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Abstract

Laser interactions with metals involve absorption of photon energy by electrons, energy
coupling between electrons and the lattice, and energy transport by diffusion of electrons
and lattice vibrations. During picosecond laser irradiation of metal films, electrons and the
lattice are not in thermal equilibrium. On the other hand, rapid laser heating produces
a large degree of superheating and undercooling during melting and solidification. First,
this work investigates experimentally non-equilibrium heating processes during intense pi-
cosecond laser heating of metal films. Results show excellent agreement with predictions
of the two-step radiation heating model. Second, this work develops a general model to
characterize both non-equilibrium energy deposition and phase change processes. The pre-
dictions show that the non-equilibrium heating processes significantly increase the laser
melting threshold, enlarge the thermal-affected region, reduce the lattice temperature rise,
prolong the phase change duration, and reduce the solidification speed. These results are
important for materials processing using ultrashort pulsed lasers.
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Chapter 1

Introduction

1.1 Motivations

Lasers have unquestionably become an important part of the science and technology
of since their invention. The high energy density and directionality achieved with lasers
permits to observe and control processes on extraordinary spatial and temporal scales. Ex-
amples of their applications including material processing, laser diagnostics, optical com-

munication, optical storage, holography, and medical imaging.

The ultrashort pulsed lasers provide fascinating potentials for material processing due
to their unique features. For example, energy can be concentrated in a temporal interval as
short as a few femtoseconds, which correspond to a few optical cycle in the visible range.
Focusing a 50-fs laser pulse with energy of 0.1 mJ to a 100 pm? area yields an intensity
of 2 x 10! W/cm?. Picosecond and femtosecond lasers have become increasingly impor-
tant tools in manufacturing and bio-medical applications. Examples include nondestructive

testing of microstructures by picosecond ultrasonics [1] and picosecond thermal waves [2],



synthesis of nanocrystalline materials [3], imaging individual molecules [4], and imaging

living cells and tissues [5].

To describe the energy transfer during ultrashort laser irradiation, a two-step radiation
heating model has been developed by Anisimov et al. [6] and Qiu and Tien [7]. This model
has been compared qualitatively with experiments where the lattice-temperature rise is less
than 5°C [8-15]. No work with quantitative comparions between experiments and model
predictions has been reported. Morever, when the energy of laser pulses is high enough,
phase change would occure. During such rapid heating, an extremely high temperature
gradient would cause superheating and undercooling during phase change processes. The

effects of the two-step model on this non-equilibrium melting and solidification have not

been studied.

1.2 Objectives of This Work

The primary objectives in this research are (1) to experimentally determine the ap-
plicability of the two-step model and to establish regimes of non-equilibrium irradiation
heating during intense picosecond laser pulse heating of metal films; and (2) to investigate
theoretically non-equilibrium phase changes, e.g., superheating and undercooling, during

picosecond laser pulse melting of metal films.

Chapter 2 presents the experimental investigations of 35-ps laser heating of gold films.
To determine the validity of the two-step model, surface reflectivity is used in this research
as an experimental parameter to indicate the electron temperature and lattice temperature

during picosecond laser heating. Chapter 3 provides a non-equilibrium energy transfer and
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non-equilibrium phase-change model to describe the intense ultrashort pulse laser-metal
interactions. The results indicate that microscopic energy transfer and phase change are
significant for picosecond laser processing of materials. Chapter 4 summarizes this work

and proposes directions of further research.
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Chapter 2

Experimental Investigations of

Picosecond Laser Heating

2.1 Introduction

Due to the extremely intense energy transfer and short interaction time involved in
picosecond and femtosecond applications, the applicability of the conventional Fourier heat
conduction model is questionable. Anisimov et al. proposed a phenomenological model
to describe microscopic energy transfer during laser-metal interactions [6]. The model de-
scribes absorption of photon energy by free electrons, energy coupling between electrons
and the lattice, and energy transport through diffusion of electrons. This two-step radia-
tion heating model was later derived rigorously from the Boltzmann transport equation by

Qiu and Tien [7}.

Non-equilibrium heating of electrons and lattice during femtosecond-metal interactions

have been observed experimentally [8-15]. For example, rapid reflectivity changes were de-
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tected following femtosecond laser heating pulses. The surface reflectivity reached steady
state within a few picoseconds. The results suggest immediate heating of the electron
system and the subsequent energy transfer between electrons and the lattice. In these
experiments, the lattice-temperature rise is small (less than 5°C). Normalized results are
compared with the theoretical predictions. Direct, quantitative comparisons, however, have
not been performed. By assuming the reflectivity change is proportional to the change of
electron temperature, Qiu and Tien found that the two-step radiation heating model can
be used to accurately predict electron temperature and reflectivity changes during weak
femtosecond laser heating [7,15]. The applicability of the two-step model during intense

ultrashort light-metal interactions, however, has not been experimentally tested.

For picosecond laser applications, the significance of non-equilibrium electron-lattice
heating has not been well understood. Eesley observed strong non-equilibrium electronic
heating during 8-ps laser pulse heating in copper [9]. For relatively long and weak laser
pulses (160 ps), Elsayed-Ali and Herman found that the effect of non-equilibrium radia-
tion heating is small [16]. On the other hand, Rosenfeld and Campbell found that non-

equilibrium electronic heating is significant even for 130-ps laser pulses at high intensities

[17].

The objective of this chapter is to determine the applicability of the two-step model and
to establish regimes of non-equilibrium radiation heating during intense picosecond laser
pulse heating of metal films. The relationships between reflectivity changes and electron
and lattice temperatures were first established. Reflectivity changes of gold films during and

after 35-ps laser pulse heating were then measured and compared directly with predictions

13



based on the one-step (Fourier model) and two-step model.

2.2 Experimental System

Temperature measurements during ultrashort light-material interactions are challeng-
ing. A lattice-temperature probe with 160-ps resolution was demonstrated based on the
reflection high-energy electron diffra.ction technique [16]. Wang et al. measured electron
temperature in a highly excited gold target using femtosecond thermionic emission [14].
Surface reflectivity is used in this work as an experimental parameter to indicate electron

temperature and lattice temperature during picosecond laser heating.

Figure 2-1 shows a schematic diagram of the experimental system. A YAG laser is used
to generate 35-ps laser pulses (full width at half maximum) at 532 nm. The origiral laser
pulse is split into three pulses by beam splitters BS1 and BS2: an intense heating pulse, an
reference pulse, and a probe pulse. The intensity of the probe and reference pulses is less
than 1% of the heating pulse. As a result, the probe and reference pulses do not produce
additional heating effect. The reference pulse is to determine the pulse energy. The delay
between the probe and heating pulses can be varied from 0 ps to 1000 ps by changing the
optical-path-length of the probe beam. The probe and heating laser pulses are focused onto
a 1-pm thick gold film with a spot diameter of 0.43 mm. The film was deposited on a Si

wafer by electron beam evaporation in high vacuum.

The intensities of the reflected reference and probe pulses are reduced by neutral den-

sity filters (N.D.) and are then detected by two photodetectors (D1 and D2). To minimize
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Figure 2-1: Experimental setup.
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interference of the intense hea.ting pulse on photodetection, the polarization of the reference
and probe pulses are rotated 90 degree relative to the heating beam, and the scattered
heating beam is blocked from entering the detectors by two polarizers (P2 and P3). The
heating beam is s-polarized, and the probe beam is p-polarized. The angles of incidence of

the heating and probe beams are 30° and 26°, respectively.

The photodetectors are calibrated by a power meter. The fluence of the incident heating

pulse, Jj, is correlated to the fluence of the reflected reference pulse, Jy¢, which is measured

by detector D2,

Jh. = alJref (2.1)

where a; is a correlation constant. The fluence of the incident probe beam, Jp;, and the
fluence of the reflected probe beam when the heating pulse is blocked, Jy2, are also correlated

to the reflected reference beam,

T = agres (2.2)

Jp2 = a'3Jref (2.3)
Reflectivity of the film for the probe beam at room temperature, Ry, can be deduced as
J,
Ry = 2228 (2.4)

The measured value of Ry is 0.68. It agrees well with Ry predicted based on the refractive

index of pure gold for p-polarized light at 532 nm at the angle of incidence of 26°
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During picosecond laser pulse heating, the surface reflectivity change at a particular
delay time can be deduced from the measured fluence of the reflected probe pulse, Jp3,

which is measured by detector D1,

AR(t) _ R(t) — Ry — Jp3 — Jp2 (2.5)

RO RO Jp2

2.3 Energy Transfer Models

Both the one-step and two-step radiation heating models are used to simulate energy
transfer processes under the experimental conditions. Since the laser beam diameter (0.43
mm) is much larger than the film thickness, heat conduction parallel to the film surface can
be neglected. The electron temperature (T,) and lattice temperature (7;) of the film can

be described by the one-dimensional, two-step radiation heating model,

X AL %(keaaf)—c(Te—ﬂ>+s(x,t) (2.6)
am%E = 5 (W) +6@-1) 27

where G characterizes energy exchange between electrons and the lattice, = is the distance
measured from the film surface, and C, and C; are the electron heat capacity and the
lattice heat capacity, respectively. The temporal shape of laser pulses can be approximated
as Gaussian. As the maximum reflectivity change during laser pulse heating is less than
7%, the temperature dependence of radiation absorption is neglected here. As a result, the

volumetric laser pulse heating term, s(z,t), can be descried as Gaussian and independent
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of temperature,

2
94
s(z,t) = 0 gtp‘gabs exp [—% - 2.77 (ti) } (2.8)
P

where § is the radiation penetration depth, and J,ps is the laser fluence absorbed by the
film, Jgps = (1 — R,)Jy. For the s-polarized heating beam, the reflectivity of the gold film,

R, is found to be 0.74 in this work.

Since the thermal diffusion depth in gold within 1 ns is around 0.3 pum, shorter than the
film thickness, the effect of silicon substrate on picosecond laser heating of the film is neg-

ligible. Both the front and back surfaces of the film can be modelled as insulting boundaries.

For comparison, the conventional one-step radiation model is also simulated,

C(T)%T? - 5% (k%TE) + 5(z, 1) (2.9)

Both the two-step and one-step models are solved numerically with the semi-implicit Crank-
Nicholson scheme. Parameters used in simulations are listed in table 2.1. The reported
temperature dependent thermal conductivity, k£(7}), and lattice heat capacity, C;, are used
[18,19]. For pure gold, free electrons contribute 99% of total heat conduction [20]. Thermal

conductivity of the lattice system is
k(L) = 0.01k(Th) (2.10)
Thermal conductivity of free electrons is affected by both the electron temperature and

18



Table 2.1: Parameters used in simulation.

Initial temperature (Tp) 300 K

Laser pulse duration (tp) 35 ps

Film thickness (L) 1 pm

Electron heat capacity at To(C.(T.) = 7T.) 2.1x10* Jm=3K~!
Electron-lattice coupling factor G 2.6x10'¢ Wm—3K~1
Radiation penetration depth (4) 20.6 nm

lattice temperature [14],

Te

15T (2.11)

k(T.,T1) = 0.99(T})
where B = 0.0001 K™1.

Figure 2-2 preseﬁts predicted surface temperatures during 35-ps laser pulse heating.
The absorbed laser fluence is 10 mJ/cm2. The two-step model predicts significant non-
equilibrium heating during the initial 100 ps. After the initial 200 ps, the surface tempera-

tures of the lattice predicted from the one-step model and two-step model are identical.

2.4 Temperature Dependence of Reflectivity

Reflectivity of metals is a weak function of temperature. From a microscopic point of
view, the lattice temperature affects gaps between energy bands, and the electron temper-
ature determines the distribution of electrons. Parkins reported optical pf0perties of gold
at 532 nm at 78 K, 22°C and 152°C [21]. Figure 2-3 shows the calculated temperature

coefficient of reflectivity,
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1dR _ R(Ty) — R(T)

Rar ~ RO - 1) (212

o =

based on Parkins’ data for s- and p-polarized light beams averaged over the temperature

range from 77 K to 152°C.

In this work, the temperature coefficient of reflectivity is deduced experimentally. After
the initial 200 ps of laser pulse heating, both the one-step and two-step models predict iden-
tical temperatures. The dependence of the surface temperature on laser fluence, (a—_‘f—f;)t,
can be predicted accurately. At a fixed time delay, the dependence of reflectivity on laser flu-

ence is measured, (m‘-i%;)t. The temperature coefficient of reflectivity then can be deduced

from the slopes of the measured reflectivity curve and predicted temperature curve,

1dR dR  dJgps

RdT ~ RdJy, dT (2.13)

Q =

The temperature coefficient of reflectivity deduced at different delay times is presented in
Table 2.2. These deduced values are consistent with that calculated based on Parkins’ data,
—2.5 x 1074 K~1, averaged over the temperature range from 78 K to 152°C for p-polarized
light at the angle of incidence of 26°. As expected, the deduced temperature coefficient is

independent of the delay time within the experimental error.

Table 2.2: Temperature coefficient of reflectivity of gold at 532 nm.

Delay time (ps) 200 300 400 600 800 1000
Temp. range (K) | 300-500 | 300-510 | 300-490 | 300-460 | 300-440 | 300-425
o x 105 (K-1) | —26 | —27 | —27 | —27 | —274 | —22

22




When the electron and lattice systems are not in thermal equilibrium, the surface re-

flectivity change is affected by both the electron temperature and lattice temperature,

%05 = oy[a(Tes — To) + (1 — a)(Ti, — To)] (2.19)

where T, s and Tj ; are the electron temperature and lattice temperature at the film surface,
respectively. The percentage contribution of the electron system to the total reflectivity
change, a, is found to be 18% by comparing measured reflectivity change at ¢4 = 0 ps with

predicted electron and lattice temperatures (Fig. 2-4).

2.5 Picosecond Laser Heating

This section compares model predictions directly with experimental results to evaluate
the applicability of the one-step and two-step radiation heating models during picosecond

laser heating. The predicted temperatures are used to calculate transient reflectivity.

Figure 2-5 shows the typical temperature profiles near the film surface at 0 ps and 50
ps during 35-ps laser pulse heating. Both the electron temperature and lattice temperature
are uniform within the 20-nm radiation penetration depth. As a result, the effect of tem-
perature gradients on reflectivity can be neglected {22], and the transient reflectivity can be

determined by the electron and lattice temperatures at the surface.

Due to the finite duration of the probe pulse, the measured reflectivity change is the

23
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convolution of transient reflectivity over the duration of the probe laser pulse,

o 2
AR(t) — 1.06 ot {a [T, s(1) — To] + (1 — @) [T1,5(7) — To]} exp {—2.77 (T _ t) } dr
Ry tp J-oo tp

Figure 2-6 compares measured and predicted reflectivity changes during 35-ps laser pulse
heating. The absorbed laser fluence is 10 mJ/cm?. Prediction of the two-step radiation
heating model agrees well with the experimental results during the entire time span, from 0
ps to 1000 ps. On the other hand, the one-step, Fourier model over-predicts the reflectivity
change by as large as 90% during the initial 100 ps of laser pulse heating. After the initial
200 ps, both models agree well with experimental results. The results show that 35-ps laser
pulse heating of gold films involves significant microscopic energy transfer processes. It takes
about 200 ps for electrons to reach thermal equilibrium with the lattice. The two-step model
predicts a maximum lattice temperature of 220°C which occurs well after the end of the
heating laser pulse (Fig. 2-2). By neglecting microscopic energy transfer steps between pho-
tons, electrons and the lattice, the Fourier model predicts a maximum lattice temperature

of 690°C near the end of the laser pulse. The lattice temperature is over-predicted by 300%.

Figures 2-7 and 2-8 present transient reflectivity changes of the gold film during pi-
cosecond laser heating at lower and higher laser fluences. At the absorbed laser fluence
of 4 mJ/cm? and 20 mJ/cm?, the maximum lattice temperature rise is around 100°C and

450°C, respectively. The two-step model agrees well with the experimental results within

this temperature range.
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2.6 Conclusions

Picosecond experiments have been conducted to investigate energy transfer mechanisms
during intense laser pulse heating of metal films. Measured reflectivity changes are compared
with model predictions. Results show that microscopic energy-transfer processes between
photons, electrons and the lattice have significant effect during picosecond laser-metal in-
teractions. The two-step radiation heating model of metals is found accurate during intense

as well as weak laser pulse heating over the entire picosecond regime.
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Chapter 3
Noh—equilibrium Phase Change

3.1 Introduction

Short-pulse lasers have been applied widely in material processing due to their excel-
lent capability to precisely control the size of the heat-affected region, heating rate, and
solidification speed. Examples include laser surface-hardening, laser annealing, and laser
micro-machining. Phase change is a crucial phenomenon in short-pulse laser processing of
materials. For laser microfabrication, it is important to accurately control the size of the
melting region to avoid thermal damage to surrounding devices. In laser annealing and
laser hardening applications, it is necessary to accurately control the solidification speed to
achieve the desired microstructures of materials. During long-pulse laser processing, melting
and solidification processes can be described by conventional thermal miodels [24,40]. For
ultrashort-laser-pulse processing of materials, the applicability of these macroscopic models

is subject to question [6].

Laser melting of metal films involves three important microscopic processes: (1) absorp-
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tion of photon energy by free clectrons, (2) energy transfer between electrous and the lattice
[6,7], and (3) initiation of phase change of the lattice. In applications of ultrashort laser
pulses, these microscopic processes become important. For example, when the laser-pulse
duration is comparable with or less than the electron-lattice thermalization time, which is
typically of the order of picoseconds for metals, electrons and the lattice are not in thermal
equilibrium during the laser-heating process. Such non-equilibrium energy-deposition has
been found significant during picosecond and femtosecond (10~!s) laser heating [8,12,15].
On the other hand, rapid phase-change phenomena are often controlled by nucleation dy-
namics instead by heat transfer at the liquid-solid interface. During rapid melting, the
interface can be heated well above the melting temperature (superheating); while during
rapid solidification, the interface can be cooled far below the melting point (undercooling).
These non-equilibrium phase-change phenomena have also been observed during picosec-
ond laser melting processes [26,38]. Effects of non-equilibrium energy deposition on phase

change, however, have not been studied.

This chapter is to develop a general model to characterize both the non-equilibrium
electron-lattice heating process and the non-equilibrium phase-change process for ultrashort-
laser-pulse processing of metal films. Picosecond laser melting of gold films is simulated to

illustrate the importance of microscale energy transfer.
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3.2 Non-equilibrium Energy Deposition and Non-equilibrium

Phase Change Model

Deposition of photon energy and initiation of phase change are the two fundamental
processes in laser melting. From a microscopic point of view, laser energy is first absorbed
by free electrons and then transferred to the lattice through electron-lattice collisions. A

two-step radiation heating model has been described in the previous chapter (Eq. 2.6 and

2.7).

At sufficiently high laser power, the melting process can be initiated. During a slow

phase-change process, the interface velocity is heat-flow controlled,
L = —(kVD) + (kVT)® (3.1)

where superscript s and [ represent the solid phase and the liquid phase, respectively, L,
is the latent heat of fusion per unit volume, and % is the interface velocity. During a rapid
phase-change process, however, the interface velocity is controlled by nucleation dynamics
(Cerny et al., 1991), which can be characterized by the transition state theory (Jackson
and Chalmers, 1956; Turnbull, 1962). In this work, the modified transition state theory

proposed by Tsao et al. (1986) is used to describe the interface velocity,

- __9 (_E)_ __Lm
u = usf exp( kal’im) [exp T €xp Rl (3.2)

where u; is the maximum interface velocity, f is the fraction of sites at the interface where

rearrangement of atoms can occur, @ is the activation enthalpy per atom, AS is entropy

33



difference per atom between the liquid state and the solid state, L,, is the latent heat
of fusion per atom, k; is the Boltzmann constant, and Tj ;. is the lattice temperature at
the interface. At a liquid-solid interface, there exists a continuous interchange of atoms
between the two phases. Atoms in the liquid phase release the latent heat and rearrange
themselves to form crystals. The rate of this solidification process is governed by the entropy
difference between the ordered solid state and the disordered liquid state, exp(—AS/ky).
On the other hand, atoms in the solid phase absorb energy and become disordered. This
melting process is controlled by the enthalpy barrier between the liquid and solid phases,

exp(—Lm/kpT1int). The net rate of atoms solidified or melted is, therefore, proportional to

exp(—AS/ky) — exp(—Lm/ksT1 int)-

For most metals, the fraction, f, is near unity [30], and the interface velocity is limited
by collisions of atoms at the interface [34]. The maximum interface velocity, ug, is approxi-
mately the speed of sound in the liquid phase [23,32]. Homan et al. [28] measured melting
velocities in gold films and found that the activated enthalpy, @Q, is zero for gold. Using
the relation of AS = L, /Ty, where Ty, is the melting temperature, equation (3.2) can be

rearranged as

. Lm Tm - T,l,int
u = Vb[l exp( T T )] (3.3)

where Vp equals to us exp(—Lm/kyTm).
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3.3 Numerical Simulations

Picosecond laser melting of free-standing gold films is simulated in this work to illustrate
the importance of non-equilibrium energy-deposition on ultrashort-laser-pulse processing
(Fig. 3-1). During picosecond laser melting, the heat penetration depth in metals is much
smaller than laser-beam diameters. Laser melting of metal films, therefore, can be described

as a one-dimensional process.

The initial conditions for electrons and the lattice used for simulation are

T.(z,~2,) = Tilz,~2t)=Tp (3.4)

During picosecond laser melting, heat losses form film surfaces can be neglected, resulting

in thermal-insulation conditions.

oTe = ey =My
5208 = STy =20, =ZLL,=0 (3.5)

The temporal shape of a laser pulse is assumed as Gaussian and the absorbed photon
energy is then described by Eq. (2.8) The current two-step model consists of two coupled
energy equations (Eq. 2.6 and 2.7) and a nonlinear interface-velocity equation (Eq. 3.3),
and the conventional one-step model consists of an energy equation (Eq. 2.9) and the

interface-velocity equation (Eq. 3.3). Both models are solved numerically in this work.

During laser melting, the local thermal state of materials, e.g., energy and phase, cannot

be uniquely determined by temperature. An enthalpy variable is thus necessary to char-
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Figure 3-1: Schematic diagram of picosecond laser melting of a metal film
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acterize energy of the lattice system [27,33]. By introducing the enthalpy as a variable,

equation (2.9) in a one-dimensional form becomes
—(k=)+S (3.6)
and equation (2.7) can be re-written as

%= 2 rem-m (3.7)

= %"%

These energy equations are then transformed into finite difference equations by integration
over each control volume (Fig. 3-2) and over a small time interval. The electron and
lattice temperatures and material properties are assumed uniform in each control volume.
The heat flux, ¢;—; , crossing the interface between two control volumes, i — 1 and i, is
determined by the temperature difference, T;_; — T;, and an effective thermal conductivity,
kesji-1. The effective thermal conductivity, kess i1, is evaluated from the conductivity of

the two control volumes, k;_; and k;, as

2k; ki
kefsic1 = E_—:—i—i—}- (3.8)

If a control volume contains both solid and liquid, its thermal conductivity of this control

volume is determined as

kskt

rhl + (1 —r)ks (3.9)

where r is the fraction of solid in the control volume.
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Table 3.1: Time steps and number of grid points used in simulation

20 ps 1ps
one-step two-step | one-step two-step
time step (ps) 0.005 0.05 0.005 0.05
grid number 800 2500 800 2500

The forward Euler method is used first to estimate the interface velocity, u, solid fraction,
r;, and enthalpy Hj, in each control volume. The lattice temperature, T} ;, is then determined

from the enthalpy-temperature relation,

Hi(T;) = rH'(T)+ (1 —r)HY(Ty;) (3.10)

The enthalpy-temperature relation, H*(T;) and H'(T}) used in this work is calculated from
the heat capacity data and is shown in Figure 3-3. Second, the electron temperature is
solved from the energy equation of electrons by semi-implicit scheme. The temperatures at
the present time step and the previous time step are then used to determine the averaged
material properties, interface velocity, and heat flux between these two time steps. The
solution steps are repeated with the updated values until both the electron and lattice
temperatures reach convergence requirements (AT,/T.o < 1074 AT, /Tio < 1075). The
corresponding time steps and the number of grid points used in simulation are given in
Table 3.1. The total increase of energy in the electron and lattice systems is compared with

absorbed radiation energy,

S(z,t)dtdz (3.11)

/L t
0 J-2t,

The difference is within 0.1% in this work.
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40



Table 3.2: Physical properties of gold used in simulation

Initial temperature (Tp) 300 K

Electron heat capacity at To(C.0) 2.1x10% Jm—3K~!

Electron-lattice coupling factor G #2.6x10!®* Wm—3K !
!3.1x10'® Wm—3K~!

Reflectivity (R) 0.6
Radiation penetration depth (4) 20.6 nm
Melting point (Ty,) 1336 K
Limit velocity (V) 1300 ms™!

s: Solid state; I: Liquid state

Table 3.3: Thermal conductivity of gold [18]

Solid Phase® Liquid Phase®
Temperature Thermal Temperature Thermal

conductivity conductivity

(K) (Wm™'K™1) (K) (Wm™'K™)

300 315 1336 105

500 309 1400 106

600 304 1500 109

800 292 1600 112

1100 271 1800 116

1200 262 2000 120

1300 251 2400 124

1336 247 2600 125

The physical properties of gold used in this simulation are given in Table 3.2, Table 3.3,
and Figure 3-3. Note that the electron heat capacity is proportional to the electron tem-
perature [31]. In metals, both free electrons and the lattice contribute to heat conduction.
The conventionally measured thermal conductivity, &, is the sum of the electron thermal
conductivity, k., and the lattice thermal conductivity, k;. In gold, k. is ninety-nine percent
of k, and k; is only one percent of k¥ [20]. Since atoms in the liquid phase do not have
long-range orders, electrons collide more frequently with liquid atoms as compared to pe-
riodically arranged atoms in solid crystals. The electron-lattice coupling factor of molten

gold is assumed, therefore, to be 20% above the value of solid gold in this work. Because
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of the lack of thermal properties of superheated or undercooled gold, material properties at

the melting point are used for these non-equilibrium states.

3.4 Results and Discussion

Figure 3-4 shows the predicted surface temperature of a 1 um gold film during 20-ps laser
melting based on both the current two-step model and the conventional one-step model.
In the one-step model, absorbed photon energy is converted directly to lattice energy, and
the surface temperature follows the temporal shape of the laser pulse. On the other hand,
The two-step model predicts a delayed response of the lattice temperature since photon
energy is absorbed first by electrons and then transferred to the lattice gradually through
electron-lattice collisions.

During picosecond laser heating, non-equilibrium electrons carry absorbed photon energy
far away from the radiation-absorption region before these electrons transfer absorbed pho-
ton energy to the lattice. This non-equilibrium energy-deposition process leads to a much

larger heat-affected region and a much smaller temperature rise of the lattice.

For the one-step model, there is a kink in the graph corresponding to 130 ps time delay.
This point indicates the end of the solidification process since the thermal conductivity in

the solid state phase is different from that in the liquid phase.

Figure 3-5 presents the transient melting depth, interface temperature, and interface
velocity during 20-ps laser melting of a 1 um gold film. The one-step model and the two-

step model predict significantly different results. First, based on the conventional one-step
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model, the film surface always starts melting during laser pulse irradiation; while based on
the current two-step model, the melting process is initiated near or after the end of laser
irradiation. This two-step model prediction is consistent with the observed picosecond delay
of the initiation of melting during 20-ps laser melting of free-standing aluminum films [39].
Second, the latter model predicts a melting duration about four times longer than that from
the former model, which could explain that the measured melting duration is several times
longer than that predicted from the conventional one-step model [32]. Third, the two-step
model predicts significantly smaller superheating and undercooling, about 200 K and 30
K, respectively, compared to those predicted from the one-step model, around 750 K and
250 K, respectively. Consequently, the maximum melting velocity and solidification speed
based on thg two-step model are 200 m/s and 50 m/s, respectively, much smaller than those

predicted from the one-step model (770 m/s and 320 m/s).

Figure 3-6 shows the temperature profiles in a gold film during 20 ps laser melting. In
one-step model predictions, since laser energy is converted to lattice energy directly, the
maximum temperature occurs always at the film surface. On the other hand, The two-step
model predicts the existence of a maximum lattice temperature within the film. During the
melting process, the solid material beneath the liquid-solid interface can be superheated
by photo-excited electrons well above the interface temperature. During the rapid solidi-
fication process, release of the latent heat of fusion raises the interface temperature above

temperatures of the surrounding solid and undercooled liquid.

Although the superheating of the solid can be as high as several hundred degree, the

period of time that the solid stays at the superheating state is only about 200 ps. Therefore,
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the possibility of volumetric phase change is very low and phase change occurs mainly at

the interface.

Figure 3-7 presents the predicted surface temperature of a gold film during 1-ps laser
melting. The thermal penetration depth based on the one-step model can be approximated
as the sum of the radiation penetration and the thermal diffusion length, § + \/at,, which
decreases with the decrease of laser-pulse duration. As a result, a higher temperature rise is
produced during 1-ps laser melting compared to 20-ps laser melting even at a lower energy
level (Fig. 3-4). The two-step model, however, predicts a distinctively different dependence
of surface temperature rise on laser pulse duration. A shorter laser pulse produces a stronger
non-equilibrium heating process and a greater effective thermal conductivity of electrons

(Eq. 2.11), which in turn gives rise to a larger thermal-affected region and a smaller lattice

temperature rise.

Figures 3-8 and 3-9 show transient phase change during 1-ps laser melting of a 1 um gold
film. By reducing the laser pulse duration by a factor of 20 from 20 ps to 1 ps, the melting
depth is reduced to 3.8 nm and 3.2 nm based on the one-step model and the two-step model,
respectively. These melting regions are composed of only about ten layers of gold atoms,

indicating that picosecond laser pulses can be used to process materials with atomic scale

precision.

In continuous-wave and leng-pulse laser applications, e.g., the surface hardening and
wear-resistance coating, a high solidification speed is often required to form a thin layer

of surface material of novel microstructures. The laser-material interaction time is often
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reduced in order to increase the solidificatio: speed. The current two-step model, however,
shows that for picosecond laser applications, both the melting speed and solidification speed
cannot be increased by using laser pulses of a shorter duration. Instead, by reducing the

pulse duration from 20 ps to 1 ps, the solidification speed is reduced from 50 m/s to 15 m/s.

The temperature profiles in the gold film during 1-ps laser melting show a significant
non-equilibrium energy-deposition process (Fig. 3-9). At time t=15 ps, which is well after
laser pulse irradiation, a significant amount of absorbed laser energy is still stored in the
electron system. It takes about 50 ps for electrons and the lattice to reach thermal equilib-

rium.
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3.5 Conclusions

In this chapter, a general two-step laser melting model for applications of ultrashort
laser pulses was developed. The non-equilibrium energy-deposition process is described by
the coupled electron system and the lattice system, and the non-equilibrium phase-change
process is characterized by a modified transition state theory. During picosecond laser melt-
ing of a gold film, electrons and the lattice are not found in thermal equilibrium. The high
mobility of non-equilibrium electrons gives rise to a much larger thermal-affected zone and
smaller lattice temperature rise, which in turn significantly reduces the interface velocity
and prolongs the melting duration. These results indicate that microscopic energy transfer

and phase change are significant for picosecond laser processing of materials.
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Chapter 4

Conclusions and Future Work

4.1 Conclusions of Current Work

In chapter 2, picosecond experiments have been conducted to observe energy transfer
processes during intense laser pulse heating of metal films. Measured reflectivity changes in-
dicate that microscopic energy transfer mechanisms have significant impacts during picosec-
ond laser-metal interactions. The two-step radiation heating model for metals is demon-
strated to be accurate during intense ultrashort laser pulse heating. This is the first work,
according to the author’s knowledge, to compare quantitatively the experimental results

with model predictions.

In chapter 3, a general non-equilibrium energy deposition and non-equilibrium phase
change model was developed. During picosecond laser melting of ;x metal film, the high
mobility of non-equilibrium electrons lead to a much larger thermally affected region and
lower lattice temperature rise, which in turn increases the melting threshold, reduces the

interface velocity, and prolongs the phase change processes.
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4.2 Future Work

An theoretical model is needed to describe optical properties of material during non-
equilibrium laser heating. Temperature dependence of optical properties has been widely
studies. These works, however, were bascd on thermal equilibrium conditions and are not
accurate when the materials are not in thermal equilibrium. It is not clear the relative con-
tributions of electrons and the lattice on the temperature effect. For example, the electron
temperature in metals affects the optical properties by affecting electron distributions. On
the other hand, the lattice temperature affects the lattice spacing and the vibrations of the

ions themselves, which results in distortions of the energy band.

Future research is needed to investigate experimentally the validity of the non-equilibrium
phase change theory. Based on the current experimental setup, a longer time delay is nec-

essary to observe the complete phase change processes.

Laser interactions with semiconductors and insulators are an important topic, not only
for fundamental research but also for industry applications. How to characterize energy
transfer and phase change during ultrashort pulse laser irradiation is an inevitable question

to develop more reliable and accurate picosecond and femtosecond technologies.
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