the ultra-

thin film. Material that was excited to high temperature within the vapor dome, normally

lost after irradiation of bulk materials, was retained in the intrafilm removal region. Both

thermally driven diffusion and the non-equilibrium response of material after femtosecond

laser irradiation are discussed here.

With increasing fluence the initial temperature of the film increases and the molten

material takes longer to quench via heat transport into the substrate. As the delay for

solidification increases the diffusion length of Ni and W atoms in the melt increases. It is

possible that at sufficiently high fluence the diffusion length is greater than the thickness of

the layers resulting in a homogeneous film. A simple calculation of the diffusion length,

L =
√
Dτ , was performed using D, the diffusion coefficient of W in liquid Ni and τ ,

the time before resolidification of the intrafilm removal layer. Calculations performed in

previous investigations of the melting and resolidification of a pure Ni target show that just

above the threshold for surface melting, the melt depth is 20 nm and the resolidification

is complete within 0.6 ns[17]. At higher fluences near the threshold for liquid spallation

the melt depth is 80 nm and resolidification is complete after 3 ns. Above the threshold for

liquid spallation, approximately half of the molten layer is removed and only the remaining

half of the molten layer solidifies on the surface. Since the velocity of the solidification

front is nearly constant in the simulation solidification of the remaining melted material

will likely be complete within 1.5 ns. The diffusion coefficient of dilute W in Ni just

above the melt temperature is 2.510−9 m2/s[18], near the self diffusion coefficient of Ni at

the melting point, 310−9 m2/s[19]. The diffusion length defines the average distance that

the diffusing species will travel. In a multilayer film, the species travel half the bilayer
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thickness to become evenly distributed. Using the diffusion coefficients and the estimated

cooling time of 1.5 ns, the diffusion length is 2.2 nm at the threshold for intrafilm removal,

already slightly greater than half of the bilayer thickness.

Thermally driven diffusion causes very little intermixing in the fluence range near the

intrafilm removal threshold of the multilayer Ni-W film, despite a sufficient estimated dif-

fusion length. Taking into account the cooling behavior of the film after irradiation one

would expect to observe more mixing just below the intrafilm removal threshold where a

thicker heated film remains on the surface. In fact very little mixing occurs in the until the

laser fluence is 50% higher than the intrafilm removal threshold. Additionally, the transi-

tion from the unmixed to mixed Ni-W occurs over a narrow fluence range. It is unlikely

that the diffusion length of Ni and W increases so dramatically on the nanometer length

scale with only a 10% change in local fluence. Because the fluence regime for mixing is

far from the regime for melting and liquid spallation that would correlate with thermally

driven diffusion, other aspects of the materials response to irradiation were considered.

The material in the intrafilm removal region that was examined in STEM has conditions

far from equilibrium. In Figure 4.14 trajectories are shown that represent the evolution of

the temperature and density of Ni thin films after irradiation with a femtosecond pulse.

While not universal, the trajectories are similar to simulations of different materials and for

the near surface after irradiation of bulk materials[16, 20], for example bulk Al as shown

in Figure 2.1. In Figure 4.14 the trajectories represent the cases of intrafilm and interface

removal of 20 nm Ni films, these simulations are used as a guide to interpret the response of

24 nm thick multilayer Ni-W films between the intrafilm and interface removal thresholds.

Figure 4.14 shows that after irradiation the temperature of the film increases and the film

melts, but remains at solid density. As the molten film expands, the density decreases and

the trajectory enters the vapor dome. With increasing local fluence, the irradiated material

enters the vapor dome at higher temperatures and stays within the vapor dome for a longer

time. As the density of the film recovers the trajectories exit the vapor dome and approach
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the liquid line. The simulation shows that the trajectory exhibits fluctuations in density

and temperature as it exits the vapor dome and approaches the liquid line. Fluctuations

were also observed as the material cools along the liquid line. The fluctuations in density

and temperature may indicate that the state of the material is not well defined and that the

interatomic interactions remain weak for a time after the material exits the vapor dome.

The difference between the interface and intrafilm removal paths in Figure 4.14 is a period

of cooling along the liquid line from 9000 K to 7000 K. The time spent on this segment

of the liquid may be on the order of a nanosecond making the characteristics of material

on the liquid line of great interest for future work. As the fluence is increased, the time

spent in this series of extreme thermodynamic states increases. The trajectories penetrate

further into the vapor dome and remain within the vapor dome for a longer period of time.

Also the trajectory settles on and cools along the liquid line for a longer period with the

accompanying fluctuations of density and temperature. It is hypothesized that for material

within the vapor dome at high temperature the combination of weak interatomic interaction

and high kinetic energy could increase the diffusion length and favor mixing of the Ni and

W layers.

The relative importance of the extreme conditions in the vapor dome vs thermally driven

diffusion in femtosecond laser mixing the Ni and W layers remains unclear. By increasing

the fluence the Ni-W remains hot longer, but also the metal spends more time in the vapor

dome and on the liquid line. At this point the relaxation and the increased thermally driven

diffusion correlate; the two effects are not easily decoupled. In future work, samples may

be created where the relaxation path goes to high temperatures without approaching the

vapor dome, to limit mixing of Ni and W to diffusion, or MD modeling may be developed

that capture the behavior of materials within the vapor dome or on the liquid line. At this

time, it is suggested that mixing of Ni and W requires much more energy than melting

and heating to even to 5000 K, and that at the fluences for mixing, significantly more time

is spent entering the vapor dome and cooling along the liquid line after irradiation. After
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irradiation at high fluences, the relative impact of high temperatures vs. the instability of

material within the vapor dome to the process of mixing remains an open question.

In summary, multilayer Ni-W films were irradiated with a single femtosecond laser

pulse and the removal craters and microstructure of the films were examined after irradi-

ation. Multilayer Ni-W films on Ni substrates exhibit two distinct thresholds for removal

after irradiation with a single pulse, similar to pure ultrathin Ni films on glass. The in-

trafilm and interface removal thresholds are 0.20 and 0.47 J/cm2 respectively. HAADF

STEM shows that ultrathin multilayer Ni-W films irradiated between 0.30 and 0.47 J/cm2

formed a uniformly mixed film on the Ni substrate after irradiation. The nanocrystalline

film was observed using STEM several weeks after irradiation, showing that the nanocrys-

talline material is thermally stable at room temperature.

Removal of the ultrathin multilayer Ni-W film was similar to removal of ultrathin Ni

films. In the intrafilm removal region, material on the surface was driven far from equi-

librium, but remains on the surface because the depth of liquid spallation is suppressed.

Similar to ultrathin films of pure Ni, the state of material in the intrafilm removal region

enters the vapor dome at higher temperatures and for longer times with increasing fluence.

It is possible that the high kinetic energy and weak interaction of atoms in the vapor dome

could play a role in mixing of Ni and W.

It is suggested that the nanocrystalline microstructure of the Ni-W film in the intrafilm

removal region at fluences greater than 0.30 J/cm2 results from homogeneous nucleation of

the solid phase during rapid resolidification of molten Ni-W. Previous MD simulations pre-

dict that nanocrystalline material may form via rapid solidification after femtosecond laser

irradiation of metals, but nanocrystalline surface layers have not previously been observed.

In pure metals the nanocrystalline material is thermally unstable, and after irradiation the

melted and resolidified metal is epitaxial with the unmelted bulk material. It is well known

from previous studies of electrodeposited Ni-W alloys that a thermally stable nanocrys-

talline microstructure is formed. By using multilayer Ni-W films in this work, it is possible
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that nanocrystals formed by homogeneous nucleation during rapid cooling of the irradiated

film were stabilized by grain boundary segregation of W. To my knowledge this would be

the first experimental observation of a nanocrystalline phase at the surface of metal formed

by rapid quenching after irradiation with a single femtosecond laser pulse, as predicted by

MD simulation.

Nano-crystalline alloys exhibit extraordinary mechanical and chemical properties. This

chapter demonstrates a new method to create thermally stable nanocrystalline coatings with

a femtosecond laser. The method for femtosecond laser mixing of multilayer metal thin

films is applicable to a wide range of alloy composition. This method is promising as a

route to form alloys from the liquid phase that may be difficult to produce using other

methods including conventional casting or methods for rapid solidification including splat

quenching or melt spinning. It is possible this method could provide an alternative to cre-

ate alloys that have only been created previously using sputtering or other deposition tech-

niques. Also, the method of irradiation of ultrathin metal films also makes it possible to

study material driven to extreme conditions after femtosecond laser irradiation. Reducing

the thickness of the target film to limit the volume of material removed by liquid spalla-

tion is a simple method to study materials driven into extreme states using post mortem

microscopy methods including cross section TEM.
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1. Vincenc Oboňa, J., Ocelı́k, V., Rao, J., Skolski, J., Römer, G., Huis in ‘t Veld, A.
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CHAPTER 6

Femtosecond Laser Mixing of Immiscible Alloys

The method of femtosecond laser mixing of multilayer materials was investigated in the

previous chapter using the Ni-W system. It was shown that simply melting and quenching

the multilayer Ni-W film was insufficient to mix the Ni and W layers. Hydrodynamic

simulations of pure Ni films were used to gain insight into the effect of irradiation near the

interface removal threshold of Ni-W films. After irradiation, the target material is melted

and then driven into the vapor dome in the temperature-density single component phase

diagram, as shown in Figure 4.14. With increasing fluence the liquid enters the vapor dome

at higher temperatures and for longer periods of time. It was hypothesized that the weak

interatomic interaction and high kinetic energy of atoms while inside and while exiting

the vapor dome are favorable for mixing of strongly segregating alloys, possibly beyond

their equilibrium solubility. This chapter extends that hypothesis to the immiscible Ni-Ag

system.

Ni and Ag are immiscible at equilibrium in the solid and liquid phases for a broad range

of compositions and temperatures[1]. The phase diagram includes a broad monotectic.

Above the monotectic temperature there is a miscibility gap in the liquid phase, where the

liquid separates forming Ni rich and Ag rich phases. In this chapter, multilayer Ni-Ag films

with a composition of 50%Ag were irradiated. This composition was selected because it is

near the peak of the miscibility gap and also the maximum enthalpy of mixing for liquid Ni

and Ag[2, 3]. This composition represented the quintessential case of an immiscible alloy,
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and the most difficult conditions for femtosecond laser driven mixing. The microstructure

and composition of the layer were examined after irradiation using STEM.

6.1 Damage Thresholds of Multilayer Ni-Ag Films

Multilayer Ni-Ag films were prepared by depositing 12 alternating layers of 2.1 nm Ag and

1.4 nm Ni on a substrate. The composition of the film is 50 at% Ag. The top layer was

Ag, at the free surface. The substrate consisted of 80 nm Ni, serving as a heat sink, 300 nm

SiO2 as a diffusion barrier to prevent Ni silicide formation, and a 500 µm thick Si support.

Multilayer Ni-Ag films were irradiated in air with a single pulse. Above a local fluence

of 0.11 J/cm2, pinholes are observed in the Ni-Ag film, penetrating to the surface of the

Ni substrate. The original layers of Ni and Ag remain intact up to a local fluence of 0.15

J/cm2. Removal at the interface occurs above a threshold fluence of 0.17 J/cm2. AFM of

the damage crater is shown in Figure 6.1. The edges of the interface removal region are

not well defined, unlike the edge of the interface removal crater of multilayer Ni-W films

in Figure 5.2. Near the edge of the interface removal crater the Ni-Ag film appears to be

much thicker than the as-deposited film and also exhibits holes down to the Ni substrate

surface. The structure Ni-Ag film close to the removal edge indicates the film melted and

dewetted from the Ni substrate after irradiation. STEM images in Figure 6.1 of the NiAg

film near the edge of the interface removal crater show that within the droplets the Ni and

Ag are not mixed. The Ni substrate does not exhibit removal or significant damage near

the threshold for removal of the multilayer Ni-Ag film.
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Figure 6.1: Removal crater and microstructure of 24 nm thick multilayer Ni-Ag film on Ni
substrate after irradiation. Only interface removal is observed near the damage threshold
of multilayer Ni-Ag films. Pinholes are formed in the Ni-Ag film at 0.12 J/cm2, but the
layered structure remains intact observed using HAADF STEM. At the edge of the inter-
face removal crater the Ni-Ag film dewets forming droplets thicker than the original layer.
Within the droplets, the as-deposited layered structure of Ni and Ag is not observed in
HAADF STEM images. Bright and dark patches indicate separate regions of Ni and Ag.
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6.2 Femtosecond Laser Mixing of Ni-Ag via Tamped Irra-

diation

Because the threshold fluence for removal at the interface between the multilayer Ni-Ag

film and the Ni substrate was 0.17 J/cm2, it was impossible to know the effect of irradiation

on the multilayer Ni-Ag film at local fluences comparable to interface removal of pure Ni

films or at the threshold for mixing multilayer Ni-W films. To ensure Ni-Ag films irradiated

at higher fluences remained on the substrate surface for post mortem characterization, a

tamping layer of SiO2 glass 1.5 microns thick was deposited on the surface of the Ni-Ag

film using Plasma Enhanced CVD.

After irradiation, the glass layer separated from the substrate above a local fluence of

0.20 J/cm2, forming a blister. Figure 6.2a shows an SEM image of a blister formed after ir-

radiation with a peak fluence of 0.4 J/cm2. 50% of the blisters broke after irradiation with a

peak fluence of 0.7 J/cm2. Spots irradiated with a peak fluence of 0.4 J/cm2 were examined

in cross section STEM. Layers of Ni and Ag were distinguishable after irradiation with

a local fluence of 0.15 J/cm2, shown in Figure 6.2c. At a local fluence of 0.36 J/cm2 the

as-deposited layers of Ni and Ag are not observed. Figure 6.2d shows that the Ni-Ag film

exhibits a single grain with multiple twin boundaries. The lattice parameter of the grain

corresponds to Ag. In Figure 6.2d, the twin grains are viewed down the [110] zone axis,

the black line marks (111) planes crossing twin boundaries sharing a (111) boundary plane

with an angle of 70.5 degrees rotation around the [110] direction.

Energy-dispersive X-ray Spectroscopy (EDS) maps showing the distribution of Ni and

Ag after irradiation with a local fluence of 0.17 J/cm2 are shown in Figure 6.3. The EDS

maps confirm that voids were created in the Ni substrate as previously shown in Figure 6.2.

The voids that appear in the Ni substrate are believed to result from cavitation, identical

to the voids that form during liquid spallation except that the tamping layer confines the

top layer and prevents removal. The EDS maps also show that the Ag remains in a distinct
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Figure 6.2: Cross section STEM of 24 nm thick multilayer Ni-Ag film after irradiated with
an 1.5 µm thick glass tamping layer. A glass tamper was deposited on the multilayer Ni-Ag
film. The multilayer Ni-Ag film was irradiated through the glass with a peak fluence of 0.4
J/cm2. The SEM image shows the formation of a blister when the glass layer separated
from the Ni-Ag film above a local fluence of 0.2 J/cm2. At 0.15 J/cm2 separate Ni and Ag
layers are observed, although the images do not rule out the possibility that some mixing
has occurred. At 0.36 J/cm2 a single crystal with multiple twins and the lattice constant of
silver is observed. At 0.40 J/cm2 voids form in the Ni substrate 40 nm below the tamper.

layer at the surface of the substrate with the approximate thickness of the as-deposited

multilayer Ni-Ag film. When comparing the maps of Ni and Ag it is possible to distinguish

areas where the concentrations invert. The combination of distinct grains of Ni and Ag

in HR STEM and phase separation in the EDS maps indicate that the Ni and Ag phase

separate after irradiation.

After irradiation the glass tamping layer separates from the Ni-Ag film and voids form

in the Ni substrate close to the Ni-Ag film; both factors severely limit heat transport out

of the Ni-Ag film. Without rapid quenching the Ni-Ag remains hot longer, potentially

allowing the phase separation of the Ni and Ag. In an ideal experiment the Ni-Ag film
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Figure 6.3: Cross section STEM and EDS element mapping after irradiation of 24 nm thick
multilayer Ni-Ag films with an 1.5 µm glass tamping layer. EDS mapping confirms that the
bright region near the surface of the Ni substrate corresponds to the Ni-Ag film. In some
regions of the Ni-Ag film it is apparent that the Ni and Ag signal are inverted, indicating
that the Ni and Ag phase separated.
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would remain in thermal contact with the tamping layer and voids would not be formed.

To achieve that, the deposited SiO2 tamping layer was exchanged for a sapphire tamping

layer because the acoustic impedance of sapphire is much closer to the impedance of Ni

and Ag, compared with SiO2. With a smaller impedance mismatch between the irradiated

surface and the tamper, the high pressure in the irradiated material will be transmitted into

the tamping layer. It was believed that if the compressive stress were allowed to dissipate

into both the tamper and the substrate, the intensity of the unloading tensile wave would be

reduced, preventing the formation of voids via cavitation.

Multilayer Ni-Ag films were sputter deposited in 12 alternating layers of 1.6 nm Ag

and 1.1 nm Ni on the 500 µm thick sapphire wafer. The composition of the film was 50

at% Ag. Ag composed the layer at the sapphire interface. The 1.5 µm thick Ni substrate

layer was sputtered on the multilayer Ni-A film. The multilayer Ni-Ag film was irradiated

through the sapphire tamper. After irradiation, the sapphire did not exhibit any increased

roughness, glass formation, or other signs of laser induced damage.

After irradiation the Ni-Ag film contains clearly distinguishable layers of Ni and Ag

at a local fluence of 0.18 J/cm2, shown in Figure 6.4. In the unmixed layer at 0.18 J/cm2

individual grains of Ag are distinguishable, but grains of Ni were not positively identified.

At a local fluence of 0.24 the as-deposited layers of Ni and Ag are no longer observed. At a

local fluence of 0.32 J/cm2, voids start forming in the Ni-Ag film. With increasing fluence

the voids split the Ni-Ag film and the Ni substrate layer forms a blister. At the peak fluence

of 0.41 J/cm2 the Ni substrate and the sapphire tamper are separated by 200 nm.

The grains of the Ni substrate grew with the (111) plane normal to the film. In Figure

6.5 the FFT of a BF STEM image of the mixed layer irradiated with a local fluence of

0.32 indicate that there are individual domains of Ni and Ag aligned with one another

and with the Ni substrate. An FFT of the BF STEM image was calculated using ImageJ

and shows shows a [110] zone axis with the (111) planes oriented with the (111) plane of

the Ni substrate. Separate signals exist for the Ni and Ag lattice parameters in the same
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Figure 6.4: Cross section STEM of 16 nm thick multilayer Ni-Ag film after irradiated with
an sapphire tamping layer. The Ni-Ag film was irradiated through a sapphire tamper. The
as-deposited layers of Ni and Ag are not observed after irradiation above a local fluence
of 0.24 J/cm2. Voids form in the Ni-Ag film above a local fluence of 0.32 J/cm2, with
increasing fluence the voids grow larger splitting the Ni-Ag film and forming a 200 nm gap
between the substrate and tamper.

orientation. The Ni and Ag domains are aligned epitaxially with each other and the Ni

substrate. Fourier filters surrounding the Ni and Ag spots in the FFT were used to isolate

the domains of each species highlighting the planes and columns of atoms in the BF STEM

image corresponding to Ni and Ag respectively. The filtered images show the species phase

separated. A Ni twin grain appears in the FFT and in the filtered Ni image.

Another multilayer Ni-Ag film was prepared consisting of 12 alternating layers of 5.7

nm Ag and 3.3 nm Ni on the 1.5 µm thick Ni substrate and with the sapphire tamper. This

multilayer Ni-Ag film is significantly thicker. Figure 6.6 shows the multilayer Ni-Ag film

after irradiation with a peak fluence of 0.47 J/cm2. At a local fluence of 0.29 J/cm2 the
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Figure 6.5: Cross section BFSTEM image of 16 nm thick multilayer Ni-Ag film after
irradiation through sapphire tamping layer and FFT filtering to show separate domains of
Ni and Ag. BF STEM shows that the as-deposited layers of Ni and Ag are not observed
after irradiation with a local fluence of 0.32 J/cm2. An FFT of the BF STEM image shows
separate signals for the Ni and Ag lattice parameters. The FFT also shows that the Ni and
Ag domains are aligned with each other and the Ni substrate. Fourier filters surrounding
the Ni and Ag frequencies in the FFT were used to isolate the location of each species.
Filtered images showing the lattice contrast corresponding to the Ni and Ag frequencies in
the FFT are shown. The periodic contrast in each filtered image indicates the location of
planes and columns of atoms. Lines are drawn at selected edges of the Ni and Ag regions
showing the phase inverts.
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Figure 6.6: Cross section STEM image of 50 nm thick multilayer Ni-Ag film after irradi-
ation with Sapphire tamper. The Ni-Ag film was irradiated through the sapphire tamper.
The as-deposited layers of Ni and Ag are not distinguishable after irradiation above a local
fluence of 0.35 J/cm2. Voids form in the Ni substrate above a local fluence of 0.29 J/cm2

indicating the Ni-Ag film and the top of the Ni substrate melted but the as-deposited layers
of Ni and Ag did not mix and remain distinguishable. With increasing fluence the voids
grow larger and form deeper in the substrate.

as-deposited layers of Ni and Ag remain distinguishable. Voids are observed in the Ni

substrate close to the Ni-Ag film. The presence of voids indicates that the film melted well

into the Ni substrate layer, that the tensile wave caused the formation of voids similar to

liquid spallation but removal was prevented due to the tamper, and the film resolidified but

maintained the layered structure of the original film. This could indicate that the film was

liquid but for too short a time and/or at too low of temperature for diffusion to mix the Ni

and Ag layers.

HAADF STEM in Figure 6.6 shows the as-deposited layers of Ni and Ag in the Ni-Ag

106



film are no longer observed after irradiation at a local fluence of 0.41 J/cm2. However, the

Ni-Ag film does not exhibit uniform contrast, suggesting the Ni and Ag phase separated

similar to previous samples. With increasing fluence the voids increase in diameter and

appear deeper in the Ni substrate. It is likely that with increasing fluence a greater thickness

of the Ni substrate is melted and the maximum tensile stress develops at a greater depth.

The Ni-Ag is not uniform in thickness after irradiation, but is drawn into the walls between

the voids. It appears that as the voids expand material is drawn around them; the Ni-Ag

is pulled into the walls between the voids as the liquid stretches between the substrate and

tamper.

Figure 6.7: Cross section STEM and NBED of 50 nm thick multilayer Ni-Ag film after
irradiation with sapphire tamper. NBED patterns of an 50 nm thick multilayer Ni-Ag film
and the underlying Ni substrate were collected after irradiation with a local fluence of 0.47
J/cm2. The Ni substrate and the Ni-Ag film resolidified epitaxially. The diffraction pattern
in the Ni-Ag film corresponds to Ag. HAADF STEM shows some non-uniformity in the
Ni-Ag film. BF STEM shows there is a large twinned grain that spans the Ni-Ag film.
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Nano-beam Electron Diffraction (NBED) of the irradiated Ni-Ag film and the Ni sub-

strate was performed after irradiation at a local fluence of 0.47 J/cm2. In the Ni-Ag film

a single crystal diffraction pattern with the lattice parameter of silver was gathered. It is

apparent that the sample was melted well into the Ni substrate. A NBED pattern was col-

lected from the resolidified Ni substrate above the voids. The silver grain in the Ni-Ag

film is aligned with the Ni substrate with the (111) plane normal to the interface with the

sapphire tamper.

Figure 6.8: Atom Probe Tomography of 50 nm thick multilayer Ni-Ag film after irradiation
with sapphire tamper. The Ni-Ag film was irradiated through the sapphire tamper with a
local fluence of 0.40 J/cm2. Atom probe at high fluence was possible in this sample because
the voids formed deep in the Ni substrate. It is apparent that the Ag is collected in discrete
regions.

Because the voids form deep in the Ni substrate after irradiation at high fluences it was

possible to examine the Ni-Ag film using Atom Probe Tomography (APT). Figure 6.8

shows the APT reconstruction of a 50 nm thick multilayer Ni-Ag film after irradiation with
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a local fluence of 0.40 J/cm2. The tips for atom probe were prepared upside down; the Ni

substrate was the top layer of the tip and the sapphire tamper was the bottom, as shown in

Figure 6.8. Preliminary APT shows that the Ni and Ag are at least partially phase separated

with distinct domains of Ni and Ag in the sample volume. The concentration profile of Ni

and Ag show that the concentration of Ag switches between approximately 50% and 0%.

The Ni trace follows the precise inverse. The ion counts are nearly three times higher in the

silver domains. The Ni counts do not vary extremely along the path of the concentration

profile in Figure 6.8. As the Ag counts increase in the profile the Ni counts do not change

as drastically; the total number of counts goes up and the relative fraction of Ni counts goes

down. The number of counts in the Ag region are anomalously high.

The diffuse distribution of Ni atoms and the sharp distribution of Ag atoms could result

from the much lower evaporation field Ag relative to Ni. As the surface of the Ni-Ag

film evaporates the Ag layer will erode much faster[4–6]. The faster evaporating Ag grain

could form a crater in the Ni-Ag specimen surface and cause the trajectories of Ag ions

to converge, making the Ag domain appear smaller on the detector. Conversely the slower

evaporating Ni could form a bump on the specimen surface, causing the trajectories to

diverge. As a result in the reconstructed sample the Ni appears to spread out uniformly and

the Ag appears in unrealistically small domains with a density at least two times higher than

its actual density. The results of APT show that the Ni and Ag are not uniformly mixed

and exist in separate domains, corroborating the observations of HAADF STEM where

Z contrast and Fourier filtered BF STEM images showed that the Ni and Ag were phase

separated. The nonuniform distribution of density in the reconstruction also indicates that

thought Ni and Ag is a model immiscible system, it is not a prudent choice for future work

if APT will be used for post mortem characterization.

In summary, the method developed in Chapter 6 to mix multilayer Ni-W films was

extended to the Ni-Ag system; Ni-Ag is a model system of immiscible metals with a large

positive enthalpy of mixing. It was hypothesized that the conditions inside the vapor dome
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after irradiation with sufficiently high fluence, where the atomic interactions are weak and

the kinetic energy of atoms is high, would be favorable for mixing of strongly segregating

alloys.

Intrafilm removal was not observed in multilayer Ni-Ag films on Ni substrates. The

interface removal threshold of 24 nm thick Ni-Ag films is 0.17 J/cm2. At the edge of the

removal crater the Ni-Ag film partially dewets on the surface of the Ni substrate. The

resolidified droplets at the interface removal threshold consist of separate nanoscale grains

of Ni and Ag. To retain Ni-Ag irradiated at higher fluence, e.g. the fluence range for mixing

of Ni-W, SiO2 and Al2O3 tampers were added.

The as-deposited layers of Ni and Ag remain distinguishable after tamped irradiation of

multilayer Ni-Ag films below a local fluence of 0.28 J/cm2. The formation of voids shows

that the irradiated film melted and resolidified. Tamped irradiation of multilayer Ni-Ag

films above local fluence of 0.34 J/cm2 results in the elimination of the as-deposited Ni and

Ag layers. HR STEM and NBED show that the Ni-Ag film resolidifies epitaxially with

the Ni substrate, oriented with the (111) plane normal to the tamping layer. EDS mapping,

APT, and HR STEM indicate that Ni and Ag rich regions are formed after irradiation, not

a uniform mixture.

Instead of a microstructure that is amorphous[7, 8] or an FCC solid solution[9], as

seen in previous Ni-Ag alloys created using physical vapor deposition methods, the Ni-

Ag film appears to be a mixture of epitaxially matched FCC Ni and FCC Ag domains,

possibly making up a single crystal. In some HR STEM images the surface layer exhibits

a single grain that crosses the Ni-Ag film with multiple twin boundaries. The epitaxial

resolidification of a metal with a large concentration of twin boundaries has been previously

observed in rapid solidification of single component metals irradiated with a femtosecond

pulse. It is possible that the Ni-Ag film did not form randomly oriented nanoscale grains,

as might occur in Ni-W films, or an amorphous microstructure because of the high enthalpy

of mixing of Ni and Ag. If the Ni-Ag forms an uniform mixture after irradiation, the heat
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of mixing will be rejected as the film cools and begins to phase separate[7]. The heat

rejected by Ni and Ag segregation could slow the cooling rate enough to prevent freezing

of the mixed microstructure. It is apparent that either a uniform melt of Ni-Ag was never

formed, seemingly unlikely because of the extremely high temperature of the melt, or that

resolidification was not fast enough to prevent phase separation of Ni and Ag. Future

work should attempt to controlling the cooling rate of Ni-Ag alloys to achieve a uniform

composition and experiments with other immiscible alloy compositions.
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CHAPTER 7

Femtosecond Laser Enhanced Carbon Nanotube

Growth

It is vital to many proposed applications of CNTs, for example fibers that have the excep-

tional strength and conductivity of individual CNTs, that a method is discovered to grow

aligned forests of CNTs of indefinite length [1]. While CNTs up to half a meter long have

been grown using floating catalyst [2], aligned CNT forests exhibit rapid termination on

the order of centimeters[3–5]. Most research to increase the terminal length of CNT forests

aims to extend the lifetime of the catalyst by optimizing static growth parameters such

as: modifying the atmosphere, pressure, and temperature, changing the composition, size,

and distribution of catalyst nanoparticles, changing the support material, or introducing a

plasma[6, 7]. The objective of this chapter was to observe the effect of femtosecond laser

irradiation on the nucleation and growth of CNTs, and determine the mechanisms for laser

modification in terms of the dynamic process of nucleation and growth during CVD.

Irradiation of the carbon nanotube catalyst with a single femtosecond laser pulse during

CVD growth increases the area density of CNTs. Increasing the area density can cause a

transition from CNT growth in a disorganized mat to an aligned forest. Irradiation can also

increase the terminal length of aligned forests by several orders of magnitude. Laser stimu-

lated CNT growth depended on having carbon nanotubes present at the time of irradiation.

In-situ optical microscopy and ex-situ SEM showed that some CNTs are removed after

irradiation. The mechanism for laser stimulated nucleation of CNTs is not known, but it
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is reasonable that irradiation heated the catalyst and, by breaking down carbon nanotubes,

produced an atmosphere rich in carbon creating conditions ideal for nucleation. Because

carbon nanotubes must be present on the surface at the time of irradiation, laser enhanced

growth is dependent on the dynamics of nucleation and growth of nanotubes via CVD syn-

thesis. The short lived effects of irradiation impact CVD growth of CNTs over a much

longer period. This method is described as a combination of the CVD and PLV methods

for carbon nanotube synthesis.

The growth conditions used in this work were not optimal: without irradiation CNTs

ranged from an entangled mat that did not self-organize to an aligned forest no more than

25 µm in length. CNT nucleation and growth has a complicated dependence on many

parameters[8] which could not be strictly controlled in these experiments. The result is

that each time the reactor is run in a series of experiments, the growth of CNTs will vary

slightly and two sets of experiments separated by a long period of time vary significantly,

mostly causing variation in the yield of CNTs. The core results of femtosecond laser en-

hanced CVD, such as the threshold fluence for enhanced growth and the effect of delaying

irradiation relative to the start of growth, are similar in each experiment.

7.1 Femtosecond laser irradiation alone does not drive CNT

growth

In previous work an Nd:YAG laser system with a variable pulse width from 0.5 to 50 ms

was used as the sole energy source for CVD [9]. Using the same catalyst and substrate as in

this chapter, it was found that a single pulse or train of pulses must heat the catalyst above

the growth temperature (in that work 900 ◦C) for at least 0.1 sec to allow for nucleation of

CNTs. Femtosecond laser pulses heat materials for times on the order of tens of nanosec-

onds; with a maximum pulse repetition rate of 1000Hz the laser used in this work cannot

be used to maintain the catalyst at high temperature for CVD growth.
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It was found that femtosecond laser irradiation alone cannot be used to produce CNTs.

Catalyst was annealed at 750 ◦C, identical to the standard recipe, then exposed to the carbon

carrying gas acetylene and irradiated at 1000 Hz with peak fluences between 0.01 and 0.2

J/cm2. No CNTs were observed after irradiation in SEM.

It was also found that ultrafast laser irradiation in combination with substrate heat-

ing could not promote CNT growth if the substrate temperature was below 700 ◦C, the

minimum temperature for CVD growth in this system. Catalyst was annealed at 750 ◦C,

identical to the standard recipe, then exposed to the carbon carrying gas acetylene at 600

◦C, just below the minimum temperature for growth observed in this system. SEM showed

no CNT growth occurred on pristine catalyst, after irradiation with a single pulse with a

peak fluence of 0.3 J/cm2, or after irradiation with multiple pulses including 50 pulses at

0.1 J/cm2.

The following sections discuss the results of irradiation in combination with substrate

heating in the normal operating range of the furnace. A single femtosecond pulse creates

transient conditions that enhance thermal CVD and increase the yield of CNTs.

7.2 Increasing Coverage of Carbon Nanotubes in Growth

Conditions with Low Yield

During CVD growth where yield of CNTs is low, irradiation with a single pulse increases

the coverage of CNTs, shown in Figure 7.1. In regions that were not irradiated CNTs

grew in widely separated clusters. The SEM image in Figure 7.1a shows a spot of catalyst

irradiated with a single ultrashort pulse 3 minutes after the start of CVD growth. Near the

middle of the laser spot the density of CNTs is greatly increased forming an entangled mat.

This result was observed for catalyst irradiated 0 to 4 minutes after the start of growth. The

peak fluence of the laser was 0.20 J/cm2. The local fluence at the edge of the laser enhanced

growth region is 0.10 ± 0.02 J/cm2. The inset of Figure 7.1a from outside the laser spot
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Figure 7.1: Femtosecond Laser stimulated CNT growth where CVD yield from unirradi-
ated catalyst is low. Irradiation with a single pulse increases the coverage of CNTs. The
peak fluence of the laser was 0.20 J/cm2. Non irradiated catalyst produces widely sepa-
rated clusters of CNTs. a) Irradiation above 0.1 J/cm2 0 to 4 minutes after the start of CVD
growth increases the coverage of CNTs forming an entangled mat. b) Irradiation 4-6 min-
utes after the start of CVD growth stimulates the growth of an aligned forest, irradiation
increased the area density of active CNT catalyst above the threshold for alignment.
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shows the area density of CNTs is low with small patches of CNTs separated by empty

areas, this is considered to be poor growth conditions for this system. Figure 7.1b shows

a spot on the same sample, also irradiated only once, but 5 min after the start of growth.

In the irradiated area CNTs grew as an aligned forest. This constitutes the most dramatic

improvement in CNT growth via ultrashort laser irradiation providing direct evidence that

irradiation greatly increases the area density of active catalyst.

Figure 7.2: Schematic showing mechanism for growth and termination of aligned CNT
forests. Aligned forests of CNTs grow where there is a high area density of active catalyst
nanoparticles, CNTs crowd one another forcing alignment perpendicular to the surface.
Termination of forest growth occurs when the area density of catalyst gradually drops below
the minimum for self organization via a combination of mechanisms including catalyst
poisoning, Oswald ripening, and diffusion into the substrate. Reprinted from [10].

A schematic of the mechanism for the growth and termination of aligned forests of

CNTs is shown in Figure 7.2. Aligned forests only grow where the area density of active

catalyst nanoparticles, referring to nanoparticles from which a CNT is currently growing,

is above a lower limit near 1 x 109 cm-2[10]. Initially the CNTs grow in all directions.

CNTs growing parallel to the surface impinge on one another preventing further growth in

the plane of the substrate so that there is only one direction for them to grow, directly away

from the surface. The CNTs start to grow parallel to one another, away from the substrate,

forming the aligned array resembling a forest. At this point the transition to aligned forest

growth is most important. The mechanism for termination of forest growth, shown on the
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right of Figure 7.2, will be discussed later.

If the concentration of active catalyst is too low, the CNTs cannot support collective

forest growth. Instead the CNTs form an entangled mat and growth of individual CNTs is

terminated by either steric hindrance from crowding, catalyst poisoning, Oswald ripening,

or diffusion of catalyst into the substrate. The laser stimulation of forest growth in irra-

diated regions relative to non-irradiated regions shown in Figure 7.1b indicates that laser

irradiation has increased the area density of catalyst above the threshold for aligned forest

growth.

Figure 7.3: Method for locating laser spots on TEM foil using enhancement of growth on
a catalyst support. A disk shaped TEM foil 3 mm in diameter covered with catalyst was
placed on a carrier wafer of SiO2/Si also covered with catalyst. At the center of the TEM
foil there are 24 SiO2 windows supported by a Si3N4 grid, the grid is yellow in optical
microscopy. The foil was irradiated with a rectangular array of laser pulses. The laser was
partially transmitted through the Si3N4 and SiO2 in the TEM foil and irradiated the catalyst
on the carrier. CNT growth was enhanced on the carrier in well defined spots making is
possible to determine where the center of the laser spots was on the carrier and on TEM
foil.

Ex-situ HRTEM was performed to directly measure an increase in the area density of
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CNTs after irradiation. The Fe/Al2O3 catalyst was deposited on an ultrathin SiO2 TEM

foil (Ted Pella Prod #21530), replacing the standard substrate of SiO2 on Si. The TEM

foil was placed on top of another SiO2/Si substrate with catalyst, here called the carrier,

as shown in the side view of Figure 7.3. CNTs grew on both the TEM foil and the carrier

surfaces. The TEM foil was irradiated with a rectangular pattern of laser spots 5 min

after the start of growth, the same time as the greatest increase in area coverage of CNTs

observed previously shown in Figure 7.1b. The peak fluence of the laser was 0.20 J/cm2.

The electron transparent area of the TEM foil is also transparent to laser light. When

the TEM foil was removed, well defined regions of enhanced CNT growth were observed

on the carrier, shown in Figure 7.3. The enhanced patches were used to define the center of

the laser spots on both the carrier and the TEM foil.

High Resolution Transmission Electron Microscopy (HRTEM) images of the irradiated

foils were taken using a defocus of 2000 nm to increase the contrast of individual CNTs.

Images were captured for each of the 24 ultrathin windows in the electron transparent area

of the TEM foil visible in Figure 7.3. Using the ImageJ software, the HRTEM images were

converted to binary, so that only contrast from CNTs was captured, and the binary images

were skeletonized, defining each CNT as a line in the TEM window. Figure 7.4a shows

the position of CNTs in the original TEM using yellow lines and the spatial distribution

of laser fluence in the same area. It is clear upon inspection that the density of CNTs is

significantly greater at higher fluence, near the center of the gaussian laser pulse, as shown

in the accompanying schematic diagram in Figure 7.4b.

All 24 windows in the TEM foil were processed as in Figure 7.4a and histogram of the

unit length of CNTs per unit area was measured for 60 bins of fluence between 0 to 0.20

J/cm2. Figure 7.4c shows that coverage of CNTs in nm/µm2 increases proportionally with

the fluence.

In Figure 7.4 it is shown that the area density of CNT increases proportional to the local

intensity. The sharp edges of the Si3N4 support grid caused a knife-edge diffraction pattern
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Figure 7.4: TEM measurements showing the area coverage of CNTs is proportional to laser
intensity. a) TEM images of CNTs were processed using ImageJ to measure the location
of CNTs, shown as yellow lines. The intensity of the laser pulse was overlaid with the
CNTs. It is clear that there are more CNTs at higher fluence. b) a schematic diagram in
profile showing the area density of CNTs increases with the laser intensity. c) A histogram
of CNTs per unit area was measured using 24 images similar to (a) for 60 fluence bins. The
area coverage of CNTs is proportional to laser intensity.
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Figure 7.5: Laser patterned CNTs growth using photomasked irradiation of catalyst. The
area coverage of CNTs increases proportional to the local intensity of the knife-edge
diffraction pattern caused by clipping of the beam on the Si3N4 TEM grid. CNT enhance-
ment, on the right, was observed to emulate the fringes formed from diffraction of laser
light scattered from the Si3N4 support grid from the same area, shown on the left.
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to form on the underlying carrier wafer. In Figure 7.5 the yellow regions are the Si3N4 grid

acting as a photomask for the incident laser pulse; the spatial pattern of CNT enhancement

on the right emulates the diffraction fringes formed by the mask.

In Summary, CVD growth of CNTs was enhanced with a single femtosecond pulse.

Without laser irradiation the activity of catalyst in these experiments was very low, resulting

in a diffuse entangled mat. SEM microscopy showed that irradiation of the catalyst with

a single pulse 0-3 minutes after the start of CVD growth increases the area density of

CNTs creating a denser mat. With increasing delay after the start of CVD growth the

effect of irradiation increases. Irradiation 4-6 minutes after the start of growth resulted

in the formation of an aligned forest of CNTs in the laser spot. The laser stimulation of

aligned forest growth indicated that irradiation increased the area density of active catalyst

in the laser spot above the critical value for crowding and self organization. To verify

that irradiation increases area density catalyst was deposited on a TEM foil, was irradiated

during CVD growth, and the area density of CNTs was counted HRTEM. Few nanotubes

grew on the TEM foil, so the grids were placed on another catalyst covered Si wafer.

The TEM foil transmits some laser light creating areas of laser enhanced growth on the

underlying substrate. The patches of enhanced growth on the carrier were used to positively

locate the laser irradiated regions on the TEM foil. The CNTs were counted with respect

to the local fluence and it was found that the area density of CNTs increases proportional

to the local fluence.

Where the laser spot was clipped by the edges of the TEM grid, a diffraction pattern

was created on the underlying catalyst covered substrate. The enhanced CNT growth fol-

lows the fringes of the diffraction pattern. It is apparent that the method of femtosecond

laser enhanced CVD can be combined with spatial patterning techniques including beam

scanning or photomasking.
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7.3 Enhancing Terminal Length of Forests

This section explores the effect of irradiation in the case of efficient CVD growth of CNTs.

Without laser irradiation the density of active catalyst is sufficient for growth of aligned

forests 5 to 30 microns in length. This length is still far from efficient from an outside

perspective; using the Sabre furnace CNT forests 10 mm in length can be produced.

It was found that the terminal length of carbon nanotube forests could be increased by

up to 150X if the catalyst was irradiated with a single pulse early after the start of CVD

growth. The terminal length of the forest refers to the length of CNTs achieved before

attrition of the active catalyst causes loss of alignment, as shown in the second half of

Figure 7.2. Figure 7.6a shows several stalks formed when the forest in the irradiated spots

grew to a much longer terminal length than the forest in the surrounding non-irradiated

areas. Figure 7.6b shows an array of CNT stalks formed after the catalyst was irradiated

with a square pattern of laser spots.

For Figure 7.6 the peak fluence of the laser pulses was 0.20 J/cm2. The diameter of

the stalk corresponds to a local fluence of 0.1 ± 0.02 J/cm2, the same fluence threshold as

shown in Figure 7.1a where the area density increased. The model that irradiation increases

the area density of active catalyst, as seen for mild growth conditions, is consistent with a

greater terminal length of CNT forests here.

Forest termination is shown in Figure 7.2. In the same way that aligned forest is initi-

ated when the area density of active catalyst is above a critical value, termination of forest

growth occurs when the area density falls below the critical value. During forest growth the

area density of active catalyst is gradually dropping due to several proposed mechanisms

including catalyst poisoning[11], catalyst coarsening, and diffusion into the substrate [4,

12]. Eventually the number density of active catalyst falls below a minimum for self or-

ganization and the remaining active catalyst grow CNTs in random directions forming an

entangled mat at the base of the forest. It is reasonable that given the same growth environ-

ment and rates for the attrition of active catalyst, a forest with a larger population of active
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Figure 7.6: Laser patterned CNT stalk growth by beam scanning. a) A CNT forest was
irradiated 20 seconds after the introduction of acetylene and the start of the growth step.
Over the subsequent 10 minute growth step the forest in the irradiated region grew 500 µm
in length forming the stalks. Around the stalks, in non-irradiated regions, the aligned CNT
grew only 5 µm in length. The area at the base of the stalks corresponds to the center of
the Gaussian laser pulse above a threshold of 0.1 J/cm2. b) A catalyst wafer was irradiated
with single pulses in a square array forming an array of stalks.

catalyst will take longer to terminate. Consequently, if the forest grows for a longer time,

it grows to a greater ultimate length.

It was discovered that the terminal length of the CNT stalks depends on when the cata-

lyst was irradiated during CVD growth. Catalyst on a SiO2/Si wafer was irradiated from 15

seconds before to 60 seconds after the start of CNT growth in 1 second increments, each

time in a pristine area. The start of CNT growth defined by the introduction of acetylene.

Figure 7.7a is an SEM image of the spots irradiated between 0 and 26 seconds after the

start of CVD growth. The start of CVD growth is defined as the moment acetylene flow

into the reactor starts. The base of each stalk was irradiated with a single pulse at the time

indicated by the labels along the bottom of the image. After growth for a total of 10 min-
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Figure 7.7: Dependance of femtosecond laser enhancement of CVD on the time for irradi-
ation after the start of growth. The terminal length of CNT forest depends on the dynamic
process of CNT nucleation and growth. The terminal length of stalks, measured in SEM,
are shown with respect to the time for irradiation after the start of the growth step. Irradia-
tion 13 to 22 seconds after the start of the growth step produces the longest CNT forest at
the end of the 10 minute growth. CNT nucleation and forest growth cause two competing
effects that determine the degree of laser enhanced nucleation of CNTs.
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utes, the silicon heater was turned off and the flow of acetylene was stopped, ending the

growth step. In-situ video showed that the stalks stopped growing taller 6 minutes after the

start of growth.

The terminal length of each stalk was measured in SEM. Figure 7.7 shows the height

of CNT stalks vs the time for irradiation from four experiments with the same growth

parameters and irradiation conditions. The length of the tallest stalk and the optimal delay

for irradiation varies slightly, but the same trends are observed in each experiment. The

maximum stalk length is achieved when the catalyst is irradiated 13 to 22 seconds after the

start of the growth step. If the catalyst is irradiated later than 30 seconds after the start of

growth, no stalks are observed – instead, the CNT forest is partially removed forming a

crater as shown in Figure 7.8. A similar damage crater is observed when a CNT forest is

irradiated long after growth in a He atmosphere at 750, shown in 7.8. The threshold for

damage in both cases was 0.10 ± 0.02 J/cm2. Femtosecond laser ablation of the crust of

a dense CNT forest has been observed in previous work by this research group above a

threshold of 0.11 J/cm2[13].

Figure 7.8: Femtosecond laser damage at the surface of CNT forests. a) Damage crater
in a CNT forest irradiated during CVD growth 30 seconds after growth starts. b) Damage
crater in a CNT forest irradiated long after growth ended, in a pure He atmosphere at 750
◦C.

By scanning the laser beam, it was possible to create areas of continuous enhanced

CNT growth. The catalyst was irradiated with single pulses in a square array with 50%

overlap of laser spots, using a peak fluence of 0.20 0.02 J/cm2, and 1000 Hz repetition
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Figure 7.9: Cross section view of CNT forest in pristine and laser treated regions of catalyst.
Enhanced forest growth in areas larger than the laser spot was achieved by irradiation with
a square array of laser spots. The substrate was cleaved, and the forest was viewed in profile
using dark field optical microscopy. a) The forest in a pristine region grew 10 µm in length.
b) The forest irradiated with the laser pattern 15 sec after the start of growth grew 60 µm
in length.

rate. The SiO2/Si substrate was cleaved to view the forest in profile and measure the length

of the pristine forest and the enhanced forest. Figure 7.9 shows that the terminal length

of the forest where the catalyst was irradiated 15 sec after the start of CVD growth was

60 microns long, 6X greater than in pristine regions. The top of the enhanced forest was

not uniform, featuring random fissures and stalk tips protruding several microns above or

below the average level of the crust in the enhanced pattern.

Previous studies using a multilayer metal catalyst have shown that pre-irradiation with

a nanosecond laser in air, before annealing or growth, increases the CVD growth rate of

aligned forests by a factor of 3[5]. It was found that the catalyst activity in the irradiated

region was unchanged, but CNTs had a significantly lower wall thickness and diameter.

CNTs with a smaller diameter and wall thickness contain less carbon per unit length. The
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Figure 7.10: Distribution of CNT diameter and wall thickness from pristine and laser irra-
diated catalyst. CNTs from non-irradiated and laser enhanced forest were observed using
HRTEM.The average wall thickness and outer diameter of tubes in the stalk showed a
small shift toward smaller wall thickness and diameter, but not as significant as in the case
of nanosecond laser pre-treatment of catalyst[5]. The minor reduction in the wall thickness
and diameter does not account for the 50 to 150X greater length of CNTs observed in this
work.
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authors proposed that for the same catalyst activity, meaning mass of CNTs per unit area

and per unit time, the narrow CNTs must grow a greater length resulting in a faster growth

rate of the forest. This possibility was investigated in this work.

CNTs were collected from the stalks and non-irradiated forest, distributed on lacey

carbon grids, and observed using HRTEM, as shown in Figure 7.10. Figure 7.10 shows

the outer diameters and wall thickness of approximately 60 CNTs from both the pristine

forest and the irradiated stalk. On average, CNTs in the stalk have marginally smaller wall

thickness and diameter than CNTs from pristine areas, insufficient to account for up to

150% increase in the length.

Figure 7.11: Raman Spectra of CNTs from pristine and laser irradiated regions. Raman
spectroscopy was performed using an excitation wavelength of 532 nm. The Raman spec-
tra of CNTs from pristine and laser irradiated catalyst were identical and indicate highly
defected, multiwalled CNTs.

Raman spectra were collected using an excitation wavelength of 532 nm for CNTs in
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irradiated areas (the stalks) and from pristine catalyst. The traces labeled “forest” and “mat”

both correspond to pristine catalyst, but for growth runs where pristine CNTs formed an

aligned forest or a disorganized mat respectively. The spectra are nearly identical for each

sample. The peak ratios observed are indicative of highly defective graphite or amorphous

carbon[14, 15], also consistent with highly defective multiwalled CNTs.

In summary, femtosecond laser irradiation can enhance the method of CVD growth

of CNTs. Single or multiple pulse irradiation with the femtosecond laser does not cause

CNTs to grow at room temperature or temperatures below the minimum for thermal CVD.

In poor CVD growth conditions, where very few CNTs grow in diffuse clusters, irradiated

areas have increased coverage of CNTs forming an entangled mat or an aligned CNT forest.

Promoting forest growth via irradiation indicates that the area density of active catalyst was

increased in the laser spot. Delaying irradiation longer after the start of growth promoted

more CNT growth in the laser spot.

In good growth conditions, where the area density is near or above the limit for aligned

forest growth, irradiation with a single laser pulse can increase the terminal length of

aligned CNT forests by up to 150X. Increased forest growth is consistent with increas-

ing the area density of catalyst, as previously discovered for poor growth. Aligned forest

growth terminates when the area density of active catalyst falls below a threshold due to

the gradual loss and poisoning of active catalyst. Irradiation increases the initial density

of active catalyst so it takes longer to drop below the threshold for alignment; delaying

forest termination leads to a longer forest. By scanning the laser beam it was possible to

create areas of continuous enhanced CNT growth. It was found that the terminal length

of the forest in laser irradiated regions was very sensitive to the delay for irradiation, the

maximum length of the forest was observed for irradiation 13 to 22 seconds after the start

of CVD growth. The mechanism for laser activation of the CNT catalyst, consistent with

the precise dependence on the time for irradiation, is discussed in the next section.
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7.4 Femtosecond Laser Activation of Catalyst

In this section, a model is presented for femtosecond laser activation of catalyst during

CVD growth. Observations using in-situ optical microscopy are presented. It is shown that

laser absorption in the catalyst/substrate and ablation of CNTs on the surface are critical

factors. The dependence of enhanced growth on the delay for irradiation after the start of

growth is explained in terms of the laser interaction with the dynamics of CNT growth.

In-situ video of CNT growth was captured from an 80 degree angle of incidence, nearly

in profile, as shown in Figure 7.12. The in-situ camera is sensitive to visible and near

infrared light. It has been shown that blackbody emission increases with increasing CNT

coverage [16]. The brightness of in-situ images is proportional to the coverage of CNTs.

During growth several 2 mm x 3 mm areas were irradiated with a square array of laser

spots, as shown in Figure 7.12a. The pattern used a peak fluence of 0.2 0.02 J/cm2, 50%

overlap of spots in both directions, and 1000 Hz repetition rate. Because of the limited spot

size and repetition rate each pattern took six seconds to write. Half of the surface was left

pristine as a control.

Three patterned areas are shown in Figure 7.12b and d. Figure 7.12b shows an image

captured 16 seconds after the start of growth, the pattern ranging from 12-18 seconds is

in progress. Areas irradiated 12 to 14 seconds after growth are brighter than the pristine

region indicating the CNT coverage is higher after only a few seconds. The coverage of

CNTs was observed using bright field optical microscopy in Figure 7.12d. Areas with

higher CNT coverage absorb more visible light, and appear darker. The area irradiated 12

to 18 seconds has higher coverage of CNTs than both the unirradiated area and the area

irradiated 0 to 6 seconds after the start of growth. This result is consistent with Figure

7.7b where the optimum timing for irradiation was 13 to 22 seconds after the start of CVD

growth.

In-situ images also show that light is emitted from the catalyst surface during irradiation

later than 12 seconds after the start of growth. Light emission at early times is shown on
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Figure 7.12: In-situ optical microscopy of laser irradiation of CNTs during CVD growth.
a) The front half of a SiO2/Si substrate with catalyst was irradiated with 2-d pattern of laser
spots. Limited spot size and repetition rate meant that the patterns took several seconds
to write. Patterns were written left to right, the starting and ending times are labeled b)
In-situ image captured 16 seconds after the start of growth, the pattern from 12-18 seconds
is in progress. The camera captures blackbody emission, brighter areas on the surface
correspond to higher CNT coverage. CNT coverage in areas irradiated 12 to 14 seconds
after growth is higher than the pristine region, several seconds later. c) Example of laser
induced breakdown when a surface with high coverage of CNTs is irradiated. d) An ex-situ
optical image of the catalyst after growth, top down. Areas with higher CNT coverage
absorb more visible light. The area irradiated 12-18 seconds after growth has the highest
concentration of CNTs.
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the right of Figure 7.12b. At later times when more CNTs have grown and the coverage is

higher, a bright plume is formed after irradiation shown in Figure 7.12c. No light emission

is observed when the SiO2/Si substrate was irradiated with the same peak fluence in atmo-

spheres of acetylene, helium, or hydrogen. No light emission is observed when the catalyst

is irradiated at room temperature or during the annealing step at 750 ◦C. The spark is not

formed by the laser induced breakdown of acetylene, the Si/SiO2 substrate, or Fe/Al2O3

catalyst. The observed light emission is caused by the laser induced breakdown of CNTs,

possibly similar to previous studies of femtosecond laser breakdown of graphite. Light

emission after irradiation of graphite was caused by blackbody emission and characteristic

emission from carbon atoms and clusters[17].

The contrast in in-situ optical images, for example Figure 7.12b, is a combination of

blackbody emission and the breakdown of CNTs. Each source of contrast was measured

separately to examine the dynamics of growth and laser interaction with CNTs was mea-

sured and is shown in Figure 7.13. The minimum, mean, and maximum grey value was

measured within a 1x3 mm region surrounding the laser spot for each image 12 to 18 sec-

onds after the start of CVD growth, shown in Figure 7.13a. The data shows the intensity of

light from laser breakdown emission of CNTs is proportional to the coverage of CNTs at

the time of irradiation, shown in Figure 7.13b. The brightness of IR emission, proportional

to the area coverage of CNTs, was measured with respect to time for pristine catalyst and

catalyst irradiated 18 seconds after the start of growth using the regions of interest shown

with solid rectangles in Figure 7.12 b and d. Before irradiation, the brightness increases the

same in both regions. Spikes in the measured brightness 18 seconds after the start of growth

are caused by laser induced breakdown of CNTs. After irradiation, the brightness of the

irradiated region is lower than the pristine area, indicating the coverage of CNTs has been

reduced. Between 19 and 21 seconds, several seconds after irradiation the brightness in

the irradiated region increases rapidly, indicating the area density of CNTs recovers rapidly

and exceeds the pristine region. The irradiated region has higher coverage of CNTs at the
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Figure 7.13: Laser induced breakdown emission and blackbody emission from CNTs mea-
sured for fs-laser irradiation early during CVD growth. a) The intensity of light emitted
from the laser induced breakdown of CNTs was monitored 12 to 18 seconds after the start
of CVD growth. The minimum, mean and maximum grey value was monitored for a 1x3
mm region following the laser spot. b) The IR emission from pristine catalyst and catalyst
irradiated 18 sec after the start of growth was monitored with respect to time for the CVD
growth run shown in Figure 7.12. The two regions of interest are shown in Figure 7.12b
and d. Before irradiation the brightness increases the same in both regions. Spikes in the
irradiated region at 18 seconds are caused by laser induced breakdown of CNTs. After
irradiation the brightness of the irradiated region is lower than the pristine area, indicating
CNTs have been destroyed. Between 19 and 21 seconds the brightness in the irradiated
region increases well above the pristine region.
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end of growth as shown in Figure 7.12d.

A possible mechanism for femtosecond laser stimulated nucleation was developed con-

sidering two key observations. First, irradiation breaks down CNTs on the surface, then the

CNT coverage increases beyond its original level. Second, with increasing delay for irradi-

ation relative to the start of CVD growth, and therefore increasing coverage of CNTs at the

time of irradiation, the terminal length of the stalks initially increases as shown in Figure

7.7 and in inefficient growth conditions the area coverage of CNTs increases as shown in

Figure 7.1.

However, it was also observed that irradiation late in the growth step does not enhance

CNT growth. In the case of efficient CNT growth this could occur due to light absorption

in the aligned forest: instead of laser energy reaching the catalyst it is absorbed in the crust

of the CNT forest and forms an ablation crater. In the case of inefficient CVD growth the

number density of catalyst may have already fallen due to coarsening or diffusion into the

substrate before irradiation.

Femtosecond laser irradiation changes the environment of the catalyst in two ways.

Irradiation destroys CNTs on the catalyst surface producing an atmosphere that is likely

similar to PLV of graphite, consisting of ionized carbon and carbon clusters[18–21]. Irra-

diation also heats the catalyst through a combination of absorption by the metal nanoparti-

cle and absorption by the attached nanotubes similar to previous studies using nanosecond

laser irradiation[22] and continuous wave lasers[23]. Transient heating of the catalyst in

an atmosphere rich with CNT breakdown products could drive a process of carbon absorp-

tion and precipitation similar to femtosecond laser driven hyperdoping. It has been shown

that melting and quenching of silicon in an atmosphere containing a dopant species at high

pressure drives absorption of dopant atoms in the liquid phase that are trapped as the Si

rapidly solidifies. After irradiation with multiple pulses the dopant concentration in the

solid can far exceed the equilibrium solubility limit.

The growth temperature the Fe catalyst is near the eutectoid temperature in the Fe-C
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phase diagram [24]. Laser induced heating of the catalyst nanoparticle into the gamma

phase would increase the carbon solubility approximately linearly between 750 ◦C and

1153 ◦C [24], or dramatically increase the solubility if the nanoparticle is melted. Nanopar-

ticles heated by the laser are exposed to a high concentration of gaseous carbon from PLV

of nanotubes. As the nanoparticle cools and the solubility limit of carbon falls and excess

carbon precipitates possibly leading to nucleation of a CNT.

The trend of increasing impact of laser irradiation later in the growth step, correlating

with the increasing CNT coverage, may be caused by ablation of more CNTs increasing

the density of carbon vapor or increasing absorbance of the surface leading to higher peak

temperature and longer time at high temperature. Either effect could increase the carbon

dissolved by irradiated catalyst nanoparticles and promote laser stimulated nucleation of

CNTs.

Recent work has shown that the formation of Fe catalyst nanoparticles is not complete

during the annealing step. The FeO catalyst is partially reduced and begins to dewet, but

nanoparticles of Fe that will form a CNT do not appear until after absorption of carbon[25]

from the growth gas or from residual carbon in the growth chamber. Femtosecond laser

breakdown of the existing CNTs produces a rich carbon atmosphere that could promote re-

structuring the Fe catalyst thin film into nanoparticles ready to nucleate a larger population

of CNTs.

In summary, we demonstrate that the femtosecond laser irradiation can be used to en-

hance thermal CVD of CNTs by increasing the area density of active catalyst. In poor

growth conditions, where CNTs grow in a diffuse mat, it was shown that the area density

of CNTs was increased by laser irradiation of the catalyst during CVD growth. In some

cases the area density of active catalyst was increased above the limit for self organization

and growth of aligned forests of CNTs. In that case aligned forests only grew where the

catalyst was irradiated.

In the case of more efficient CVD growth conditions, sufficient for the growth of aligned
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forests without irradiation, the aligned forests grew to much greater terminal length where

the catalyst was irradiated. The mechanism for increasing the terminal length of aligned

CNT forests was not positively determined, but laser stimulated nucleation is consistent

with increased terminal length of aligned forests. Increasing the area density could delay

forest termination since the initial population of active catalyst is increased and will take

longer to fall below the limit for self organization.

A mechanism was proposed for laser stimulated nucleation consistent with the exper-

imental observation that laser stimulated growth depends on PLV of preexisting CNTs.

Irradiation heats the catalyst, increasing the carbon solubility, and vaporizes the existing

CNTs, creating an atmosphere rich with carbon. The catalyst absorbs carbon, then upon

cooling precipitates the carbon, potentially as a CNT. While more study is required to ver-

ify the proposed mechanism, the combination CVD synthesis and PLV synthesis demon-

strated here provides a novel and simple route to efficient growth in systems where the static

growth parameters are not optimized. The methods demonstrated here may also be used to

pattern growth of aligned CNT forests without pre-pattering catalyst via photolithography,

or post processing.
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CHAPTER 8

Conclusions

This dissertation explores the effect of irradiation with a single femtosecond laser pulse

on the microstructure and composition of thin metal films using time resolved and post

mortem microscopy methods. The primary feature of femtosecond laser irradiation is that

it deposits a high energy density in materials. After irradiation of metals, thin layers at

the surface of materials are driven to extreme temperatures and pressures, thereby creat-

ing sharp gradients that lead to relaxation along a non-equilibrium path and into extreme

metastable states. The materials that were irradiated in this work had complex structures

including interfaces, previously unexplored alloy compositions, and in the case of metal

catalyst nanoparticles and CNTs, two materials with dramatically different responses to

irradiation along with a dynamic chemical reaction. It would be difficult to predict the re-

sponse of these materials to femtosecond laser irradiation, every aspect of the problem is

complicated from the absorption and redistribution of energy to the issue of phase transfor-

mations or mass transport given rapid heat transport and quenching. By exploring complex

systems experimentally, relying on some intuition to guide the sequence of experiments, the

experimental results in this dissertation provided a fundamental understanding of materials

response to femtosecond laser irradiation, as in the case of spinodal-like decomposition of

metal stabilized by an interface. Simultaneously, new materials processing techniques were

discovered as in the case of laser stimulated nucleation of CNTs during thermal CVD or

the formation of nanocrystalline alloy films after irradiation.
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This dissertation seeks to determine the mechanism for separation of ultrathin

metal films from a substrate after irradiation by

1. Observing the dynamics of removal for ultrathin Ni thin film on glass substrates

using time-resolved pump-probe microscopy.

2. Identifying a mechanism for the rapid formation of vapor that severs the Ni-substrate

interface.

Removal of ultrathin Ni films can occur by two distinct mechanisms. Liquid spallation

removes a uniform layer less than half of the film thickness. At higher fluences removal

occurs at the interface by the heterogeneous nucleation of voids. The configuration and

velocity of the moving layers was measured using Newton’s rings that formed through thin

film interference between the stationary substrate and moving films. It was shown that

two separate systems of Newton’s rings were formed corresponding to the intrafilm and

interface removal regions respectively, therefore after irradiation a 7 nm layer is removed

above the intrafilm removal threshold and a second 13 nm layer is ejected from the interface

removal region. The velocity of the intrafilm removal layer is 300 to 500 % faster than the

interface removal layer. The measured velocity of each ejected film were consistent with

simulations of ultrathin Pt films[1] where intrafilm removal occurred by liquid spallation

and interface removal occurred by the heterogeneous nucleation of vapor at the Pt/substrate

interface. However, in that MD simulation the ejected layers accelerated to their final

velocity over ~1 ns due to the expansion of vapor between the substrate and the ejected

layers. Pump-probe measurements in this work showed that the layers removed by intrafilm

and interface removal both reached the final velocity within 50 ps.

A mechanism was proposed for the rapid development of Ni vapor at the Ni/substrate

interface. Hydrodynamic simulations of the Ni film at the fluence for separation at the

interface showed that the Ni film entered the vapor dome in the temperature-pressure phase

diagram near, but not within, the critical point phase separation region defined as >90%

142



of the critical temperature[2]. For irradiation of bulk metals such that the surface layer is

driven into the critical point phase separation region, the material becomes unstable and

undergoes a spinodal-like decomposition leading the the homogeneous nucleation of vapor

within a few picoseconds after irradiation. The same instabilities exist after irradiation at

lower fluences, but are not strong enough to lead to the formation of stable homogeneous

nuclei of vapor. It is suggested that at temperatures below the critical point phase separation

region the Ni-glass interface can stabilize vapor that forms via spinodal-like decomposition

separating the Ni-glass interface within a few picoseconds. The temporal resolution using

Newton’s rings was limited and it was not possible to measure separation of the Ni-substrate

interface on the picosecond timescale.

The Ni-substrate interface plays two roles in this study. Ultrathin Ni films irradiated

by a femtosecond pulse exhibit liquid spallation limited to a depth slightly less than the

film thickness. Material driven into the vapor dome at high temperatures, as in the case

of interface removal of 20 nm Ni films, is normally within the depth of liquid spallation

in a bulk material so it is difficult to observe. Second the interface provides a location for

the formation of heterogeneous nuclei. The characteristics of material that enters the vapor

dome after irradiation is of great interest because this state is often entered after femtosec-

ond laser irradiation but remains difficult to study experimentally. This work indicates that

material in the vapor dome is unstable over a wider range of temperatures than perviously

studied and that a process similar to critical point phase separation can occur outside the

previously described temperature range given the correct energetic environment, e.g. an

interface.

This dissertation explores femtosecond laser irradiation of ultrathin multilayer,

multicomponent metal films as a technique to form alloys of metals with limited solu-

bility by

1. Demonstrating that homogeneous mixtures of elements can be formed by femtosec-
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ond laser melting and quenching.

2. Observing the morphology of the removal craters and microstructure of alloys

formed via irradiation in terms of the local fluence.

3. Defining the conditions after irradiation that lead to the observed range of removal

craters and microstructures in multicomponent, multilayer metal films.

It was found that ultrathin multilayer Ni-W films on Ni substrates exhibit intrafilm and

interface removal similar to removal of pure Ni films. The thresholds for intrafilm and

interface removal were 0.20 J/cm2 and 0.47 J/cm2 respectively. Intrafilm removal by liquid

spallation causes removal of the top half of the multilayer film, interface removal occurs

at the interface between the Ni-W film and the Ni substrate. After irradiation above the

melting threshold and even above the liquid spallation threshold, the as-deposited layers

of Ni and W remain distinguishable. In STEM images the Ni-W multilayer transitions

from distinguishable layers of Ni and W to an uniform composition over a local fluence

range from 0.28 to 0.34 J/cm2. STEM images of the mixed films did not exhibit lattice

contrast but NBED patterns indicate a polycrystalline film indicating that the Ni-W film

was nanocrystalline or possibly approaching an amorphous microstructure.

After fs-laser irradiation of metals rapid heating and quenching via thermal transport

deeply undercools molten material at the metal surface. Using other methods such as splat

or melt spinning, with lower quench rates glassy and nanocrystalline metals are routinely

produced. However, nanocrystalline surface layer is not observed experimentally after ir-

radiation of pure metals which undergo much faster cooling rates. Instead the melt resolid-

ifies epitaxially with the underlying solid material or nanocrystalline material coarsens and

is consumed by large grains in the bulk material. We attempted to determine if nanocrys-

talline material was produced via femtosecond laser melting and stabalize it using solute

stabilization of grain boundaries. It is suggested that during rapid quenching and solidifi-

cation of molten Ni-W films nanocrystalline grains form, however, unlike after irradiation
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of a pure metal, the nanograins are stabilized due to segregation of W to grain boundaries

similar to electrodeposited nanocrystalline Ni-W films[3, 4]. Using the Ni-W system two

aspects of the materials response to irradiation were considered: what fluence range heats

the multilayer Ni-W films sufficiently for mixing and will the solidification of the mixed

material permit forming nanocrystalline microstructure that is thermally stable. Thermally

stable nanocrystalline Ni-W films were produced via laser irradiation of multilayer Ni-W

films. In electrodeposited Ni-W films with an overall composition of 25% the average

grain size was ~2 nm. STEM images and NBED of the laser mixed Ni-W film with an

overall composition of 27% indicate very small grains and a large volume fraction of grain

boundaries, consistent with the electrodeposited films.

The existence of layers of Ni and W after irradiation above the liquid spallation thresh-

old show melting and quenching is not sufficient for mixing. It was inferred from the simi-

larity of the removal mechanisms that the thermal and hydrodynamic response of multilayer

metal films near each threshold may be similar in to the pure Ni films. It was hypothesized

that as the state of the component metals pass into the vapor dome at high temperature and

cool along the liquid line the state of Ni is characterized by weak interatomic interactions

and high kinetic energy, favorable conditions for mixing of strongly segregating alloys. The

relative importance of thermally driven diffusion and the interaction with the vapor dome

in the process of mixing the Ni and W layers remains unclear.

It was then considered if the high degree of mixing that is observed in the Ni-W system

can possibly be replicated in the immiscible Ni-Ag system. After irradiation the Ni-Ag

film does not exhibit interface removal. The threshold for interface removal of a 24 nm

thick multilayer Ni-Ag film was 0.17 J/cm2. Near the interface removal threshold the Ni-

Ag film dewets forming large droplets, in cross section STEM the droplets exhibit separate

domains of Ni and Ag. To retain material irradiated with higher local fluences, in the range

for mixing of Ni-W, irradiation was performed using SiO2 or sapphire tamping layers. As

with the Ni-W system melting and quenching the Ni-Ag films was not sufficient to mix the
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Ni and Ag layers. It was confirmed that material melted due to the appearance of voids in

the Ni substrate likely caused by intense tensile stress after irradiation, similar to intrafilm

removal. At higher local fluences fluence the as-deposited layers of Ni and Ag were no

longer observed, but the film did not exhibit uniform composition. Instead the Ni-Ag film

exhibited separate Ni and Ag rich domains measured with z-contrast STEM, EDS mapping,

and APT. There is evidence that the Ni-Ag film rapidly quenched, resolidifying epitaxially

with the Ni substrate and with the [111] plane parallel to the surface. The Ni and Ag

separated forming domains in the epitaxial layer leading to a single crystal mixture of Ni

and Ag.

In ultrathin films where intrafilm and interface removal occur separately, it is possi-

ble to suppress the amount of material lost by liquid spallation and retain material in the

intrafilm removal region that was excited with extremely high energy density. This is a

simple method to study materials driven into extreme states after fs-laser irradiation using

post mortem microscopy or spectroscopy methods including cross section TEM. Fs-laser

mixing of ultrathin multilayer Ni-W and Ni-Ag films is a novel method to create nanocrys-

talline microstructures and could be applied to create nanocrystalline surface layers for

a wide range of alloy compositions that possess robust mechanical properties, increased

corrosion resistance, and unique magnetic properties. This method could be potentially

applied to almost any alloy system; it is only necessary that the materials can be deposited

in a sufficiently thin film on the same substrate. Fs-laser driven melting and solidification

could also provide an alternative route to create exotic alloys, where previous work relied

on vapor deposition or electrodeposition.

This dissertation seeks to modify Chemical Vapor Deposition of Carbon Nan-

otubes using femtosecond laser irradiation

1. Demonstrating that femtosecond laser irradiation of catalyst during CVD growth

dramatically increases the terminal length of aligned CNT forests.
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2. Demonstrating that the enhancement of forest growth is highly dependent on the

dynamics of nucleation and growth of CNTs.

3. Identifying the mechanism for enhancement of aligned forest growth as laser stimu-

lated nucleation of CNTs via combination of PLV and CVD synthesis.

It was shown that femtosecond laser irradiation during CVD growth can dramatically

increase the area density of CNTs by activating catalyst and possibly directly stimulating

CNT nucleation. It was shown that in relatively poor growth conditions, where CNTs grew

in widely separated clusters, irradiation 1-3 min after the start of growth with a single pulse

resulted in a higher density of CNTs forming an entangled mat. The threshold fluence to

enhanced growth was 0.10 J/cm2. Irradiation 4-6 min after the start of growth resulted

in the growth of a short aligned forests. The growth of aligned CNT forests is governed

by the area density of actively growing CNTs. The formation of aligned forests in the

laser irradiated region shows that irradiation increased the area density above the threshold

for alignment ~1x109 cm-2. The increase in the area density of carbon nanotubes was

confirmed using ex-situ TEM. It was shown that the number of CNTs per unit area was

proportional to the local fluence.

When catalyst was irradiated in efficient growth conditions, sufficient for the growth

of aligned forests without irradiation, irradiation caused the aligned forests to grow up to

150 X greater terminal length. Increasing the terminal length of forest growth is consistent

with increasing the area density of catalyst. With a higher initial density of active catalyst

it could take longer for the area density of growing CNTs to drop below the threshold

for alignment; delaying forest termination leads to a longer forest. It was found that the

terminal length of the forest in laser irradiated regions was very sensitive to the delay for

irradiation, the maximum length of the forest was observed for irradiation 13 to 22 seconds

after the start of CVD growth.

Laser stimulated CNT growth depended on having carbon nanotubes present at the time
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of irradiation. In-situ optical microscopy and ex-situ SEM showed that some CNTs are

removed after irradiation and that irradiation of CNTs causes emission of light. Irradiation

breaks down CNTs on the catalyst surface producing an atmosphere that is likely similar to

PLV of graphite, consisting of ionized carbon and carbon clusters.

Femtosecond laser stimulated CVD is a combination of the CVD and PLV methods for

carbon nanotube synthesis. The short lived effects of irradiation, only nanoseconds long,

increase CNT nucleation but in doing so impact CVD growth of CNTs over a period of

minutes. The precise mechanism for laser stimulated nucleation of CNTs is not known,

but it is reasonable that irradiation heated the catalyst and, by breaking down carbon nan-

otubes, produced an atmosphere rich in carbon creating conditions ideal for nucleation. It

is proposed that laser heating of the catalyst in an atmosphere rich with CNT breakdown

products drives a process of carbon absorption and precipitation similar to femtosecond

laser driven hyperdoping. It is also possible that irradiation removed amorphous carbon

from catalyst, reactivating them for CNT growth.

Enhancing CNT nucleation with the femtosecond laser provides a novel route to im-

prove CVD growth in situations where the chamber and growth recipe are not optimized,

and also compensate for natural variation in growth runs, making efficient growth of aligned

CNT forests more easy to achieve. New methods to widen the range of parameters for ef-

ficient growth are critical for the widespread application of CNT based materials that are

derived from aligned forests, including fibers, sheets, or coatings[5–7]. Additionally the

methods demonstrated here may be used to pattern growth of aligned CNT forests without

pre-pattering catalyst, masking, or post processing. It is also shown here that enhanced

growth can be patterned by using diffraction or photo lithography masks to change the

spatial distribution of the laser energy at the surface.
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CHAPTER 9

Future Work

9.1 Higher Time Resolution of the Dynamics of Removal

at an Interface

It was shown in Chapter 4 that the interface and intrafilm layers separate from the Ni sub-

strate and accelerate to their final velocity within 50 ps. During the process of critical point

phase separation the vapor phase forms homogeneously in the melt within several ps[1,

2]. Future work should determine if the metal substrate interface separates on the same

timescale as critical point phase separation in bulk using pump-probe microscopy methods

with higher temporal resolution. The current method, using a probe wavelength of 390 nm

and a 45◦, can be used to measure displacements on the order of 100 nm. Because the in-

terface removal layer has a velocity of 300 to 700 m/s, depending on the local fluence, the

first measurable extrema is observed 300 to 150 ps after irradiation respectively. The dis-

placement of the ejected layers could not be measured with accuracy on timescales shorter

than the generation of thin film interference extrema, so separation of the film at earlier

times is inferred from changes in reflectivity or by extrapolation of the linear fit. Higher

resolution of the film displacement is required to define the timescale for separation at the

interface. A pump-probe Linnet imaging interferometer has been used previously to study

ablation via liquid spallation of bulk metals and semiconductors[3]. The height resolution

of the interferometer was reported to be on the order of 1 nm. In future experiments using
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an imaging interferometer, the timescale for separation of the Ni-glass interface should be

determined at the threshold for interface removal. At the interface removal threshold the

velocity of the interface removal layer is approximately 200 m/s, this was determined us-

ing a linear extrapolation of the interface removal velocity vs. fluence in Figure 4.12. If

it is assumed that the velocity of the ejected layer is constant after separation, as indicated

in Chapter 4, the displacement could be measured with resolution of 5 ps, two orders of

magnitude greater time resolution than Newtons rings.

An alternative mechanism has been proposed for interface removal of Ni thin films;

the heterogeneous formation of vapor at the interface severs the Ni-glass interface, but the

Ni vapor is not at high pressure and does not cause the film to accelerate away from the

substrate, instead the Ni film is ejected as the surface of the glass substrate “rebounds” after

the strain wave passes through the interface. Future work using should distinguish between

interface removal via the vapor expansion or the glass substrate “rebound” mechanism by

measuring the acceleration of the interface removal layer after separation. Separation of

the Ni film due to the rebound of the substrate should have no measurable acceleration.

Acceleration due to the pressure of vapor in the gap between the layer and the substrate

should take longer.

This dissertation has focussed on the removal of Ni from glass substrates. It was pro-

posed that Ni vapor formed by spinodal-like decomposition was stabilized by reducing

the interfacial free energy between the liquid Ni and the substrate. Future work should

determine if the free energy of the metal-substrate interface significantly effects the inter-

face removal threshold. In future work a selection of metal thin films should be deposited

on different substrates, irradiated, and then the threshold for interface removal should be

measured. If fluctuations in density can drive heterogeneous nucleation over a range of

temperatures within the the vapor dome one should find that the threshold for interface

removal is inversely related to the interfacial free energy. For each film-substrate combina-

tion a hydrodynamic simulation should be performed to determine at what temperature the
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thin metal film enters the vapor dome in the temperature-density phase diagram after irra-

diation. Simulations of each substrate would be performed to account for the differences in

how pressure evolves near the film-substrate interface, since each film and substrate have

a different impedance mismatch, and determine the temperature of the metal in the vapor

dome.

9.2 Determine the Removal Mechanisms of Ni Films Where

Intrafilm Removal is Not Observed Post Mortem

The threshold fluences for interface and intrafilm removal of Ni thin films on glass substrate

converge as the thickness of the Ni film is reduced. It has been suggested previously that

at very small film thicknesses only interface removal is observed because the tensile stress

in the film cannot develop a deep tensile trough and cavitation cannot occur in the liquid

layer, Instead only interface removal via the heterogeneous nucleation of vapor occurs.

Future work should include pump-probe microscopy to determine if cavitation occurs in

the liquid film at local fluences higher than the interface removal threshold. In that case the

Ni film would be removed with the configuration shown in Figure 9.1. Using pump-probe

microscopy of Newton’s Rings it would be possible to distinguish the separate removal

layers despite the fact they are not visible post mortem.

In this dissertation, pump probe microscopy showed the existence of a third layer re-

moved from Ni after irradiation above a threshold fluence of 0.09 J/cm2. The velocity of

the ejected layer was 1680 ± 100 m/s after irradiation at a local fluence of 0.14 J/cm2. In

the removal area there was no change in the reflectivity of the Ni film. It was not possible

to identify the removal crater using optical microscopy. Newton’s rings corresponding to

the third film could not be generated with a second shot, strongly indicating that a physi-

cal layer was removed and that the fringes were not generated by surface vaporization, a

shockwave, or any other nondestructive and repeatable phenomenon. It is suggested that
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Figure 9.1: Thresholds for interface and intrafilm removal vs thickness for Ni thin films on
glass substrates. Thresholds for removal of Ni thin films were measured using post-mortem
optical microscopy. The intrafilm and interface thresholds converge as the film thickness
decreases. It is possible that intrafilm removal still occurs by liquid spallation for films
less than 13 nm thick, but above a higher threshold fluence. A schematic cross section of
the possible configuration of layers ejected after irradiation above the threshold for liquid
spallation of films less than 13 nm thick is shown.

the removed layer is the Ni native oxide. This is consistent with a vanishingly small impact

on the reflectivity of the layer in optical microscopy and the ablation of a layer of material.

Future work should be performed to confirm the composition of the third removed. The

surface of Ni at the edge of the removal region should be examined using AFM confirm-

ing the existence of a step edge. Pump-probe microscopy of the same area on a Ni film

should be performed a second time after a long enough period to grow a native oxide layer

to see if another film is ejected. Machining of native oxide layers could provide a route

for machining metals and semiconductors with vertical resolution on the nanometer length

scale.
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9.3 Determining The Role of Extreme Thermodynamic States

in Mixing Multilayer Metal Films

We do not know the relative importance of laser driven extreme states, including entering

the vapor dome or relaxation along the liquid line, compared to the thermally driven diffu-

sion of atoms in the melt. The two parameters are difficult to isolate because the extremely

high temperatures, on the order of 8000 K are essentially impossible to produce in any other

conditions to use as a comparison. After irradiation of a tamped metal film the pressure at

the film-tamper interface does not fall to zero, as it would in the case of a free surface. As

a result of the positive pressure at the surface the relaxation path changes such that it does

not penetrate the vapor dome as deeply or remain there for a very long time, as shown in

Figure 9.2.

Future work should attempt to decouple the effects of the vapor dome and thermal

diffusion at high temperatures by preventing the expansion of the multilayer film after

irradiation. By manipulating the depth of the metal layer, adding tampers, and varying

the substrate and tamper materials the material can be heated without coming into contact

with the vapor dome. Multilayer Ni-W films should be tamped with 1.5 µm to replicate

the relaxation pathways shown in Figure 9.2. The effectiveness of mixing the Ni-W layers

with a tamping layer, and consequently without significant interaction with the vapor dome,

should be compared with the case of an untamped Ni-W film. The same methodology must

also be applied to a suitable case with Ni-Ag where the vapor dome is theoretically more

critical to mixing because Ni and Ag readily phase separate.

It was observed after the irradiation of multilayer Ni-Ag thin films with thick Ni sub-

strates that voids form in the Ni substrate, as shown in Figures 6.6, 6.4, and 6.1. At high

fluences the void have a diameter of up to 200 nm. The sapphire tamper is not deformed

by irradiation. The creation of voids causes the Ni substrate to bend, forming a blister. The

melting temperature of Ag is significantly less than Ni, it is reasonable that critical tem-
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Figure 9.2: Hydrodynamic simulations of ultrathin Ni film after irradiation with glass tamp-
ing layer. The trajectories are shown for several depths within a 20 nm Ni film after irra-
diation with a 1.5 µm glass tamper. The positive pressure maintained at the Ni-tamper
interface leads material not to penetrate the vapor dome as deeply as in previous simula-
tions of untamped Ni films, shown in Figure 4.14. Reprinted with the permission of Ben
Torralva.
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perature of the vapor dome is also significantly lower. The extreme plastic deformation of

the Ni layer at modest peak fluence could indicate that the silver film is entering the vapor

dome and decomposing into liquid and vapor, creating high pressure at the interface with

the sapphire tamper, and forming the blister. Future work should investigate the mecha-

nism for forming a large blister by irradiating thick Ni films through the sapphire tamper

that have no silver at the interface, the Ni-Ag multilayer film at the interface, and a pure

Ag layer at the interface. The height of blister should be determined for each composition

for the same absorbed fluence.

9.4 Laser Mixing of Multilayer Films: Varying Composi-

tion

In Chapter 5 of this dissertation mixing of multilayer Ni-W films was studied for only an

overall composition of 27 at% W. In previously studied electrodeposited films the average

grain size at this composition was several nanometers. The very small grain size and rela-

tively thick STEM samples made it impossible to see the lattice contrast of nanograins and

measure their size directly. Future work should investigate fs-laser mixing of Ni-W films

with a range of W composition. It should be determined if the average grain size in the ir-

radiated Ni-W film increases with decreasing W concentration similar to electrodeposited

Ni-W[4]. If it is found in the course of that work that that the size of nanograins is not

significantly affected by W composition, the grain size could be determined only by the

density of homogeneous nuclei during rapid solidification of the the fs-laser melted film.

The microstructure of laser irradiated Ni-W should be studied using X-Ray Diffraction

(XRD) or plan view TEM. This dissertation suggests that future experiments regarding

mixing of multilayer films not be performed using a substrate material that is similar to

material of interest, e.g. Ni should be avoided when studying Ni-W or Ni-Ag layers. It

was found that intrafilm and interface removal of multilayer Ni-W films occurs on both Ni
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substrates, as shown in this dissertation and on glass substrates. Ni-W films directly on

glass substrates exhibited intrafilm and interface removal above threshold fluences of 0.15

and 0.29 J/cm2 respectively. Because thermal transport into the glass substrate is limited,

this dissertation suggests using a sapphire substrate. The probe size for XRD is ~1 mm. To

produce a large enough area for XRD characterization it would be necessary to pattern an

area with laser spots. This dissertation suggests using a square, flat-top beam to create a

uniform pattern of laser irradiation to mix the Ni-W film. Alternatively it is possible with

the laser used in this work to reach a peak fluence of 0.5 J/cm2 using a 1/e2 spot 500 µm

in diameter. An area nearly 350µm in diameter would be mixed after irradiation, possibly

sufficient for XRD characterization.

Two methods could be used in future work to examination laser mixed Ni-W using

plan view TEM. A plan view liftout of a multilayer Ni-W film on a sapphire substrate

could be created or a multilayer film of Ni-W could be deposited on a substrate that could

be dissolved, for instance on salt. After irradiation the substrate material could be dis-

solved, freeing the Ni-W layer. The NiW film could then be collected on a TEM grid and

examined using STEM, TEM, and Selected Area Diffraction (SAD). SAD would provide

a significant advantage over NBED in determining the microstructure of mixed Ni-W. It

should be determined nanograins in the mixed film correspond to Ni to confirm whether

the Ni-W film exhibits solute stabilization of grain boundaries.

Ni-Ag films investigated in Chapter 6 had a composition of 50 at% Ag. This composi-

tion is near the peak of the monotectic and will therefore be the most difficult to form, will

most readily phase separate, and will expel the most heat as it cools and phase separates

almost ensuring that the Ni and Ag will not remain mixed. Future work should attempt to

mix Ni-Ag for a range of lower compositions of Ag. It should be investigated if a uniform

mixture of Ni-Ag can be synthesized by laser irradiation if the enthalpy of mixing is lower.

APT is becoming a standard method to examine the microstructure of nanocrystalline

alloys. APT of fs-laser mixed Ni-W films should be performed and compared with previous
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studies of electrodeposited Ni-W[5]. APT of Ni-Ag after irradiation was seriously compli-

cated by the drastically different evaporation fields of Ni and Ag. Future work should

replicate fs-laser mixing of multilayer films using an immiscible metal system where the

components have similar evaporation fields. Candidate immiscible systems [6–8] should

be selected to minimize the difference in the evaporation field of each species[7]. The

Cu-Co system may be acceptable, the evaporation field of Co is 6% higher than Cu. For

comparison, the evaporation field of Ag is 33% higher than Ni.

9.5 Determining the Mechanism for Fs-Laser Stimulated

CNT Nucleation

The precise mechanism of laser stimulated nucleation of CNTs is uncertain. One possible

explanation is that absorption of carbon by causes catalyst to dewet, forming the nanopar-

ticles necessary to nucleate nanotubes. In previous studies using in-situ TEM, nanopar-

ticles transitioned from broad scales of partially reduced FeO to distinct nearly spherical

nanoparticles after the introduction of carbon with the growth gas[9]. Future work should

investigate to determine if the PLV of existing nanotubes provides a source of carbon to

dewet catalyst at an earlier time or with an increased population. TEM foils like in Figure

7.3 should be irradiated with a single pulse shortly after the introduction of carbon and the

initiation of some CNT growth. After irradiation growth should be stopped immediately.

Using conventional TEM the shape of catalyst in the irradiated and pristine regions should

be observed to determine if a larger population of fully formed catalyst nanoparticles exists

in the irradiated region.

Future work should determine if the products of laser breakdown of CNTs play the

primary role in laser enhanced nucleation, as opposed to laser induced heating. First, the

products of laser induced breakdown of CNTs should be examined using optical spec-

troscopy of the ablation plume shown in Figure 7.12. In previous studies the emission of
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blackbody radiation was associated with larger carbon clusters >50 atoms and emission

of characteristic wavelengths and radiation in the swan bands was associated with carbon

ions and radicals [10]. It is very likely that carbon ions and radicals would contribute to

growth of CNTs, while large carbon cluster would not[11]. Second, the role of PLV carbon

in CNT nucleation could be further explored by introducing carbon breakdown products to

the catalyst during growth. A pure target of graphite or compacted carbon nanotubes could

be placed in the furnace next to the catalyst. The surface of the carbon target would be

directed toward the catalyst surface then irradiated at grazing incidence to produce a plume

of laser breakdown products. The plume could be introduced early in the CVD growth step

for a brief period, as in experiments shown in Chapter 7, and the resulting growth would be

compared with laser irradiation of the catalyst.

Future work should determine if absorption of laser light in the catalyst nanoparticles

plays a role in laser stimulated nucleation of CNTs. In Figure 7.7 the terminal length

of CNT stalks sharply declines for irradiation 22 seconds after the start of growth. This

reduction was not associated with the possible role of carbon breakdown products, with

increasing time the amount of available carbon continues to increases. It was speculated

that the reduction in terminal length of the forests was caused by the organization of a

CNT forest that prevented the laser light from reaching the catalyst. The relationship of

absorbed fluence in the catalyst vs forest height should be investigated. The amount of light

incident on the catalyst should be measured during growth by measuring the reflectivity of

the catalyst as CNTs grow. Further, the temperature of catalyst nanoparticles should be

calculated as a function of the absorbed intensity.

The technique of laser stimulated nucleation of CNTs would be most effectively un-

derstood by performing in-situ femtosecond laser irradiation of CNTs in an environmental

TEM holder where CNTs can be produced by CVD growth. The structure of the cata-

lyst could be monitored before and after irradiation verifying that the laser either causes

nanoparticle formation or that irradiation drives a phase change in the nanoparticle. A
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transformation of the catalyst to a phase with higher carbon solubility could be monitored

using HR TEM or Selected Area Diffraction of catalyst in the laser spot. It could also be

determined if CNTs must exist on the surface, as was suggested in Chapter 7.

9.6 Practical Applications of Laser Stimulated Nucleation

of CNTs

A parametric study of the effect of irradiation on CNT growth should be performed with

respect to common factors such as the growth gases and growth temperature. It is important

that the efficacy of laser irradiation as a route to improve growth in poorly controlled sys-

tems is understood. The addition of a simple step such as laser irradiation to dramatically

increase the efficiency of CVD growth of CNT has a substantial economic impact.

Techniques for patterning of laser stimulated growth should be developed. Patterning

of CNT growth with a photomask was demonstrated serendipitously, but should be repli-

cated with forest growth. Irradiation and enhancement of forest terminal length through a

mask could make it possible to produce complicated 3D CNT structures. A single fs-laser

exposure could be used to replace the messy and time consuming process of photolithog-

raphy[12].
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APPENDIX A

Microscopy Methods

A.1 Optical Microscopy

Optical images were collected using a Zeiss Axiotron 2 or Nikon Optiphot. Scale bars

for the different microscopes and objectives were calibrated using a stage micrometer for

transmitted and reflected light (Ted Pella PN 2280-13).

Images of laser induced damage spots were collected using Nomarski differential inter-

ference contrast mode. Nomarski contrast was sufficient to resolve ~20 nm deep damage

craters. Optical images of carbon nanotubes were collected using dark field, for example

in Figure 7.9. The carbon nanotube forests are very efficient light absorbers, in bright field

or Nomarski contrast the topography of CNT forests could not be resolved. A sufficient

amount of light is scattered for very clear dark field images to be collected. Dark field

images would have been a sufficient alternative to SEM imaging of CNT forests for most

purposes including the measurement of CNT stalk height as in Figure 7.7. Optical images

of removal of Ni thin films on glass substrate were collected using bright field. The thinner

Ni film after intrafilm removal was darker than the surrounding 20 nm film. The interface

removal region appeared dark since the illumination was transmitted through the glass sub-

strate. The three tones of contrast in the area of laser damage made it easy to measure the

area of the intrafilm and interface removal regions.
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A.2 Atomic Force Microscopy

Atomic force microscopy is a scanning probe technique that is used to determine the height

of nanostructures. AFM was used to measure the depth of removal craters in Ni, Ni-W,

and Ni-Ag films. A Bruker Dimension ICON AFM at the Michigan Center for Materials

Characterization in the North Campus Research Complex was used. Measurements were

taken using ScanAsyst® mode, a peak force tapping mode that automatically and continu-

ously changes the acquisition parameters of the AFM including the set point amplitude and

peak force. In ScanAsyst® mode ScanAsyst tips were used (Bruker SKU: SCANASYST-

AIR). Using Nanoscope® Analysis by Bruker, AFM scans were flattened and line profiles

of removal craters were collected.

A.3 Scanning Electron Microscopy

SEM images were collected using an FEI Helios 650 NanoLab SEM/FIB at the Michigan

Center for Materials Characterization in the North Campus Research Complex. The instru-

ment provides ~10 nm spatial resolution during regular operation using single lens mode

and the Everhart-Thornley detector. For imaging of CNT stalks an accelerating voltage of

5 kV was used. Higher accelerating voltages caused a large proportion of the beam to be

transmitted through the CNTs making them appear partially transparent. The resolution

could be increased by using immersion mode to increase the collection efficiency of the

detector, FEI advertises a maximum spatial resolution of 6 nm. Before imaging alignment

of beam center, the condenser aperture, and stigmator lenses were performed.
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A.4 Conventional High Resolution Transmission Electron

Microscopy

High resolution conventional TEM was used to characterize CNTs. HRTEM images were

collected using a JOEL 3100C located at the Michigan Center for Materials Characteri-

zation in the North Campus Research Complex. An accelerating voltage of 300 kV was

used.

To measure the distribution of diameters and wall thicknesses of CNTs after growth

from pristine and laser irradiated catalyst, as shown in Figure 7.10, CNTs were distributed

onto 300 Mesh copper TEM grids with a lacey carbon film (Ted Pella PN 01895). Imaging

was performed using a defocus of 100 nm to resolve the interior and exterior edges of the

nanotubes. Because the stalks of CNTs produced in the irradiated areas were so small CNTs

were not distributed in a solvent and sonicated before being distributed on TEM grids. The

CNTs from each area were plucked off the catalyst using tweezers and placed on separate

grids dry. As a result the CNTs were not lying on a flat plane for HRTEM imaging. Despite

a large concentration of CNTs only a few nanotubes were in focus in each image. In the

future, if larger areas of the catalyst could be irradiated and larger amounts of CNTs could

be produced from those areas, TEM grids should be prepared by sonicating the CNTs in a

solvent and then distributing them onto the TEM grid by either sweeping the grid through

the solution or dropping solvent onto the grid. A larger number of measurements could be

made, and therefore better statistics could be gathered regarding the differences of CNTs

in the pristine and laser irradiated areas of catalyst.

In Section 7.2 catalyst was deposited on electron transparent SiO2 support films (Ted

Pella PN 21530-10). Each grid has 24 50x50 µm square windows. CNTs were grown

directly on the windows and the catalyst was irradiated during growth. Images of the

TEM windows were collected using the JOEL 3100C with an accelerating voltage of 300

kV. Low magnification mode was used to capture images at 5000X, this way an entire 50
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micron square window could be captured in a single image. To generate enough contrast

from CNTs on the surface at low magnification a defocus of 2000 nm was used. With

such a large defocus the diameter of nanotubes was greatly exaggerated. However only

the density of nanotubes was of interest, separate nanotubes could be identified on the

surface because the area density of active catalyst was low, even in irradiated regions. It is

probable that CNT growth on the surface of the SiO2 grids was low because the temperature

of the grids was lower than the intended 750 ◦C. It is likely that the SiO2 thin film exhibits

low thermal conductivity limiting heat transport from the edges of the Si wafer support

and that very little of the infrared light emitted from the Si carrier beneath the grid is

absorbed by the transparent SiO2 window. Additionally the thin suspended SiO2 window

will exhibit more efficient radiative cooling than a bulk Si/SiO2 support that was used in all

other experiments.

A.5 Scanning Transmission Electron Microscopy

High resolution cross section Scanning Transmission Electron Microscopy (STEM) of pris-

tine and irradiated multilayer Ni-W and Ni-Ag films was performed using two microscopes.

A JOEL 2100F was used with an accelerating voltage of 200 kV and a JOEL 3100C was

used with an accelerating voltage of 300 kV. The microscopes were located at the Michi-

gan Center for Materials Characterization in the North Campus Research Complex. The

STEM was operated using camera length of 15 cm and with spot size 7c. The High An-

gle Annular Dark Field (HAADF) and Bright Field (BF) detectors were both used. The

HAADF detector primarily shows mass/thickness contrast, also called z-contrast, where

the signal increases for areas of the sample with greater thickness or that contain a larger

concentration elements with higher atomic number. For example, in HAADF images of Ni-

Ag samples with uniform thickness the brightness increases with increasing concentration

of Ag. Bright field images show a combination of mass/thickness contrast and diffraction
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contrast. In general with thicker samples or in a dirty microscope, bright field contrast bet-

ter shows lattice contrast caused by atomic planes and columns in crystals. FFTs of bright

field images were used to measure interplanar spacing and zone axes.

STEM samples of pristine materials were prepared by mechanical grinding and polish-

ing. Samples of the pristine multilayer Ni-W and Ni-Ag films were cleaved and then glued

together using M-Bond™ 610 (Ted Pella PN 16039). with the metal films in contact. final

thinning and polishing was performed using a Gatan 691 Precision Ion Polishing System

(PIPS) with an incident angle of 2 degrees, ion beam energy of 4.5 eV, and cryogenic cool-

ing. Samples in the laser irradiated region were prepared using Focused Ion Beam (FIB)

in-situ liftout[1, 2]. The exact voltages and beam current used for FIB liftout varied with

the substrate material, but the general parameters of the procedure used in this work are

given in References[3, 4]. Final polishing was performed at an incident angle of 2 degrees,

an ion beam energy of 2 eV, and ~1pA/µm2.

A.6 Nanobeam Electron Diffraction

Nano-beam Electron Diffraction (NBED) of the irradiated multilayer Ni-W and Ni-Ag

films was performed using a JOEL 3100C. The microscope was operated in STEM mode

at 300 kV. The size of the condenser aperture was reduced and the condenser Mini lens

setting was modified to create an electron probe semi-angle of 3 milliradians, sufficient to

distinguish individual diffraction spots from Ni, Ag, or W. The STEM probe was 2-10 nm

in diameter depending on the alignment of the microscope. NBED patterns contain disks

instead of sharp spots because the beam is focused not parallel[5].

A.7 Atom Probe Tomography

Samples for atom probe tomography of irradiated Ni-Ag films were prepared using the FIB

liftout technique[6]. Liftout was performed using the FEI Helios 650 NanoLab SEM/FIB
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located at the Michigan Center for Materials Characterization in the North Campus Re-

search Complex. The Ni-Ag films were deposited directly on a sapphire tamper, in this

case a 500 µm thick wafer, then the 1.5 µm thick Ni substrate layer was sputter deposited

on the Ni-Ag layer. To maintain a consistent discussion of the sample response the sub-

strate material is defined as in the positive direction from the irradiated surface with respect

to the propagation direction of the laser beam. Liftout had to be performed through the Ni

tamping layer, but laser damage spots were only visible through the sapphire tamper. In

order to locate the irradiated spot during liftout fiducial marks were machined through the

Ni-Ag/Ni with the fs-laser before irradiation with a single pulse. The fiducial marks were

100 microns away from the irradiated area for TEM or APT examination to prevent modifi-

cation of the pristine layers. Images of the modified laser spot were collected using optical

microscopy thought the sapphire substrate then overlaid with ion beam images gathered

during liftout to locate and extract the laser modified area.

A lamella 25 µm wide, 2µm thick, and 5µm deep was extracted for TEM and APT. One

half of the lamella was used to create atom probe specimens while the other half was used

for cross section STEM. Sections of the lamella 2 µm wide, 2µm thick, and 5µm deep were

placed on Si posts. The sapphire tamper was between the Ni-Ag/Ni film and the Si support

post. It was attempted to produce specimens with a shank angle of ~5◦ to prevent fracture

of the tips because of the insulating sapphire. The final specimens were prepared by a series

of annular milling steps using 30 kV, and final polishing with 5 kV at ~2pA/µm2. Polishing

was ended when the specimen appeared to have 50nm of the Ni Substrate remaining at the

tip.

APT was performed on a Cameca LEAP 4000X HR in laser mode using a pulse energy

of 40 pJ, a detection rate of 5 atoms per 1000 pulses, a base temperature of 50 K, and a

pulse rate of 160 kHz. APT reconstructions and analyses were performed using Cameca

IVAS version 3.6.12. The volumetric reconstruction was created using the voltage evolution

method assuming an initial tip radius of 30 nm and the evaporation field of Ni of 35 V/nm.
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The image compression factor and geometric factor were left at their default values of

1.65 and 3.30, respectively, as no additional information to adjust the reconstruction was

available.
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APPENDIX B

Analysis of CNT Coverage After Irradiation of

CNT Foil

B.1 Preparing Images with Image J

HRTEM images of catalyst on SiO2 TEM windows were gathered after CVD growth. A

2000nm defocus was used to increase the contrast from CNTs. The diameter of nanotubes

was greatly exaggerated, however, only the density of nanotubes was of interest. Sepa-

rate nanotubes could be identified on the surface because the area density of active catalyst

was low, even in irradiated regions. Images were imported into ImageJ. The images were

cropped to 1460x1460 pixels corresponding to real dimensions of 50x50 µm. The bright-

ness and contrast of the images was enhanced. A fourier filter was applied with a pass band

of 7 - 40 1/pixels. The contrast was enhanced to saturate 0.4% of pixels. A threshold image

was extracted and converted to binary that included all the CNTs. The binary image was

skeletonized to represent the CNTs as single pixel lines. The actual CNTs have a diameter

less than the real pixel dimension of ~35 nm.
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B.2 Matlab Code to Construct Histogram of CNT Cover-

age with Respect to Fluence

The following code determines where a non-zero pixels exist in the HRTEM images af-

ter processing with ImageJ, determines the location of those pixels in the array of SiO2

windows, and compares those locations with a map of the local fluence. The size of im-

ages must be 1460x1460 pixels. The scale is 0.0342 µm/pixel. The total coordinate space

encompasses all the windows and the Si3N4 support grid, as shown in Figure 7.3. The

SiO2 windows in HRTEM images were overlaid with the optical image of the Si3N4 grid

and windows in Figure 7.3. The coordinate of the upper left corner of each window was

measured. An optical image of the catalyst underneath the TEM grid exhibiting visibly

enhanced CNT growth in each laser spot was overlaid with the optical image of the Si3N4

grid and windows. The coordinate of the center of each laser spot was measured.

rx=Laser radius minor axis

ry=Laser radius major axis

corners=coordiantes of the upper left corner of the windows

centroids=coordiantes of the center of laser spots

fileindex=variable representing the index of each SiO2 window in a directory

binsize= number of binsof fluence for histogram, 60 for data in Figure 7.4

xshift and yshift= tool to reposition spots and corners, set to zero.

function data=counting(rx,ry,corners,centroids,fileindex,

binsize,xshiftcent,yshiftcent)

%close all

bins(1,:)=linspace(0,.20,binsize);
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bins(2,:)=zeros(1,binsize);

for im=1:24

im

formatSpec = '%d coverage.txt';

imagefile=sprintf(formatSpec,fileindex(im));

image = importdata(imagefile);

image(image>0) = 1;

FmatrixXindex=repmat(linspace(corners(1,im),corners(1,im)

+1459,1460),1460,1);

FmatrixYindex=repmat(linspace(corners(2,im),corners(2,im)

+1459,1460).',1,1460);

Fmatrix=zeros(1460);

%create map of fluence distribution for all 24 windows

Fo=0.2;

theta=3.14159*83/180;

a=cos(theta)ˆ2/(2*rxˆ2)+sin(theta)ˆ2/(2*ryˆ2);

b=sin(2*theta)/(4*rxˆ2)-sin(2*theta)/(4*ryˆ2);

c=sin(theta)ˆ2/(2*rxˆ2)+cos(theta)ˆ2/(2*ryˆ2);

for i=1:20;

dose=Fo.*exp(-(a.*(FmatrixXindex-centroids(1,i)+

xshiftcent).ˆ2-2.*b.*(FmatrixXindex-centroids(1,i

)+xshiftcent).*(FmatrixYindex-centroids(2,i)+
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yshiftcent)+c.*(FmatrixYindex-centroids(2,i)+

yshiftcent).ˆ2));

Fmatrix=max(Fmatrix,dose);

end

%plotting heat map of radiation and cnts

imagesizes=size(image);

imagexsize=imagesizes(1);

imageysize=imagesizes(2);

if imagesizes==size(Fmatrix)

figure;

hold on

mesh(FmatrixXindex,FmatrixYindex,Fmatrix);

view(2);

axis equal;

mesh(FmatrixXindex(1:imagexsize,1:imageysize),FmatrixYindex

(1:imagexsize,1:imageysize),image.*0.3);

hold off

else

end

%end plotting

%counts image pixels that are non zero and records the local

fluence

sizes=size(image);

for i=1:sizes(1);
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for j=1:sizes(2);

if image(i,j)>0;

binstemp=abs(bins(1,:)-Fmatrix(i,j));

[M,I]=min(binstemp);

bins(2,I)=bins(2,I)+1;

end

end

end

end

data=bins.';

%plot histogram data

figure;

plot(bins(1,:),bins(2,:));
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