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PREFACE

This book arose from the SPIE series of High Power Laser Ablation
Symposia which began in 1998. It is intended for a graduate course in laser
interactions with plasmas and materials, but it should be accessible to anyone
with a graduate degree in physics or engineering. It is also intended as a major
reference work to familiarize scientists just entering the field with laser
ablation and its applications.

Selecting topics which are representative of such a broad field is difficult.
In this volume, we have tried to emphasize the wide range of these topics
rather than - as is so often the case in advanced science — focusing on one
specialty or discipline.

We have, somewhat arbitrarily, divided the book into four sections. The
first emphasizes theory and modeling. Subsequent chapters cover ultrafast
interactions, material processing and laser-matter interaction in novel regimes.
The latter range from MALDI to ICF, SNOM’s and femtosecond nanosurgery
to laser space propulsion.

These sections are obviously not mutually exclusive, For example, ICF is a
subset of laser ablation science at terrific intensity and energy, where laser
ablation pressure can actually compress solid matter to a thousand times
normal density. S. Nakai and K. Mima, representing the very successful
Japanese ICF program, have graciously agreed to summarize ICF in chapter
14. Although this chapter appears in the “novel regimes” chapter, ICF is also
based upon some of the most complex theory and modeling in the past 40
years. This theoretical effort began with Ray Kidder in the U.S., who
predicted breakeven would require 1.6MJ in 1965, and Nakai nd Mima in
Japan. Showing the importance of sound theory, Kidder’s prediction was
within a factor of two of the requirements for the National Ignition Facility
(NIF) today. On the other extreme of laser intensity, but at the samec
microscopic scale, B. Chichkov summarizes the amazing results in
microfabrication in chapter 6. Clearly, this work is part of “material
processing” as well as “ultrafast interactions,” but we have put it in the
ultrafast section because fs-duration pulses are a unique aspect of the work.
As you will see, this chapter also includes reviews of ultrafast measurements
of the properties of shocked materials, time- and space-resolved spectroscopy
and physical chemistry. Similarly, A. Vertes’ chapter on MALDI, DIOS, and
nanosctructures has aspects in common with material processing and with B.
Chichkov’s chapter. B. Luk’yanchuk’s chapter on laser cleaning of
nanoparticles has something in common with the chapter by Bounos, et al.
regarding art restoration, etc.



viii Preface

We sincerely hope you enjoy this book, and that you adopt it as the
valuable reference work we believe it is. We intend it to be your toolbox of
references to this diverse and exciting field.

Finally, I would like to dedicate this book to Prof. Boris Luk’yanchuk,
whose idea it was. He helped immeasurably during the process of its creation.

Claude Phipps
Santa Fe, NM
April 30, 2006
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Chapter 1

NUMERICAL SIMULATION OF THE EXPANSION
INTO VACUUM OF A CRYSTAL HEATED BY AN
ULTRASHORT LASER PULSE

S.I. Anisimov, N.A. Inogamov, Yu.V. Petrov
L.D. Landau Institute for Theoretical Physics, Russian Academy of Sciences, 119334,
Moscow, Russia

V.V. Zhakhovskii, K. Nishihara,
Institute of Laser Engineering, Osaka University, Osaka 565, Japan

1. INTRODUCTION

During the last few years, a considerable body of work has been
published devoted to experimental study and numerical simulation of the
interaction of ultrashort (picosecond and femtosecond) laser pulses with
absorbing substances (see, e.g., von der Linde, 2000; Sokolowski-Tinten,
1998a, 1998b; Stuart, 1996; Anisimov, 1997; Inogamov, 1999; Anisimov,
2003; Zhakhovskii, 2000; Temnov, 2004; Hashida, 2002; Zeifman, 2002;
Lorazo, 2003). It follows from the above papers that at short pulse length the
process of laser-matter interaction is taking some new features. The most
important of them lies in the fact that the processes of light absorption,
electron heat transfer, and hydrodynamic ablation have different time scales
and can be considered independently of one another.

The character of hydrodynamic motion and profiles of pressure differ
dramatically in the cases of long, = >d7/c,, and short, 7 <dp/c,, pulses. Here,
T is the laser pulse length, dy is the thickness of the layer heated by the
electron thermal wave, and ¢, is the sound speed. In the case of long pulse,
the target is unloaded, the pressure is low and the ablation is determined by
surface evaporation. In the case of short pulse, the situation is completely
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different. The ablation is governed by hydrodynamic motion caused by
thermal expansion due to laser energy absorption. At the beginning of
hydrodynamic stage, t < 7, the pressure is relatively high because thermal
stress is “confined” within a hot surface layer. The absorption of laser
radiation occurs in a time 7, that in typical cases (von der Linde, 2000;
Sokolowski-Tinten, 1998a, 1998b) comprises about 100 fsec. Laser energy
is absorbed by electrons and transferred to cold material by electron heat
conduction. Simultaneously energy exchange between electrons and the
lattice takes place. Noticeable hydrodynamic motion occurs at the time of
the order of 77, which exceeds in typical cases the electron-lattice relaxation
time 7,; ~ 1 — 10 psec. Thus, during the hydrodynamic stage electron and
lattice temperatures are approximately equal.

The simplifications that follow from the above described scheme have
been used in theoretical works (Inogamov, 1999; Zhakhovskii, 2000;
Anisimov, 2003), where the ablation was considered in the frame of a one-
temperature model. In this connection one should note that several
interesting attempts have been made (see, e.g., Zeifman, 2002; Lorazo,
2003) to consider laser absorption, electron-phonon relaxation, phase
transitions, and hydrodynamic motion in the frame of unified “hybrid”
model. It is apparent that the construction of such a model encounters some
obstacles since the laser absorption and electron-phonon relaxation are
quantum processes, while the ablation is a classical process. As far as is
known to the authors of the present paper, the problem of unified description
of all stages of laser-matter interaction was not successfully resolved in all
“hybrid” models proposed. It is difficult to estimate real accuracy of
“hybrid” models. One can expect that such models ensure, at best, a
qualitative picture of interaction of ultrashort laser pulses with matter. For
quantitative consideration of the problems of light absorption and electron-
phonon relaxation, quantum kinetic equation should be solved (see, e.g.,
Lugovskoi, 1999; Rethfeld, 2004). It should be noted that the Umklapp
processes play a determining role in lattice heating, which significantly
reduces the electron-phonon relaxation time (Petrov, 2005).

It is natural to consider the expansion of hot surface layer in
hydrodynamic approximation (Inogamov, 1999) since the thickness of this
layer is much larger than the mean free path of atoms (which is of the order
of interatomic distance). This brings up, however, the question relating to the
role of metastable states in the two-phase system of condensed phase-vapor.
Usually, this question is solved by addition of a semi-phenomenological
kinetic equation to the set of hydrodynamic equations. The parameters of the
kinetic model are taken from the comparison of calculations with
experiment. More attractive is this different way based on the solution of
equations of motion of individual atoms (molecular dynamics). This method
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does not require one to fit theoretical model to experimental data. This
approach was employed in (Zhakhovskii, 2000) to check the validity of
simplifications assumed in (Inogamov, 1999).

In the works (Inogamov, 1999; Zhakhovskii, 2000; Anisimov, 2003), the
structure of expansion flow of instantly heated uniform layer is elucidated. It
is shown that a thin shell of condensed matter is formed on the external edge
of an expanding cloud. The shell is filled with two-phase gas-liquid mixture.
The shell moves with constant velocity and its density remains constant. The
two-phase mixture is subjected to uniform deformation. Its velocity is a
linear function of the coordinate and average density decreases inversely
proportional to the expansion time.

In the paper (Anisimov, 2003) the initial temperature close to the
ablation threshold was considered. The papers (Inogamov, 1999;
Zhakhovskii, 2000) are devoted to the situation where the initial temperature
is significantly greater than the threshold temperature. In this case effects of
metastability are of no importance because, at given entropy, the pressure at
the spinodal, pg(S} — pp(S), is much less than the pressure p,(S) at the
isochore of initial density p =p,. Here py and p, are the pressures at the
coexistence curve (binodal) and spinodal, respectively. The asymptotic (at
t — ) velocity distribution over the mass of expanding material is formed
during the expansion along the segment of the adiabatic, from the initial
point (p,, p,) at the isochore, up to the point (o, pp) at the coexistence
curve. In this case the set of hydrodynamic equations is complemented by
the equation of state (Bushman, 1992), constructed in accordance with the
Maxwell’s rule (Hirschfelder, 1954). Note that at fluencies close to the
ablation threshold, the metastability effects play an important role since the
pressures p, — pp(S) and pg(S) — pp(S) are comparable to one another.

In the papers (Inogamov, 1999; Zhakhovskii, 2000; Anisimov, 2003)
bilateral expansion of a uniform hot layer was considered. This model
corresponds to thin film whose thickness is less than the thickness of layer
d, heated by thermal wave. In actual experiments (von der Linde, 2000;
Sokolowski-Tinten, 1998a, 1998b), the distribution of temperature at the
instant the hydrodynamic motion comes into play is non-uniform. The
temperature T,(x) decreases with depth x (Fig. 1). This situation will be
considered in the present paper.
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2. ABSORPTION OF RADIATION, THERMAL
WAVE, AND CHARACTERISTICS OF HEATED
LAYER AT THE ONSET OF HYDRODYNAMIC
MOTION

Expanding plume and crater are formed as the result of hydrodynamic
motion. It is natural to consider the hydrodynamic problem in one-
dimensional formulation because the size of focal spot D is much greater
than the thickness of the layer heated by electron thermal conduction d7. In a
typical case, d7 ~100 nm, while D ~ 100 gm. In one-dimensional flow all
variables depend on the coordinate x and time . The velocity has single
component u(x, t) directed along the x — axis. Since laser fluence is non-
uniformly distributed over the focal spot, the characteristics of the flow
depend parametrically on the variable y normal to laser beam direction. In
the experiments (von der Linde, 2000; Sokolowski-Tinten, 1998a, 1998b)
laser fluence distribution is close to Gaussian:

F(y)=Fexp(-y*/D?) (1)

where F is the surface energy density of absorbed laser radiation (J/cm?).
Laser pulse is over before the hydrodynamic motion starts. Therefore, in
studies of initial stages of laser-matter interaction one can neglect the mass
motion.

Absorbed laser energy is transferred to the bulk of the target by electron
heat conduction. This stage is usually described in the frame of the two-
temperature model (Kaganov, 1957; Anisimov, 1974):

ar, a[ T,
_ 9,

€5 T3y axj—a(TfT,-)wLQ ey

e 2o, - 1) 6)
ot

where 7, and 7; are the temperatures of electrons and the lattice,

respectively, ¢, and ¢; are corresponding specific heats, &, is the electron

thermal conductivity, « is the energy exchange rate between electron and

phonon subsystems, and Q is the laser power absorbed. Equation

Ox 3.1} =5(§—y2exp(— —;;jexp[gj @)
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Figure 1. Qualitative profiles of electron temperature for three initial stages. (1) —absorption
of radiation, (2) — thermal wave, (3) —electron-lattice relaxation.

is commonly used for Q. In (4) the skin layer thickness is denoted by 24

The ablation of material takes place at the stage of hydrodynamic
motion. This stage is preceded by three “electronic” stages: (i) the light
absorption, (ii) the electron thermal wave, and (iii) the electron-lattice
relaxation. During all these stages the electron temperature is significantly
higher than the lattice temperature, and the motion of material is negligible.
The duration of the first stage is of the order of laser pulse length 7. Laser
radiation is absorbed in the surface layer J. Second stage is the electron
thermal wave. Its initial velocity is supersonic. At this stage, losses of energy
by electron subsystem due to electron-lattice relaxation increase rapidly with
the thickness of layer heated by electron heat conduction.

The electron thermal wave moves according to the equation

d, ~ Xt ~ V.7, where vpis the Fermi velocity (we assume that kg7,

<< gF), %, is the heat diffusivity, and 7, is the electron mean free time. As
the electron thermal wave propagates, its velocity decreases and becomes of
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the order of sound speed. The rarefaction wave moves as dgy ~ cgt, where ¢
is the sound velocity. The rarefaction wave overtakes the thermal wave
(dr = dp) at the time instant ¢* ~ 7,vp2/ci?. The thickness of heated layer at

this instant equals d7*~ Z./cg. If the laser fluence is not very high, this
thickness depends only weakly on the fluence and comprises about 100 nm.

It follows from Eq. (3) that the characteristic time of lattice heating, due
to the energy exchange between electrons and the lattice, is of the order of 7
= ¢/a. According to (Kaganov, 1957), the energy exchange rate between
electrons and the lattice equals o = #2mn,c?/6T;7,. Using this equation we
obtain the estimate

&y
k,T,

BT

t*
— = >>1 . )
Ti

Thus, at the beginning of the hydrodynamic stage the temperature of lattice
becomes approximately equal to that of electrons, and the expansion of hot
layer can be considered, to a first approximation, in the frame of a one-
temperature model.

It should be noted that simple estimate (5) holds if the electron
temperature is not very high, and electron thermal conduction is determined
by electron-phonon collisions. At higher electron temperatures the electron-
electron collision frequency increases and reaches its maximum at
temperatures of the order of gr/kp. On further increase of the electron
temperature, the collision frequency decreases as T,7%2. As a result, the
thickness dr" of the layer heated at the beginning of the hydrodynamic stage
appears to be a non-monotonic function of laser fluence.

At hydrodynamic stage the energy transfer is due to the motion of
material. At this stage in materials with fast electron-lattice relaxation, the
electron thermal energy becomes small as compared to the phonon energy.
However, if the energy exchange between electrons and lattice proceeds
slowly and total energy absorbed is sufficiently large, a significant part of
absorbed laser energy remains in the electron subsystem at the beginning of
the hydrodynamic stage. In this paper, we shall consider moderate fluences
for which the hydrodynamic stage begins at equal electron and ion
temperatures. In this case, the distribution of temperature T,(x) = Tix) =
T,(x) at the instant t" is the initial condition for the simulation of material
expansion.
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3. FORMATION OF THE SHELL AND CRATER

In actual experimental conditions the heated surface layer is non-
uniform. Its temperature depends on the coordinate x normal to the surface
of the target (the scale is d7), and on the coordinate y lying in the plane of
the target (the scale is D>>d7"). The results of molecular dynamics
simulation of the expansion of a surface layer whose temperature depends on
x will be presented below. This simulation shows that the qualitative picture
of the flow remains the same as in the case of uniformly heated layer.
Specifically, the liquid (or solid) shell moving at a constant velocity also
exists in the non-uniform case. Experimental study and molecular-dynamics
simulation show that the ablation takes place at fluences exceeding a certain
threshold value Fy.

Figure 2. Scheme of crater formation. Initial surface of the target is denoted by the vertical
straight line. 1 - shell, 2 — two-phase material, 3 - liquid phase, 4 — solid phase.



8 Laser Ablation and its Applications

If the fluence is higher than Fy, a crater is formed with a sharp edge. This
edge is located between adjacent areas | and 3 (Fig. 2). The interface
separating the areas 1 and 3 form the side wall of the crater, whereas the
interface between the areas 2 and 3 form its bottom. The formation of high-
density shell is responsible for finite depth of the crater at the fluence
slightly higher than F;. The thickness of the shell 1 depends on the initial
temperature of the surface. As is seen from the results of simulation, the
thickness decreases with increasing temperature. Due to non-uniform
distribution of laser intensity, and hence initial temperature along the y-axis,
the thickness of the shell appears to be dependent on y (Fig. 2).

The regions 1 and 2 in Fig. 2 are filled with material that expands into
vacuum in the course of ablation. The regions 3 and 4 represent the part of
the target not degraded. Because of the growth of laser fluence from
periphery to center of focal spot, local temperature increases and shell
thickness decreases. At a certain local temperature, the thickness of shell
reduces to zero. Thus, the shell exists only in certain range of laser fluencies,
between upper and lower boundaries, F;, and Fy,.

Molecular dynamic simulations of the expansion of non-uniformly
heated layers have been performed at various initial temperatures of the
surfaces x = 0: T,(0) = 1, 1.25, 2, 3, and 5. At T,(0) = 1 there is no ablation.
The value 7,(0) = 1.25 corresponds to ablation threshold Fy. Upper
boundary F,, when the shell disappears, lies between the temperatures 3 and
5. Note that all variables that occur in MD-simulation are measured in
dimensionless MD-units defined in terms of the Lennard-Jones (6 - 12)
potential used for the simulation of the hydrodynamic stage:

u(r) = 4{[%]12 - (—‘;i” ©)

In particular, the unit of temperature is ¢ and the unit of length is o.

Formation of a crater takes several characteristic acoustic times 7.
During this time interval the shell (area ! in Fig. 2) moves at a constant rate.
This rate increases monotonically with surface temperature T, which, in
turn, is a monotonic function of laser fluence F(y). At the ablation threshold
the shell velocity equals zero. As a result, the shell takes the shape depicted
in Fig. 2.
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4. INTERFERENCE

To study the dynamics of ablation a probe laser beam is used. This beam
is retarded for some time relative to the pump beam (the so-called pump-
probe technique). The probe beam is reflected in part by the shell and is
partially passed through the shell and reflected by the bottom of the crater
(Fig. 3). The interference of the two reflected beams produces a well-known
picture — Newton rings. This picture was observed in papers (von der Linde,
2000; Sokolowski-Tinten, 1998a, 1998b). Consider the interference more in
detail.

Figure 3. The formation of Newton rings as the result of interference of beams /; and 7,
reflected by the shell and by the bottom of the crater. The shell and bottom are separated by
the gap H filled with two-phase material, its refraction index being close to unity.

The scheme of formation of the interference picture is shown in Fig. 3.
A liquid shell is separated from the target by a gap filled with two-phase
mixture. The thickness of the shell equals 4, and the thickness of the gap is
H. A probe beam [ is incident on the shell, and reflected from the shell (Z;)
and from the bottom of crater (/;). Total reflectivity depends on the
parameters 4 and H, the refraction indices of shell 7,, material of the target
#,, and the wavelength of probe beam A . The two-phase medium bridging
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the gap H between the shell and the bottom of crater has a low density;
hence its refraction index may be considered equal to unity.

The results of calculations using the Fresnel formulae and taking into
account an infinite number of reflections are presented in Figs 4 to 6. The
calculation has been performed for aluminum and probe wavelength 1 =
700 nm. It is assumed that aluminum in the crater and shell is in liquid state.
Optical properties of liquid aluminum are taken from (Drits, 1985). An
important parameter in these calculations is the thickness of skin layer. For
liquid aluminum it comprises 17 nm for a wavelength of 700 nm. As is seen
from Figs. 4 and 5, the oscillations of reflectivity vary in the amplitude AR =
(Rmax — Rmin)/(Rmax T Rmin) and shape with a change of shell thickness 4.
Here Rpax and Rpin are, respectively, the maximum and minimum
amplitudes of relative intensity of reflected light (see Fig. 4).

1.0———r————

0.8
0.6

0.4

h=1n 1

0.2

bt L
0 200 400 600 800 1000
H, nm

Figure 4. Interference oscillations of the intensity of reflected light as a function of distance
between the shell and bottom of the crater.

The variation of relative amplitude and shape of oscillations as a result
of a change of shell thickness is illustrated in Fig. 5 (4 = 10 nm). The
dependence of normalized amplitude on shell thickness is presented in Fig.
6. Note that the normalized amplitude AR(%) approaches zero for both thick
and thin shells. In the case of the thin shell, 4#/5 — 0, and the contribution
R, in the sum R = R, + R, is lowered. In the case of the thick shell,
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h/6 — o, and the contribution R, decreases, because in this case light is
absorbed by the shell.

1.0
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Figure 5. Variation of the shape and relative amplitude of oscillations resulting from the
increase of shell thickness.

5. SIMULATION OF HYDRODYNAMIC STAGE

Hydrodynamic stage of expansion of non-uniformly heated layer is
studied using the method of molecular dynamics (MD) simulation. Since
earlier MD-calculations (Anisimov, 2003; Zhakhovskii, 2000) were
performed using the Lennard-Jones (6 - 12) potential and the intention of our
simulation is to describe the qualitative picture of expansion, we employ the
same interatomic potential. The problem is formulated as follows. The
expansion of surface layer of a crystal with exponential or Gaussian initial
temperature profile is simulated. The expansion proceeds in the negative
direction of the x — axis. Periodic boundary conditions are imposed in the
y — and z — directions. At the left “cold” boundary of the simulation box a
Langevin thermostat that simulates undisturbed crystal is placed. At this
boundary constant temperature 7, = 0.25 MDU is maintained.
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Figure 6. Normalized oscillation amplitude as a function of shell thickness.

At the initial time instant £ =¢", atoms are packed in the fcc lattice with
average density n, = 1.09 MDU. The plane x = 0 corresponds to initial free
boundary of a crystal. The expansion takes place along the direction <110>.
The simulation includes the solution of equations of motion and calculation
of macroscopic parameters of the system. The method of solution is similar
to that used in (Zhakhovskii, 1997; Zhakhovskii, 1999). The simulation was
performed using dynamical domain decomposition (MPD’) described in
(Zhakhovskii, 2004). Total number of atoms used in a typical simulation was
8-10°. The dimensions of the simulation box were Ly = 1420.373, Ly =
35.50933, L, = 150.6533 MDU. Initial surface temperature varied between 1
and 5 MDU. Calculations show that the value 7, = 1.25 corresponds to
ablation threshold. Density distribution in the expanding matter is presented
in Figs. 7 and 8.

In Fig. 7, which corresponds to the threshold, the shell is clearly seen.
After detachment of the shell, a crater of finite depth is formed. The
thickness of the shell decreases with increasing surface temperature. At To=
3 the shell still persists. However, its thickness is less than 30 MDU. At To=
5 the shell is missing (see Fig. 8) and the flow resembles usual rarefaction
wave. When the shell disappears, the interference structure disappears as
well. This occurs at a fixed initial temperature 7o = Ty, which lies in the
range between 3 and S MDU.
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Figure 7. Asymptotic density profile. Initial surface temperature corresponds to the ablation
threshold.

0.0

Using the results of MD-simulation one can determine the profile of the
shell, make an estimate of the size of the crater, and calculate a fluence at
which Newton rings disappear. Let us assume that the reflectivity R does not
depend on laser fluence Fi,. Then the function F(y) within a constant factor
repeats the profile of laser beam Fj,(y). Take the value of threshold fluence
Fi, as a scale for measurements of absorbed laser fluence F. The one-

parametric set of laser beams F= FOW)/F, = 1:1 exp(-y*/D?) is

specified by non-dimensional ratio ﬁc =F, .. /F,. Hence, it follows that

the radius of a crater equals y,, = D4/In ]3'6 .

Each specific version of molecular-dynamic simulation is determined by
two parameters: (i) initial surface temperature T, and (ii) initial thickness of
heated layer d7. The simulation of hydrodynamic stage was performed in
one-temperature approximation. As already noted, this approximation is
valid if the electron temperature is not too high, that is at moderate fluence.
In this case the thickness of the layer heated by electron thermal conduction
by the beginning of hydrodynamic stage, d7”, depends only slightly on the
laser fluence.
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Figure 8. Evolution of density profile with increase of initial temperature. At sufficiently high
initial temperature the shell disappears.

On the assumption that d7* is constant in the range of fluence under
consideration, the transverse profile of initial temperature is coincident with
the transverse profile of laser fluence, F(y). Therefore, if the initial
temperature T is prescribed, one can determine the distance from the center
V/ym corresponding to this temperature. Further, using the results of MD-
simulation one can determine the profile of the shell 4(y). The fluence at
which the Newton rings disappear can be estimated from the relation:
F,~F,T,/T,.

6. CONCLUSION

The above described qualitative picture of interaction of an ultra-short
laser pulse with matter gives an insight into main features of the process and
agrees well with experiment. It is possible to explain that the ablation is a
threshold phenomenon and a crater of finite depth is formed when the
fluence reaches its threshold value. The mechanism of formation of
interference Newton rings is proposed, connected with special features of
expansion into vacuum of instantly heated condensed matter. The existence
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of upper and lower boundaries of fluence range, where the Newton rings are
observed, is explained.

The model proposed in this paper is applicable at fluences that are not
too much higher than the ablation threshold. At very high fluences, two-
temperature effects at hydrodynamic stage and energy transfer by fast
electrons on the stage of thermal wave should be taken into account. These
phenomena have been studied in connection with the problems of inertial
confinement fusion (Atzeni, 2004).

The authors are indebted to Prof. B. Luk’yanchuk for collaboration.
Support of this work by the Russian Foundation for Basic Research, under
grant 04-02-16972, is gratefully acknowledged.
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1. INTRODUCTION

Ultrafast laser ablation of dielectrics and semiconductors proceeds
through a sequence of physical processes such as nonlinear absorption, non-
equilibrium effects related to electronic and vibrational excitations, and
avalanche breakdown, generating dense, overcritical electron-hole plasmas
during the action of the laser pulse. One of the most intriguing and
complicated features of laser heating and ablation of dielectric materials is
the strong temporal and spatial variation of the optical properties, ranging
from a fully transparent, non-reflecting substance to a metal-like state. In
dielectrics, metal-like behavior develops in a narrow surface layer. This
results in strong localization of the energy coupling since the electron
thermal conductivity is restricted to the high-density region. This aspect
accounts for one of the main distinctions between metals and dielectrics
under pulsed laser irradiation, the possibility of Coulomb explosion (CE) as
an ablation mechanism alternative or additional to phase explosion.

Coulomb explosion is one of the electronic mechanisms of material
removal from interfaces or surfaces sputtered by photons or charged
particles (Fleischer, et al., 1965; Bitenskii et al., 1979; Schneider and Briere,
1996; Cheng and Gillaspy, 1997; Varel, et al., 1998; Stoian, et al., 2000a,
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2000b, 2000c, 2002a; Henyk, et al., 2000a, 2000b; Vanagas, et al., 2003;
Costache, et al. 2003; Costache and Reif, 2004). The occurrence of this
particular phenomenon was intensely discussed during the last decades for
various materials with radically different electronic properties. It has been
postulated that CE can be exploited in different applications such as surface
nanostructuring (Stoian, et al., 2002a; Vanagas, et al., 2003) and
nanoparticle formation (Dong and Molian, 2004). Note that when referring
to Coulomb explosion, we imply removal of at least several monolayers
(Stoian, et al., 2000c; Bulgakova, et al., 2004a). We are not referring to
electrostatic desorption, which is of a stochastic nature and results from
localization of electronic excitation energy at specific atomic sites (Kanasaki
and Tanimura, 2002). The main features of CE are the following. Energetic
ions of different species, e.g., aluminum and oxygen in the case of ultrafast
laser ablation of sapphire (Stoian, et al., 2000c), detected by time-of-flight
mass spectrometry, have the same momenta but not the same energy. Also,
doubly-charged ions have velocities twice as high as singly-charged ones.
This indicates that the ions could be extracted and accelerated in the electric
field generated in the target following a laser-induced neutrality breakdown.
The electric field can be generated due to intensive electron photoemission,
leading to accumulation of positive charge in a superficial target layer. Thus,
the concept of Coulomb explosion is based on the fact that, due to
photoemission, the irradiated surface gains a high positive charge, so that the
repulsive force between ions exceeds the lattice binding strength, resulting in
surface layer disintegration. An interesting CE aspect, in view of practical
applications, is that the exploded material leaves behind a smooth, perfect
surface that makes Coulomb explosion attractive for nanoscale applications
(Stoian, et al., 2000¢).

The present article gives an account of the underlying physical
phenomena of the CE mechanism of laser ablation and presents a unified
model to describe the processes that can influence the development and
decay of charge accumulation on the surfaces of laser-irradiated materials of
different classes (dielectrics, semiconductors, and metals). We will confine
our considerations to gold, silicon, and sapphire as typical representatives of
their classes.

2. EXPERIMENTAL EVIDENCE IN FAVOR OF
LASER-INDUCED COULOMB EXPLOSION

The ultrashort pulse laser ablation of AL, O; has been the subject of a
large number of studies due to its useful mechanical, optical, and electrical
properties. This material exhibits two completely different etch phases under
laser irradiation (Tam, et al., 1989; Brand and Tam, 1990; Ashkenasi, et al.,
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1997; Varel, et al.,, 1998; Stoian, et al., 2000a, 2000b, 2000c): a “gentle”
ablation with material removal of a few nanometers per pulse and a “strong”
ablation phase characterized by an order of magnitude higher ablation rate.
“Gentle” ablation is characteristic for the irradiation regimes slightly above
the ablation threshold and for a low number of laser shots irradiating the
same surface area. Under the “gentle” ablation phase, the ablated material
leaves behind an extremely smooth surface (sometimes even smoother than
the initial state) (Fig. 1a). With increasing laser fluence and/or increasing
number of shots, the “strong” ablation phase takes over and the irradiated
surface begins to show the characteristics of “phase explosion” (Fig. 1b).
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Figure 1. Transition from “gentle” (a) to “strong” (b) etch phase under ultrashort pulse laser
ablation of Al,Q; (200 fs, 4 J/em?) with increasing number of shots. (¢) Ratio of ion momenta,
calculated from maxima of the velociy distributions. Reproduced from Stoian, et. al., 2000b.



20 Laser Ablation and its Applications

Experimental evidence shows that under ultrafast irradiation of dielectric
materials a significant component of the ablation products at intensities close
to the material removal threshold is generated via a mechanism of
electrostatic nature. We present below a short review of the experimental
results.

The observed ionization degree and ion velocity distributions under the
two etch phases differ considerably. Under gentle ablation, the ions,
constituting the main component of the plume, have a clearly non-thermal
nature exhibiting a most probable velocity of ~2:10° m/s and a narrow
angular velocity distribution directed along the normal to the irradiated
targets. With the transition to the strong ablation stage, the ion velocity
distributions become broader and slower, and thermal plasma ions (~1.2:10*
m/s) are seen predominantly in the time-of-flight signals (Stoian, et al.,
2000c). Moreover, ions of different species (Al" and OF) observed under the
gentle etch phase have mass-independent momenta (Fig. 1c), while on the
transition to the strong phase they tend to have mass-independent quasi-
equal energies (Stoian et al., 2002a, 2000c). These features indicate that,
under gentle ablation, the ions are subjected to the action of a mass-
independent acceleration mechanism, most probably due to a transient
electric field generated in the target. The origin of the laser-induced
neutrality breakdown is based on two main consequences of the interaction:
a relatively high photoemission yield and a reduction of the transport
properties for the laser-generated carriers. Even more striking is the
difference in the behavior of F* and F~ ions, observed under barium fluoride
ablation (Henyk, et al., 2000b), where the negative ions are retarded by the
generated electric field.

3. CRITERION FOR COULOMB EXPLOSION

The occurrence of surface Coulomb explosion generating macroscopic
material removal and high ion kinetic energies has been observed for
dielectric materials, as mentioned above, while for semiconductors and
metals the subject remains controversial (Gamaly, et al., 2002; Bulgakova, et
al,, 2005a). This raises the question: What processes are responsible for the
CE occurrence or its inhibition? The answer to this question is based on a
detailed study of the processes taking place in different types of laser-
irradiated materials and their intricate interplay. Consequently, we introduce
here a criterion for the occurrence of CE.

It is assumed that the electric field generated in the irradiated target can
reach extremely high values so that the atomic bonds are broken and a
surface layer of the material is disintegrated, resulting in the occurrence of
Coulomb explosion. The estimation of the threshold electric field with
respect to CE can be made by assuming that the electrostatic energy density
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per individual atom exceeds a threshold value related to the required
sublimation energy per atom. The threshold electric field can be

approximated as E,h|xzo=112Aaln0/££O, where A, is the sublimation

energy per atom, np is the lattice atomic density, and & is the dielectric
permittivity. For sapphire we obtain Ej, ~ 5:10'° V/m, while for gold and
silicon the estimated threshold electric fields are smaller, 2.76-10" and
2.65-10" V/m, respectively. This assumption is valid for the case of a cold
lattice, roughly during femtosecond laser exposure. For longer pulses or
longer times, one should take into account that the heated lattice atoms,
having a higher vibrational energy, can escape from the surface with higher
probability than the cold ones. Thus, thermal reduction of the threshold field

can be expressed as E,h|x20 = \/2(Aal = 3kT))n, /e, .

Figure 2. Modeling scheme. Major interconnections between different processes are shown by
the arrows. Direct effects are indicated by solid lines and feedback effects are shown with
dashed lines.

4. CARRIER DYNAMICS AND MODELING
APPROACHES TO CARRIER TRANSPORT

The importance of carrier dynamics under pulsed laser ablation (PLA)
conditions, especially for ultrashort laser pulses, has been demonstrated in
numerous studies (Petite, et al., 1996; Li, et al., 1999; Stoian, et al., 2002b).
Electronic transport differs strongly in various classes of materials irradiated
under similar conditions at moderate energy densities (Stoian, et al., 2002a;
Bulgakova, et al., 2004a). We discuss a situation where, apart from the
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photoemission yield, the mobility of the charge carriers, electrons and holes,
is the main parameter influencing the rate of charge redistribution in self-
consistent electric fields generated under the action of pulsed laser radiation.
Mobility determines both drift and diffusion of charge carriers, including
thermal diffusion in the presence of temperature gradients.

The theoretical description of carrier dynamics in dielectric and
semiconductor targets under short pulsed laser irradiation is a complicated
task which implies consideration of a broad spectrum of interrelated
processes. A simplified scheme of the processes triggered by ultrafast laser
irradiation in dielectrics and semiconductors is shown in Fig. 2. A laser pulse
impinging on a target causes photoionization (with the order of the process
depending on the relation between the photon energy and the material energy
band-gap) and photoemission (with the order of nonlinearity determined by
the ratio of the work function to the photon energy). The electrons excited to
the conduction band absorb further laser radiation and can produce
secondary electrons by collisional ionization. In addition, they change the
dielectric response of the material, thus explicitly influencing the optical
properties. As soon as electronic avalanche is developed, absorption and
reflection dynamics vary dramatically. Photoemission depletes a superficial
target layer arresting further development of collisional multiplication and,
in turn, avalanche regulates photoemission through its influence on the
available free-electron density. Another drastic consequence of electron
photoemission is the violation of the target quasi-neutrality that results in
positive charging of the target as a whole and thus in generation of an
ambipolar electric field. The electric field forces the charge carriers to
relocate in order to neutralize the excess positive charge. The electric current
is a superposition of two components: charge-carrier drift in the electric field
and diffusion under the action of the gradients, both in density and
temperature. Redistribution of free electrons due to the electric current
strongly influences both electron photoemission and the avalanche
multiplication process.

Existing models treat most, or at least some, of the processes described
above and may, by convention, be divided into three groups. One of the
dominating approaches to describe carrier dynamics in silicon targets is
based on ambipolar diffusion with an implicit assumption of an equal
number of electrons and holes in the solid and the preservation of local
quasi-neutrality of the sample (Yoffa, 1980; van Driel, 1987; Mao, et al,,
1998). Another group of models, developed for semiconductors irradiated by
laser pulses (Held, et al., 1991) and dielectrics under the action of electron
beams (Melchinger and Hofmann, 1995; Miotello and Dapor, 1997), takes
into account the generation of local electric fields inside the target with the
assumption that the target remains neutral as a whole. This implies the
absence of electron photoemission (Held, et al., 1991) or relies on secondary
electron emission equal to the absorbed electron flux (Melchinger and
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Hofmann, 1995; Miotello and Dapor, 1997). In this approach, the concept of
a double layer can be applied to describe the spatial charge arrangement in
the bulk of the irradiated materials (Melchinger and Hofmann, 1995).

A third approach (Ribeiro, et al., 1997, 1998), proposed for the case of
a dielectric target (MgO) irradiated by a laser pulse of nanosecond duration,
may be labeled as the drift-diffusion approach. The authors studied the self-
consistent generation of an electric field as a result of laser heating and
thermionic emission of the electrons excited to the conduction band and their
diffusion and drift in the locally established fields. It was found that the self-
consistent electric field could reach values exceeding 10° V/m under normal
ablation conditions. In several recent works (Stoian, et al., 2002a,
Bulgakova, et al., 2004a, 2004b, 2005a, 2005b) the authors used the same
simplified approach to model charging of different types of materials under
ultrashort pulsed laser irradiation, taking into account specific properties of
the materials. This implies calculations of energy deposition into the
electronic subsystem and subsequent heating of the lattice through electron-
lattice energy exchange. For the latter task we used the two-temperature
model which is mostly utilized to describe metals heated by ultrashort laser
pulses (Kaganov, et al., 1957; Anisimov, et al., 1974; Wellershoff, et al.,
1999).

5. A UNIFIED APPROACH

Under high power ultrafast laser irradiation, dense plasmas are
generated in dielectrics and semiconductors (Stuart, et al., 1996; Tien, et al.,
1999; Nolte, et al., 1999; Sokolowski-Tinten and von der Linde, 2000), thus
justifying a unified approach based on an intrinsic or a laser-induced metallic
behavior for the three classes of materials investigated. The following
equations are used as the building blocks for a common simplified frame
applicable to different kinds of materials:

(1) The continuity equations for the evolution of the laser-generated charge
carriers:

Sy ()
A e ok

where S, and L, are the source and loss terms describing the free carrier
populations, n, denotes the carrier densities, with subscript x = e, i
representing electrons and ions, respectively;

(2) The expression for the electric current density J, includes drift and
diffusion terms (Ribeiro, et al., 1998) and can be considered as the equation
of motion:
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Here the time and space dependent diffusion coefficient D, is calculated
according to the Einstein relation as D, = kT, /e, where T, represents the
carrier temperature, k is the Boltzmann constant, and g, is the carrier
mobility. We assume that the charge-carrier flows are caused by quasi-
neutrality violation on and below the target surface due to electron
photoemission and strong density and temperature gradients.

(3) Poisson equation to calculate the electric field generated as a result of
breaking quasi-neutrality in the irradiated target:

oE e
Ll (n-n). 3
e (n; =n,) 3)

(4) Energy conservation equations to account for the heating of electronic
and lattice subsystems. We assume that laser-excited metals and strongly
ionized insulators and semiconductors can be considered as dense plasmas
so that the two-temperature model (Kaganov, et al., 1957; Anisimov, et al,,
1974; Wellershoff, et al., 1999) may be applied for the description of the
energy balance:

a, J o,y o , dI,
Clty+— ¢ |=— K e o -T)+2(x, 4
e(&+enedcj ox ¢ o 8(T, ~Tp)+2{x1) @
Jar, o , dI,
(C, +L,oT, —Tm))7’=a ,El+g(Te~T,). (5)

Even if complete equilibration does not take place in the subsystems,
the values T, and 7; can be considered as measures for the average energies
of electrons and lattice. In the Equations (4) and (5), indexes e, [ refer to the
electron and lattice parameters; C,, C;, K,, K; are the heat capacities and the
thermal conductivities of electrons and lattice respectively; g is the electron-
lattice coupling constant; and X(x,f) is the energy source term. All these
parameters will be specified below for every type of material. The term
L.,&XT - T,) allows calculations of the liquid-solid interface (Zvavyi and
Ivlev, 1996) having the temperature T,,, where L, is the latent heat of fusion.
The electron energy equation accounts for both heat conductivity and direct
bulk or across the vacuum interface electronic transport (e.g. due to
photoemission).
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The system of equations (1)—-(5) was solved numerically for targets
irradiated with a laser pulse having a Gaussian temporal profile. The
calculations were performed for a laser radiation wavelength A = 800 nm and
a pulse duration of 7 = 100 fs (FWHM) (Stoian, et al., 2000c, 2002a). A
one-dimensional model, justified by the much larger transverse lateral
dimensions for the laser spot compared to the absorption depth, has been
employed. Particular situations for each class of material will be discussed
below.

5.1 Metals

The continuity equation for free electrons (Eq. (1)) in a metal target
(gold in our case) has no source terms. Photoemission was considered in the
form of a surface boundary condition for the electron current density
(Logothetis and Hartman, 1969; Bechtel, et al., 1977), describing electron
flow into the vacuum. The three-photon photoemission cross-section ¢ was
determined empirically (Logothetis and Hartman, 1969) and was corrected
here for the 800 nm irradiation wavelength. Ultrafast, sub-ps irradiation of
metals can induce high electronic temperatures, ~1 eV, while the lattice
remains cold during the irradiation time. Assuming temperature-dependent
effects, we corrected the photoemission cross-section, based on the
generalized Fowler-DuBridge theory for multiphoton photoemission at high
temperatures (Bulgakova, et al.,, 2004a). The thermal emission of high-
temperature electrons can also play a significant role. Thus, the
photoemission term is written in the form:

2
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Here A, is the Richardson coefficient, ¢ is the work function [4.25 eV
(Samsonov, 1965)], Aiw is the incident photon energy (1.55 eV), and F is
the Fowler function (Bechtel, et al., 1977).

The parameters for the energy equations (4)-(5) for gold are similar to
the parameters reported by Wellershoft, et al. (1999), as well as the energy
source accounting for ballistic effects of electronic energy transport. Optical
properties for gold are taken for 800 nm wavelength. Electron mobility was
estimated from data on gold conductivity (Grigoryev, et al., 1996) and found
to be 5.17-10° m*/(Vs).
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5.2 Dielectrics

In dielectric materials, free electrons are generated in the processes of
multiphoton (MPI) and collisional ionization, and their recombination
usually proceeds through a trapping-like phenomenon. For sapphire as an
example, the source and loss terms in Eq. (1) for electrons can be written as:

S, = W + Qo )—%—, L, =R, - PE. 7

e
n, +n

Here meh=0'616 is the rate of a 6-photon ionization process corresponding to
an energy forbidden band E, of ~9 eV, n, is the density of neutral atoms,
Q..~=din, is the avalanche term (Stuart, et al., 1996), R, represents the decay
term taken in the form n,/7 with 7 = 1 ps, and PE denotes photoelectron
emission. To compensate for the mobility decay with temperature, we use a
simplified, time-independent diffusion coefficient, assuming that the average
electron energy in the conduction band is ~5 eV (Arnold and Cartier, 1992;
Stuart et al., 1996). The values of ¢y = 8-10° cm™ps” (cm”TW)® and o= 6
cm?’/J were estimated by fitting the experimental determination of the optical
damage threshold at different pulse durations (Ashkenasi, et al., 2000).

Attenuation of the laser power inside the dielectric target is determined
by loss mechanisms involving free electron generation and by the optical
response of a free-electron plasma through the Fresnel formulas. The
complex dielectric function can be seen as a mutual contribution of the
unexcited solid and the response of the laser-induced free electron gas
(Driscoll and Vaughan, 1978; Sokolowski-Tinten and von der Linde, 2000).
The local intensity /(x,r) is given by the superposition of the direct irradiation
and back-scattered radiation:

J «
21050 = Wy ﬁmhwnph —ay, (6 0I(x1) . (8)

Here nyy is the number of photons required for a MPI event (n,, = 6). The
free electron absorption coefficient au(x,?) is calculated from the complex
dielectric response (Stuart, et al., 1996).

For a quantitative estimation of photoemission, we assume a statistical
distribution of free electronic momenta in a wide bandgap dielectric where
the vacuum level lies close to the conduction band minimum, and only
electrons with a momentum component normal to and in the direction of the
surface can escape into the vacuum. Thus, we assume that, on average, half
of the electrons generated in the MPI and avalanche processes are emitted
from the target. Maximum photoemission occurs from the surface with an



2. Fast electron transport and Coulomb explosion... 27

exponentially decreasing probability with bulk depth (Bulgakova, et al.,
2004a):

1 n,
PE(x,1) == W + Quy ) exp(=x/lpgp) )
2 n,+n

a I

where the electronic escape depth lpg is 1 nm (Jones, et al., 1988). The
integral photoemitted charge calculated as above is in good agreement with
reported experimental values for dielectric materials (Siekhaus, et al., 1986).

The ion density is calculated based on Eq. (1), disregarding
photoemission and neglecting hole transport in the bulk. The electron
mobility is taken as g, = 3-10° m*/(V-s) (ten times lower than reported by
Hughes, 1979) for a better match of the observed diffusivities (Miotello and
Dapor, 1997) in laser-induced dense plasmas. The source term in the energy
equation (4) was constructed to account for the energy of the electrons
generated via photoionization, energy expenses for avalanche multiplication,
free electron absorption, and the energy localized in the strained lattice via
trapping processes (Bulgakova, et al., 2005a). The thermodynamic
parameters for the electronic subsystem were taken according to van Driel
(1987). The value g can be defined via the characteristic electron-lattice
relaxation time 4 as g = C/7 (7 ~ 1 ps).

5.3 Semiconductors

The model for silicon is based on a similar approach as for sapphire.
The reflection of radiation at the vacuum interface and light absorption
inside the bulk of a strongly excited semiconductor are described based on
the mutual contribution of the unexcited material and the Drude response of
the laser-generated free electron gas (Sokolowski-Tinten and von der Linde,
2000). In Eq. (1), one and two-photon ionization terms and avalanche were
considered (Mao, et al., 1998; Sokolowski-Tinten and von der Linde, 2000):

S, = [EG‘ +10'21)—1—+&1e}——@~——, L, =-R,-PE (10)
2 ha n, +n,
where ¢ and o, are one- and two-photon ionization cross-sections [6; =
1021 ¢m™ (Choi and Grigoropoulos, 2002), o; = 10 cm/GW (Sjodin, et al.
1998)], the total atomic density is ng = (n, + 1) = 5.10% cm?, and &'is the
avalanche coefficient (van Driel, 1987). The loss term at low electronic
densities is mainly determined by Auger recombination which saturates at
electronic densities approaching 10*' cm™ (Bok and Combescot, 1981).
Consequently, the decay rate can be written as R, = n, /(7, + 1/Cn, n;), with
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%=6-10"?s and C = 3.8-10°! cm®s (van Driel, 1987). The equation for hole
generation takes into account the hole transport process. The mobilities for
electrons and holes are taken to be (Kuhn and Mahler, 1989) u, = 0.015
mz/(V-s) and g, = 0.0045 m2/(V-s), ten times reduced compared to the low
electron-hole density values (Hummel, 1993). Diffusion coefficients for
electrons and holes are calculated according to the Einstein relation.

Electron photoemission (Kane, 1962) was considered in analogy with
gold [Eq. (6)] taking into account a three-photon photoemission from the
conduction band with a coefficient corrected for the wavelength and the
accessible density of states (Bulgakova, et al., 2004a). Instead of the Si work
function (@ =4.6 eV), an effective potential barrier @.n= 4.05 eV measured
from the bottom of the conduction band (Mihaychuk, 1999) was introduced
as the relevant parameter for the Fowler function.

The spatial and temporal distribution of the laser intensity in the sample
was calculated taking into account one- and two-photon ionization, and free-
electron absorption of the light. The source term for the heat transport
cquation (4) was calculated considering the balance of the laser energy
deposited in the free electronic system (Bulgakova, et al., 2005a). The
electron-lattice relaxation time was taken as 7 = %(l + (nJ/n.)?) with % =
240 fs (Sjodin, et al. 1998).

6. RESULTS AND DISCUSSION

The model was first tested by calculating the damage thresholds for Au,
Si, and Al;O; and comparing them with previously published data on laser
melting and damage of thin gold films (Wellershoff, et al., 1999) and optical
breakdown in sapphire and silicon (Li, et al., 1999; Ashkenasi, et al., 2000;
Cavalleri, et al., 2001). The results of the modeling are in good agreement
with experimental observations (Bulgakova, et al., 2005a).

In Figure 3 the temporal profiles of the net positive charge resident on
the surface for samples representative of different classes of materials
(AL, O3, Si, and Au) are plotted for laser pulses of 100 fs duration at 800 nm
wavelength. The laser fluences are chosen to be slightly above the
experimental ion emission thresholds (Wellershoff, et al., 1999; Li et al,,
1999; Quere, et al., 1999; Ashkenasi, et al,, 2000; Sokolowski-Tinten and
von der Linde, 2000), namely 4, 0.8, and 1.2 J/em? for sapphire, silicon, and
gold respectively. Under these specific irradiation conditions the electronic
temperature reaches values ranging from around 1eV in gold, to
approximately 6 eV in silicon and more than 10 €V in sapphire. It is obvious
that the net charge is significantly higher for the dielectrics than for the metal
or for the semiconductor target.
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Figure 3. Temporal behavior of the net surface charge density (the difference between the
hole and electron populations) for different classes of materials. Laser fluences are chosen to
be above the ion emission threshold for each material (4 J/cm?, 0.8 J/em?, and 1.2 J/em?® for
Aly0s, Si, and Au, respectively). The laser pulse of 100 fs duration is centered at z = 0.

It should be emphasized that strong charging of sapphire (Fig. 3) is not
a result of higher photoemission as compared to silicon and gold. According
to modeling, the photoemission yield is approximately 6.8-10° electrons for
the sapphire target over the whole laser pulse duration from an irradiated
spot of 470 um®, whereas 6.2-10'" and 3.5-10"" electrons are removed for Si
and Au targets, respectively. At the same time, the largest electric field is
generated in the sapphire target. Figure 4 shows the temporal behavior of the
electric field developed at the sapphire surface in comparison with the fields
induced in other types of materials. The electric field exceeds the critical
value and reaches a value of 8.4-10'° V/m beneath the surface. The above
threshold electric field exists for a few tens of fs. The spatial distribution of
the electric field in the near-surface layers is given in Fig. 5 for times when
the generated electric field is at its maximum. For sapphire, the layer with
overcritical electric field where electrostatic disintegration of the lattice
should occur is approximately 40 A wide, in excellent agreement with the
experimental estimation of the Coulomb exploded region (Stoian, et al.,
2000c).

As discussed above, the electric field in the first cell below the surface
reaches the value of ~8.4x10'° V/m for sapphire. An external field E,=€E,,
is established in front of the surface, with & being the relative permittivity.
The accumulated electrostatic stress determines the surface disruption and
the emitted Al* ions will be driven by the field for about a few tens of fs
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(characteristic time of the electric field “pulse” in Fig. 4), and subsequently
accelerated.
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Figure 4. Temporal profiles of the laser-induced electric field at the surface region of the
targets. Irradiation conditions as in Fig. 3.

The final momentum obtained by the ions subject to the action of the
electric field E,,, during time 7 is written as mu v = eE,, 7, where my is the
ion mass. This gives an estimate of the maximum velocity acquired by the
ion of v > 10* m/s that closely agrees with the value detected in the time-of-
flight experiments (Stoian, et al., 2000c). During the time of considerable
surface charging, the ions travel a distance of the order of a few tens of A.
Thus, the charged surface layer is destroyed within an interval of several tens
of femtoseconds.

With semiconductors and metals, the higher electron mobility and
higher density of free electrons ensure effective screening and a much
smaller net positive charge accumulated during the laser pulse, in spite of the
fact that for the Si sample, supercritical carrier densities are reached. This is
not sufficient to induce a macroscopic electrostatic breakup of the outer
layers of the substrate. The maximum values of the electric field are only
4,1x10” V/m and 3.4x10® V/m for gold and silicon, respectively (Figs. 4 and
5).

We note here that recent studies (Roeterdink, et al., 2003) have
indicated the emission of energetic ions for high-fluence irradiated silicon.
The possible electrostatic mechanisms of ion ejection from laser-exposed
regions where ultrafast phase-transitions (to transient states with low carrier
transport properties) occur are not discussed in this work.
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Figure 5. Spatial bulk profiles of the electric field induced by ultrafast laser radiation in
metals, semiconductors, and dielectrics at time moments corresponding to the maximum
values of the electric field for each material.

The charge dynamics are strongly correlated with the absorption
characteristics for each material (see Fig. 3). In the case of sapphire, the
charge maximum is strongly retarded, instead of roughly following the laser
pulse envelope, as for metals and semiconductors. The effect is explained by
the fact that electron heating and collisional multiplication take place during
the tail of the laser pulse, thus being directly linked to the number of free
electrons in the surface layers. The calculations show that a sapphire sample
irradiated by a laser pulse with a fluence of 4 J/cm?, accumulates
multiphoton-generated seed electrons during the first half of the %)ulse. Only
when the electron density reaches a value of order of 10'"-10" cm™ does
avalanche start to dominate over MPI that leads to the subsequent dielectric
breakdown. At this point, very efficient electron heating and photoemission
occurs, resulting in supercritical surface charging.

A mention should be made about spatial distributions of the
accumulated charge in the near-surface regions for the sapphire target
(Bulgakova et al., 2004a, 2005a). During the laser pulse and approximately
100 fs after the laser pulse termination, only a 50-60 A thick surface layer is
positively charged. Later the charging process reaches a quasi-equilibrium
between the opponent drift and diffusion terms, with a slight variation in
time due to possible electronic decay channels (recombination at traps, self-
trapping, Auger recombination) and electron supply from the bulk. The
surface layer acquires a negative net charge (Fig. 3) while a certain quantity
of net positive charge still exists in the subsurface region. Due to the
attraction generated by the narrow positive subsurface layer, a region with
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electron excess arises in the less-ionized interface region, so the picture of a
classic double layer develops similar to that generated at the boundary of
expending plasmas (Bulgakova, et al., 2000).

7. CONCLUSIONS

We have reviewed a unified continuum approach to describe the
electronic transport in materials of different classes under the action of
pulsed laser radiation. The approach is applied to model the charging of
metallic, dielectric, and semiconductor targets irradiated by femtosecond,
near-infrared laser pulses at intensities slightly above the material removal
threshold. For dielectrics (sapphire as an example) the laser irradiation
induces conditions for the electrostatic explosion of the target surface layer,
in good agreement with the experimental observations (Stoian, et al., 2000c).
This effect appears to be strongly inhibited for metals and semiconductors in
the studied conditions as a consequence of their superior carrier transport
properties.

The mode! can be applied to any material by taking into consideration
the particular material properties. The model can also be applied for other
irradiation conditions. Thus, for ultraviolet laser pulses, it has been recently
shown that the Coulomb explosion mechanism can also be induced in silicon
for nanosecond irradiation regimes while, for fs, UV pulses, phase explosion
is the dominant process from the onset of ablation (Marine, et al., 2004;
Bulgakova, et al.,, 2005a). However, a quantification of the Coulomb
explosion behavior of silicon calls for further studies in view of uncertainties
in the photoemission efficiency (Bulgakova, et al., 2005a).

Another intriguing aspect is the possibility of Coulomb explosion in
conductors or semiconductors exposed to high laser fluences. It has been
argued that an electric field sufficient for electrostatic disintegration of the
crystalline lattice can be generated even for metals under extremely high
laser fluences (Borghesi, et al., 2003). At moderate laser fluences, Coulomb
explosion of dielectrics can be realized on a fs-time scale preceding the
volume ablation via thermal mechanisms involving phase transitions. In this
case, the observed ion energies are found to change from highly energetic
non-thermal to thermal distributions (Stoian, et al., 2000c). However, under
high laser fluences, strong gradients of the electron density considerably
reduce the possibility to apply continuum approaches. Other formal schemes,
e.g. combinations of the continuum approach for generation of free-carriers
and electric field with the Boltzmann equation for the electronic transport,
and energy relaxation in the electron subsystem, are desirable.
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1. INTRODUCTION

There are several types of laser cleaning, based on different underlying
physical processes. The first one is called “ablative cleaning”, where the
undesirable particle or thin film is deleted from the surface due to direct
ablation. Arthur Schawlow carried out the first demonstration of this type of
cleaning. He proposed the "laser eraser” in 1965, using different
absorptivities of paper and ink to remove the ink without damaging the
underlying paper (Schawlow, 1965). Ablative cleaning is the basis of an
important technological process related to laser cleaning of organic
contamination on microelectronic devices (Hong, 2002). Another important
application of the ablative mechanism is in laser cleaning of artwork, e.g.
painting restoration and cleaning of antique marble (Zafiropulos, 2003).
However, the application of this method for a selective ablation of
nanoparticles from the surface is questionable because of the strong decrease
in absorption of nanoparticles with decreasing size.

The second type of laser cleaning is the so-called “Steam Laser Cleaning
(SLC)” (the term was suggested by A. C. Tam (Zapka, 2002)). A high
particle removal efficiency can be achieved with this method when a thin
liquid film is present on the substrate surface during laser irradiation
(Assendel'ft, 1988; Petrov, 1989; Zapka, 1991). SLC is achieved with the
momentum transfer during the explosive vaporization of the liquid layer.
This is quite a complicated process and many papers were devoted to the
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analysis of this process (Lang, 2004; Lang, 2003; Leiderer, 2002). It was
found that the cleaning threshold for SLC is practically “universal” (Lang,
2003; Mosbacher, 2000). It does not at all (or at most weakly) depend on the
particle size and material. The process of bubble nucleation in liquid is
assumed to play the basic role here. This method can provide the removal of
at least 100 nm sized particles from a solid surface (Lang, 2003; Mosbacher,
2000; Zapka, 1991).

The IBM group found another important regime of laser cleaning — the so
called “Dry Laser Cleaning (DLC).” Initially it was assumed that the
acceleration of the particle arises due to thermal expansion of material
during nanosecond pulse laser heating (Tam, 1992) and the small particles
do not perturbate the local field around the particle. However, recent
publications (Miinzer, 2002; Mosbacher, 2002b; Graf, 2005) have proven
that in DLC, scattering of radiation by contaminant particles plays an
important role in the cleaning process. For example, a small transparent
particle can work as a near-field lens, which leads to a strong field
enhancement. Depending on particle size, material and geometry the field
enhancement may be up to a factor of 100 (Luk'yanchuk, 2000b). This
produces a nonstationary 3D distribution of temperature which can give rise
to local ablation. It has great potential in technological applications of
nanostructuring of surfaces (Denk, 2003; Huang, 2002; Lu, 2000;
Mosbacher, 2002a; Mosbacher, 2001; Miinzer, 2001) and imaging of near-
field distributions (Leiderer, 2004; Miinzer, 2002; Wang, 2005).

The fourth successful idea in laser cleaning utilizes the excitation of
nonlinear surface acoustic waves and phonon focusing (Kolomenskii, 1991,
1998). However, this method also leads to surface destruction and cannot be
applied for cleaning of microelectronic devices.

Lately the method of small particle removal, based on the action of
pulsed laser-induced plasma and shock waves, attracted a lot of attention
(Cetinkaya, 2002; Hooper, 2003; Lee, 2001; Lim, 2004, 2005; Wanderwood,
2003). In this method the laser initiated plasma and shock waves during
optical breakdown above the surface in the surrounding media lead to
particle removal. Particles over 1 um can be efficiently removed by this
method.

The efficiency of different laser cleaning methods was summarized in
(Kane, 2002). From the tables in that paper it can be clearly seen that the
smallest size of removed particles was in the order of 100 nm in diameter
(papers published before 2002). This is comparable to the capabilities of
megasonic cleaning systems (Vereecke, 2005), which are used at present in
semiconductor device fabrication lines, but do not meet the future
requirements in this field. The International Technology Roadmap for
Semiconductors (ITRS, 2004), is considering a 1/2 pitch of 50 nm which
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should be in mass production in 2009. It means that during the next three
years a satisfactory solution for cleaning of 35-50 nm particles should be
developed. Megasonic cleaning has limitations caused by the fundamental
physics of the cleaning process, which do not allow improvement of the
cleaning efficiency in the desired size range. Thus, several alternative
techniques have been developed at present: snow-jet cleaning, plasma
cleaning, laser cleaning, etc.

Recently several breakthroughs have been achieved with the application
of laser cleaning methods for removal of nanoparticles with sizes smaller
than 100 nm. The contact-free removal of 60-nm latex particles from silicon
(Si) wafers with laser-induced plasma was reported in (Cetinkaya, 2004;
Varghese, 2004). Works (Song, 2004a; Song, 2004b) reported on removal
of 50 nm Polystyrene (PS) particles from the Si wafers by “Wet Laser
Cleaning (WLC)” (cleaning in a liquid near the meniscus). A paper
(Luk'yanchuk, 2005b) reported about cleaning of metallic particles using a
plasmon resonance technique. Gold particles with sizes of 40 nm were
successfully removed during laser cleaning of Si wafers by this method.
Finally, the novel technique of “Matrix Laser Cleaning (MLC)” was
developed and reported in (Graf, 2004). Experimentally, PS particles of
50 nm were removed by this technique without destroying the Si wafer
surface. This paper is devoted to the basic physics of laser cleaning of
nanoparticles with these new techniques. It is the result of collaboration
between the Singapore and Konstanz groups.

2. LASER CLEANING IN LIQUID NEAR
MENISCUS: “MINI-TSUNAMI” EFFECT

Conventional laser cleaning in liquid uses the explosive vaporization of
water to produce the momentum necessary for particle removal. The highest
cleaning efficiency with this method was found with a transparent liquid and
strong substrate absorption (Tam, 1992). The basic idea of the removal
force formation is illustrated in Fig. 3(a) in the paper of (Tam, 1992) (this
picture is reproduced in Fig. 1). The degree of overheating and related
pressure of the expanding vapor, however, are limited by the laser fluence
which produces material damage.

The force of particle adhesion is proportional to particle radius, F,eca
(Tam, 1992), while the removal force, created by vapor pressure, is
proportional to particle surface, i.e. Fyoca?. This implies a critical particle
size 7, for SL.C. Particles with a < r, cannot be removed by this method.
The practical limit, which was reached so far with SLC, is above the 100 nm
particle size (Kane, 2002).
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One can think about removal of a particle from its initial position by
rolling it due to a tangential flow of the liquid (this is a typical situation for
brush scrubber cleaning (Hu, 2004)). This tangential flow can be created,
e.g. by cavitation of bubbles and other methods. However, the basic
limitation here arises from the thickness of the interface boundary layer
originated by the liquid viscosity (Landau, 2004). Within the megasonic
cleaning technique the limitation of boundary layer is overcome by
increasing the sound frequency. With 1.2 MHz megasonic technique it is
possible to clean particles down to at least 150 nm (Witter-Publishing-
Corporation, 2004).

{8] StrongSubstrate Absorpiion

Puized
i 1 Hﬁsx» 1 l 248 s radiation

Interface Boiling

Figure 1. Nllustration of Steam Laser Cleaning for a strong absorbing substrate (Tam, 1992).

In order to overcome the mentioned limitations, we suggested a new
technique for laser cleaning, for which we use the term “Wet Laser Cleaning
(WLC)” (Song, 2004a). The basic idea of this technique is illustrated in Fig.
2. When a high-power laser beam is focused into liquid, it results in a shock
wave emission and cavitation bubble generation. In fact, cleaning action
induced by cavitation is the basic mechanism of ultrasonic and megasonic
techniques (Cheeke, 2002), as these techniques involve the processes in the
liquid volume (on the bottom under the liquid). The key issue of our
technique is, however, that we discuss the process near the liquid meniscus.
It involves some additional cleaning factors.

Upon inserting a rigid substrate into the liquid, the bubbles migrate
towards the substrate due to the Bjerknes attractive force. Due to bubble—
substrate and/or bubble—free-surface interaction, a high-speed liquid jet is
formed during bubble collapse, and a collapse shock wave is generated from
the moment of bubble collapse near the substrate. These shock waves and
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the liquid jet induce large forces acting on the substrate to remove particles
from it.

Partide

|LASER |
i i

Silicon

Figure 2. The schematic diagram of Wet Laser Cleaning system. An excimer laser with a
wavelength of 248 nm and pulse duration of 23 ns was used as a light source. A laser beam
was focused into liquid. The focus area of the laser beam is about 2 mm” and laser fluence at
the focus point is between 0 and 13.5 J/em?. One or few bubbles were observed for each laser
pulse.

There are different effects which arise due to bubble interaction with the
rigid surface and the free surface of liquid. A collapse of the bubble near the
rigid surface leads to deformation of the initially spherical bubble to toroidal
form and formation of a high-speed jet directed to the surface. The theory of
this type of collapse was discussed in many papers (Best, 1993; Blake, 1986;
Pearson, 2004; Zhang, 2001). Cavitation damage and erosion of the solid
surface is caused by action of this high-speed jet, see, e.g. (Shaw, 2000).
This jet is also responsible for the cleaning effect by ultrasonic technique
(Lamminen, 2004).

Near the free surface, a collapse of the bubble yields a high-speed liquid
jet directed away from the free surface. The theory of this jet was developed
in (Blake, 1987; Robinson, 2001; Wang, 2004a). The velocity of this jet is
much higher than the tangential velocity of the liquid which can be achieved
within the boundary layer. This jet can produce the necessary momentum to
clean the particle located near the meniscus. It was found experimentally in
(Song, 2004a) that cleaning efficiently arises near the meniscus region,
which means that the asymmetrical oblique liquid jet works like a “mini-
tsunami”, which washes off coastal nanoparticles (Luk'yanchuk, 2003a).

There are four important parameters for this mechanism: the distances d
and D, shown in Fig. 2, the laser fluence, and the surface tension. The
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cleaning efficiency increases with increasing laser fluence and decreases
with an increase of distance between substrate surface and laser beam focus
point or depth below the liquid surface.
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Figure 3. The cleaning efficiency dependence on laser fluence (a); on the depth of laser beam
focus point below liquid surface (b); on the distance between the laser beam and substrate (c);
on the concentration of ethanol in water (d).

A liquid, such as alcohol or commercial washing solution, enhances the
cleaning efficiency. These dependences are illustrated in Fig. 3.

It was found that not only micrometer sized particles could be removed
from the solid surfaces by WLC, but also nanoparticles with sizes down to
50 nm. Figure 4 shows SEM images of Si substrates with 51 and 110 nm PS
particles before and after WLC in the mixture of water and ethanol. The
laser fluence is 13.3 J/em® and pulse number is 200. The laser beam is
focused into the liquid at a depth of 0.1 mm from the liquid surface and a
distance of 2 mm from the Si substrate. At the original area, 110 and 51 nm
particles can be observed on Si substrates as shown in Fig. 4(a) and 4(c),
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respectively. After laser cleaning, the 110 and 51 nm particles on Si
substrate have been removed from the substrates, as shown in Fig. 4(b) and
4(d), respectively.

1.0 pm

(b) 110nm PS after cleaning

0.8 pm
A

(c) 51nm PS before cleaning (d) 51nm PS after cleaning

Figure 4. SEM images of Si substrates with 110 and 51 nm PS particles before ((a) and (c))
and after ((b) and (d)) wet laser cleaning in mixture of water and ethanol at a laser fluence of
13.3 J/em?, repetition rate of 10 Hz, pulse number of 200, depth of 0.1 mm from the liquid
surface, and distance of 2 mm from the Si substrate.

Another important parameter in WLC is the angle between the substrate
and the surface of liquid. We did not analyze this influence experimentally,
but results of theoretical simulations demonstrated the importance of surface
inclination (Wang, 2004a) and surface curvature (Tomita, 2002) for the
direction of the cleaning jet and collapse dynamics.
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3. PLASMONIC EFFECT IN LASER CLEANING OF
SMALL METAL PARTICLES

With DLC the thermal expansion of the particle (and/or substrate
expansion/ablation) produces particle acceleration, sufficient for particle
removal (Baduerle, 2000). However, with smaller particles one needs to
produce a higher surface temperature for particle removal. This is illustrated
in Fig. 5 which shows calculated surface temperature versus particle size
(Luk'yanchuk, 2003b, 2004).

These calculations imply that it is not possible to clean small transparent
particles by DLC. The necessary temperature exceeds the melting and
boiling temperatures, which leads to a change in the removal mechanism; it
becomes ablative cleaning which is in agreement with the experimental
findings (Arnold, 2004; Luk'yanchuk, 2003b; Miinzer, 2002; Wang, 2005).
One of the reasons for difficulties in cleaning small particles is related to
their small optical enhancement; for 100 nm sized particles the enhancement
is close to one. Sub-50 nm transparent particle generally produces
“shadowing effect” instead of enhancement effect under most kinds of
available laser irradiations.

However, one can think about significant field enhancement for metallic
nanoparticles, using radiation which excites localized surface plasmon
(Zayats, 2003). Typical values for the enhancement of the field in the
vicinity of the particle vary from several to several ten times depending on
the particle properties. There are three effects which one can expect in the
discussed problem: 1) Absorption of the energy by the particle itself may
play an important role; 2) The intensity on the substrate surface can enhance
the substrate heating due to the coupling of surface plasmon; and 3) A
pronounced angular effect of the radiation incidence may play an important
role.

In Fig. 6(a) we show the extinction, scattering, and absorption cross-
sections for a spherical Au particle of 20 nm in radius as a function of the
wavelength 4. One can see the plasmon resonance at A = 498 nm. This
resonance corresponds to the dipole excitation that can be seen clearly from
the field distribution in Fig. 6(b). The left peak at A =207 nm is also a dipole
Mie resonance, but without the formation of a localized plasmon due to the
condition Re&>0. For the case of particles with weak dissipation one can
see quadrupole and octupole plasmon resonances (Luk'yanchuk, 2005a).
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Figure 5. Maximum surface temperature at threshold fluences, calculated for an excimer laser
with a wavelength of 248 nm, and a pulse duration 23 ns. The removal of SiO, particles on Si,
Ge and NiP substrates were investigated. Three curves in the pictures are calculated with
different approximations. The 1D curves present the results of one-dimensional theory
(Amold, 2002), which neglects variation of the intensity under the particle, i.e, no
enhancement effect; The Mie-curves show the result of calculations for the case when a near-
field focusing effect is taken under the approximation of the Mie theory (Luk'yanchuk, 2003b,
2002); The POS-curves are calculated on the basis of “particle on surface” theory, which
takes into account the secondary scattering of radiation reflected from the surface of substrate
(Bobbert, 1986; Luk'yanchuk, 2004, 2000b).

From Fig. 6(b) one can see that the highest field enhancement arises on
the particle “equator”, while for laser cleaning enhancement underneath the
particle is needed. The natural way to increase enhancement under the
particle is to apply the angular incident radiation which is non-perpendicular
to the sample surface. To illustrate this effect we performed calculations
with a particle on surface problem (here we only considered a single particle
case. A more accurate model taking into account the coupling effect between
aggregated particles will be used in future modeling). The preliminary
results of these calculations are shown in Fig. 7. One can see from the figure
that the field enhancement under the particle with &= 45° is about two times
higher than that for &= 0° due to a more efficient coupling.

It was the basic idea to enhance the efficiency of laser cleaning with
surface plasmon excitation and inclined laser radiation. We performed an
experimental study of laser cleaning of sub-50 nm Au particles from Si
substrate by a 532 nm laser radiation and found that these nanoparticles can
be removed efficiently.
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Figure 6. The extinction, scattering and absorption cross-sections for a spherical Au particle

of 20 nm radius sphere as a function of the laser wavelength (a). The distributions of field E*
around the Au particle at an exact dipole resonance at 498 nm (b).
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In the experiment, an n-type polished Si wafer was used as the substrate.
The sample was cleaned with acetone in an ultrasonic bath for 5 minutes.
After that, the sample was rinsed with DI water and dried with N, gas. The
used suspension of 40 nm Au spherical particle has a size deviation of 5%.
The particles were applied on Si surface by a small dispenser. The solvent
was dried due to evaporation and consequently the self-assembled particles
were left on the surface. A Q-switched 2™ harmonic Nd:YAG laser (BMI
industry Series 5000) was used as the laser source. The wavelength was 532
nm with pulse duration of 7 ns. The laser spot size was about 6 mm. The
repetition rate varied from 1 to 10 Hz. The output laser beam was linearly
polarized.

Fig. 8 shows the SEM images of 40 nm Au nanoparticles on the Si
substrate surface before (a) and after (b) 300 laser pulses irradiation at a laser
fluence of 50 mJ/cm? and at an incident angle of 45°. It can be seen from
Fig. 8(a) that an as-deposited mask of Au nanoparticles on Si surface have
arranged in different forms: region 1 is free from the particles; in region 2
particles form a monolayer; in region 3 particles form a multilayer; and in
region 4 one can see isolated particles.

After laser cleaning, one can see from Fig. 8(b) that the majority of Au
nanoparticles were removed from the surface; the total cleaning efficiency
was estimated to be 80% in this case. A part of the removed particles from
regions 2 and 3 was found to be redeposited in regions 1 and 4. These re-
deposited particles mainly stayed in region 4 instead of region 1.

One can see from Fig. 6 that Au particles with a diameter of 40 nm are
highly absorbing for radiation of 532 nm (Qus = 0.43). This means that the
free particle can be heated efficiently. The corresponding temperature rise
can be estimated from the energy balance

::_3 Qaba‘F
4 cpa

T (1)
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Figure 7. Contour plots for the intensity distribution in the xz-plane (a, ¢) and the normalized
intensity (z-component of the Poynting vector) under the 40 nm gold particle on a n-Si surface
(b, d) at different incidence angles: «=0° (a,b) and a=45° (¢, d).
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Figure 8. SEM images of 40 nm gold nanoparticles on a n-Si substrate surface before (a) and
after (b) 300 pulses (532 nm, 7 ns) at a laser fluence of 50 mJ/em® and an incidence angle of
45°.

where F is the (homogeneous) laser fluence. For example for F = 50 mJ/cm®
formula (1) yields a very high temperature above 6000 K for a 40 nm (a =20
nm) Au particle. Although this temperature cannot be reached for the
particle on the surface due to heat conductivity of the substrate, it is clear
that effects related to the direct heating of the particle may play an important
role. Heating of the substrate arises due to radiation enhancement under the
particle and due to thermal contact of the particle and the substrate.

As it was shown in Fig. 7, under angular incidence of light the peak
position of intensity field under the particle is not at the contacting point but
at a point some distance away from it. In other words, the substrate thermal
deformation (and/or ablative) force repels the particle away from the surface
at some angle. This could explain why most of the removed particles were
redeposited in region 4.

One can see another phenomenon from Fig. 8(b) - the appearance of big
Au nanoparticles after laser irradiation. The biggest nanoparticle size that
has been observed in our experiments was 200 nm (5 nanoparticles
together). As we mentioned above this can be due to the considerable
heating of particles up to the melting temperature. One should also
remember that nanoparticles have a lower melting temperature as compared
to the bulk material. The low melting temperature of nanoparticles is due to
the large ratio of surface atoms to inner atoms, in which the surface energy
of the surface atoms is reduced. The melting point of bulk Au is about
1064°C, while it is 600 — 800°C for several tens nanometer sized Au
nanoparticles (Buffat, 1975). In experiments, it was found that multilayered
Au nanoparticles (particles in region 3) can be melted more easily to form a
bigger sized nanoparticle than monolayer particles (particles in region 2).
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Figure 9. SEM image of damage patterns under 40 nm gold nanoparticles after 532 nm laser
processing. A total of 300 laser pulses was used and the laser beam is incident on sample at
45°. The used laser fluence is 50 mJ/cm’.

Fig. 9 shows the SEM image of damage patterns under multilayer
particles (region 3) after 300 laser pulses irradiation at a laser fluence of 50
mJ/cm’ and at an incidence angle of 45°. The damage sites are in irregular
shapes with a lateral size in a range from 20 to 40 nm. In contrast, no
damage was observed under monolayer particles in region 2. The reason
could be attributed to the electromagnetic (EM) energy coupling between
different layers of Au nanoparticles which lead to a more efficient energy
coupling with the substrate. From the viewpoint of nanofabrication, this
small Au nanoparticle aggregation permits to produce an array of
nanostructures with a feature size smaller than 40 nm by single/multiple
laser shots. Compared to other techniques such as E-beam lithography and
near-field scanning optical microscopy (NSOM), nanopatterning with small
particles is rather cheap and easier to implement in a parallel manner (Wang,
2004b). It should be emphasized that a metal plasmon particle should be
used in order to obtain sub-50 nm pattern features by this method.
Meanwhile, an appropriate laser source should be employed whose
frequency must be close to the plasmon resonance frequency of the metal
particles.

Fig. 10 presents the cleaning efficiency as a function of the incidence
angles for Au particles. As it can be seen, the cleaning efficiency increases
smoothly with the incidence angles.
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Figure 10. Cleaning efficiency as a function of the incidence angle.

This tendency is quite different from that in laser cleaning of transparent
micrometer sized particles on the surface, in which a steep decline of
cleaning efficiency appears with increasing incidence angles (Zheng, 2001).
Effective removal of metallic particles (Cu) by angular laser cleaning was
previously discussed in (Lee, 2000). However, the authors demonstrated this
effect for sufficiently big particles (diameter about 10 pm) and they
suggested a different mechanism in efficiency increasing.

4. MATRIX LASER CLEANING

The third idea for a new cleaning method for the removal of
nanoparticles involves the deposition of an additional solid layer of material
at a temperature and pressure below the triple-point (in our case a layer of
quench condensed CO,) and its subsequent sublimation by the laser pulse.
This has an analogy with the Matrix-Assisted Laser Desorption lonization
(MALDI) technique (Berkenkamp, 1998; Karas, 1988). MALDI utilizes
laser evaporation of a host organic crystal matrix, which was rapidly
vaporized, launching the big embedded biomolecules into vacuum. The
plume dynamics, mechanism of ejection and the initial velocities of the
ejecta, the extent of collisions between the matrix vapor and biomolecules
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during expansion, and the times to establish final velocity distributions were
discussed in many papers, see e.g. (Karas, 2003; Zhigilei, 2003). In
particular it was shown that the sharpening effect arises in plume dynamics,
namely the “heavy plume” of embedded biomolecules has a very narrow
angular distribution when compared to the light plume of the host matrix
material (Luk'yanchuk, 2000a; Puretzky, 1999). As the MALDI technique
shows an efficient launching of very heavy biomolecules (up to several
hundred thousand Daltons), one can expect that the expanding vapor of
condensed CO, can also remove contaminant particles from the surface.
However our analysis reveals that MLLC works in a different way compared
to MALDI. Due to the application of a solid film condensed onto the
substrate from the gaseous phase, MLC has some advantages over cleaning
techniques involving a liquid: MLC does not face wetting problems and thus
it is beneficial for cleaning of different and structured substrates, including
structured ones. Furthermore, the watermark problem can be avoided.

The schematic of the MLC process is presented in Fig. 11. The layer of
dry ice, with thickness 4, is deposited on a Si surface with contaminant
nanoparticles. The CO, matrix is considered to be nonabsorbing for the used
laser wavelength. Thus, the laser energy is only absorbed by the Si substrate,
and the energy transfer to the matrix is achieved solely by the heat transfer
due to thermal conductivity. Due to the contact heating, the CO, layer in the
vicinity of the substrate surface sublimates, producing a compressed CO,
vapor. For a fixed value of laser fluence this thermal effect does not depend
on the thickness % as long as this thickness % is bigger than the heat

penetration depth, ¢, ~2./D,¢, (D, is heat diffusivity, and ¢, is the pulse
duration). Thus, the thermal energy E of the heated area does not depend
(or weakly depend) on the film thickness. Due to the expansion of
compressed gas, the solid CO, layer obtains a velocity v, and a
corresponding kinetic energy E;. Due to energy conservation, the absorbed
laser energy E should be equal to E;+ E;. When £ and E¢ are constant, this
means that E; o hv,2 is also constant and the characteristic initial velocity of
the film should be inversely proportional to the square root of the film

thickness

v, o h™2, )

Clearly, this is a simple model, but it shows the main tendency of the
initial velocity of the film versus thickness in a correct way.
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Figure 11. Schematic illustration of the Matrix Laser Cleaning process

Now we can consider two cases. When the thickness of the gaseous
region is bigger than the particle diameter, we return to a typical situation for
MALDI; the particle is embedded into the moving gas. It is important to say,
that for typical conditions for the matrix vaporization by a nanosecond laser
pulse, the characteristic time scale to establish the pressure within the vapor

L, = l, / ¢, is much shorter than the pulse duration. Thus, the gas expansion

arises without pressure gradient just due to the boundary conditions, namely
the normal velocity of the gas is equal to zero on the substrate surface and it

is equal to the velocity v, on the surface of the solid matrix at position

x=1I{t)~ ¢, +v,. The gas velocity distribution for this case can be
estimated from the Euler equation:

w=0=0, v x=1() = Vo 3)

This equation yields a linear profile of velocity
x
WX, )=V, ——. 4
(x.0)=v, 0 ©)

The driving force arises due to collision of vapor molecules with the particle.
This force is proportional to the velocity of the gas at distance x =a (a is
the particle radius):
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The situation when the big biomolecules are carried by the matrix vapor
is well-known in MALDI (Luk'yanchuk, 2000a; Puretzky, 1999). Because of
Eq. (2) one can enhance the driving force using thin films (however, the
condition & >> £, should be fulfilled).

Another situation is different from MALDI. When the gas layer thickness
is smaller than the particle diameter, the upper part of the particle remains
“immured” into the part of the matrix that remains solid. For example, for

solid CO, and a laser pulse length of ¢, =9 ns, the value of ¢, ~ 38 nm.

Such a situation is shown in Fig. 11 for a 50 nm PS particle. As the contact
area between the PS particles and the solid part of the matrix is significantly
bigger than the contact zone of the particle and the Si substrate, the adhesion
force between particle and matrix exceeds the adhesion between particle and
substrate. Consequently the particles start to move together with the ablating
matrix. The momentum of the matrix layer poc hvgec k172 increases with
increasing film thickness. However, according to the energy criterion of the
particle removal (Arnold, 2002; Luk'yanchuk, 2002) the kinetic energy of
the particle should exceed the work necessary for the particle removal from
the adhesion potential. For the case of a particle embedded into the matrix
this kinetic energy does not depend on the film thickness. This clearly
indicates the difference between the two regimes discussed above. It is
useful to note that using a shorter laser pulse (when ¢, ~ 2@ would be

smaller), one should be able to remove smaller particles. Considering that for
9 ns laser pulse it was able to delete 50 nm particles, one can expect that for
100 ps laser pulse it should be able to delete 5 nm particles.

The simplified consideration given above illustrates the main tendencies
in MLC. We also performed a detailed experimental analysis of this
technique. So far all experiments on MLC were carried out using a matrix of
quench condensed CO,. Therefore, the samples were cooled down below the
condensation temperature, whereon a defined amount of gaseous CO, was
blown over the surface. In order to reduce condensation of unwanted species
while cooling down the sample, the experiments were carried out in a
custom built vacuum chamber. The scheme of this vacuum chamber is
shown in Fig. 12. It basically consists of a sample holder, which can be
cooled down by liquid nitrogen, a nozzle to supply the CO, gas, and
windows on three sides of the chamber to enable optical access to the
sample.
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Figure 12. Scheme of the vacuum chamber built for the Matrix Laser Cleaning experiments

The temperature of the sample was measured in parallel inside the
sample holder close to the sample position and on the surface of the sample
itself.

The optical setup is shown in Fig. 13. A frequency doubled Nd:YAG
laser (1 = 532 nm, pulse duration 9 ns FWHM) was used as the cleaning
laser. A HeNe laser was used for an online monitoring of the film thickness
by reflectometry with an accuracy of 5 nm. Furthermore, the scattered signal
of the HeNe laser was used to control the morphology of the quench
condensed films. Obviously their microscopic structure varies for different
substrate and gas temperatures, as well as the gas flow applied to the sample
(Miiller, 1987). However, these parameters were kept constant to enable
reproducible results. In particular the substrate temperature was kept at
175 K. As no scattered light was detected during the condensation process,
we assume that for these parameters the condensed films are homogenous
well below the wavelength of the probe laser. The laser fluences necessary
for particle removal have been determined from the diameters of the cleaned
areas in x- and y- direction for different pulse energies under the assumption
of a Gaussian laser beam profile. In all measurements PS colloidal particles
(IDC, Portland, Oregon) with diameters between 50 nm and 810 nm have
been used as model contaminants. They have been applied on the Si samples
by a spin coating technique (Mosbacher, 2000). The spherical shape and
narrow size distribution of the particles enable investigations of size
dependent effects and comparisons with theoretical models.
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Figure 13. Optical setup with a frequency doubled Nd:YAG laser (9 ns FWHM), a HeNe
laser (8 mW) as probe laser, photo multiplier tubes (PMT) to detect the reflected and scattered
light, and a power meter (PM) for the energy calibration.

In the first experiments on MLC the laser fluences necessary for particle
removal have been measured for different CO, film thickness and particle
sizes, respectively. As shown in Fig. 14 for a particle diameter of 810 nm,
the cleaning fluences are not constant at all, but show an oscillatory behavior
in dependence of the applied film thickness. This can be explained by the
fact that the CO, matrix is almost transparent for the used laser wavelength
(according to (Warren, 1986) optical penetration depth for 532 nm is 5.3 cm,
which is big compared to film thicknesses in the nanometer range) and the
applied energy gets solely coupled into the matrix via heat transfer from the
substrate. So the energy coupled into the Si sample is the important
parameter, which is of course a function of the film thickness d dependent
transmission 7'(k4)into the substrate due to multiple interferences at the
interfaces of the film. And indeed the amplitude, as well as the period of the
oscillation in the cleaning fluences versus the CO; film thickness A, agrees
with the expected values. So the applied laser fluences have to be
compensated by the particular transmission 7(%), what will in the following
be determined as the “effective fluence” Fgg= I(h)-F = [1-R(M)]F (here Ris
the sample reflectivity).

Fig. 15 shows this effective cleaning fluence for the same particle size of
810 nm. Indeed, the oscillatory behavior cancelled out, which confirms the
role of the effective fluence on the substrate as the relevant parameter. On
the other hand, it can be seen that there is no decrease in the effective
cleaning fluence when applying a CO, matrix compared to DLC (film
thickness 2 = 0 nm). So, there is no visible cleaning effect of the CO, matrix.
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Figure 14. Laser fluence necessary for particle removal dependent on the CO, film thickness.
The particle size was 810 nm.
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Figure 15. Effective laser fluence on the surface of the sample necessary for particle removal,
neglecting film thickness dependent coupling of the applied laser fluence. The particle size
was 810 nm.
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A different picture arises for smaller particles, the more relevant particles
to be cleaned e.g. in semiconductor industry. It has been shown previously
that particles below 170 nm cannot be removed by DLC anymore
(Mosbacher, 2002b). If these particles could be removed by MLC, this
would clearly indicate an additional cleaning effect of the applied CO,
matrix. And indeed, MLC is able to remove particles with diameters below
170 nm, even with 50 nm in diameter, as can be seen in Fig. 16 and Fig. 17.
The latter shows a Scanning Electron Microscope image of a Si wafer
contaminated with 50 nm sized particles after a single shot ML.C experiment.
In the left part of the image, the applied laser fluence was below the cleaning
threshold so that the particles remained on the sample. However, on the right
side of the image the particles have been clearly removed. The cleaning
efficiency is close to 100 % within a single shot experiment. This leads us to
the assumption that we have not yet reached the limit of this technique and
even smaller particles should be removable. Furthermore the possibility to
gain a high cleaning efficiency with just a single laser shot is an important
point regarding possible applications, e.g., in the semiconductor industry,
where a high throughput is a crucial prerequisite. Additionally, from a
scientific point of view, single shot experiments allow us to directly link the
outcome of the cleaning process (efficiency, redeposition, damage
formation) with the parameters of the specific laser shot (exact fluence, pulse
profile etc.), whereas multishot experiments inevitably average over these
parameters.

As already shown for larger particles, Fig.16 shows the effective cleaning
threshold F, g for the 50 nm sized particles dependent on the thickness of the
applied CO, matrix. As written before, these particles can’t be removed by
DLC, which is the reason that there are no data points for small film
thickness values. However, when exceeding a minimum film thickness of
about 60 nm, cleaning sets in. More detailed investigations reveal that this
minimum film thickness shows a slight increase with the diameter of the
contaminants. It can also be seen that, in agreement with the energy
criterion discussed above, the minimum effective fluence is independent of
the applied film thickness. We also analyzed the initial velocity of the
starting film by interferometry (typical velocities were found on the order of
some ten meters per second). For this case a time resolved measurement of
the reflected signal of a probe beam was used. When a homogenous sheet of
CO, leaves the surface, one can see oscillations in the reflectivity signal due
to interference between the reflected beams at the film and the substrate
(Lang, 2004) . From the periodicity of these oscillations the velocity can be
calculated. It was found that this velocity follows an inverse square root law
as Eq. (2).
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Figure 16. Effective laser fluence on the surface of the sample necessary for removal of 50
nm sized particles, neglecting film thickness dependent coupling of the applied laser fluence.
This size particle cannot be removed by Dry Laser Cleaning.
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Figure 17. SEM picture of a Si sample contaminated with 50 nm sized polystyrene particles,
from (Graf, 2004). The right half of the image has been cleaned by Matrix Laser Cleaning. As
can been seen, the cleaning efficiency is close to 100 % within a single shot experiment.
Particles with 50 nm diameter are, to our knowledge, the smallest transparent particles ever
cleaned by laser based techniques (Song, 2004a).
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An important question regarding possible applications is whether the
particles can be removed damage free, or if near-field induced damages are
created, as is the case in DLC (Arnold, 2004). Therefore, we analyzed the
cleaned areas of the sample by Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM). It turns out that for particles larger than
300 nm such defects can be found, as is shown in Fig. 18.
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Figure 18. AFM picture of damages created by near-field focusing under the particles during
a Matrix Laser Cleaning process. For particle sizes above 300 nm, these damages resemble
those found in Dry Laser Cleaning. For particle sizes below 300 nm, no damage has been
found.
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Figure 19. Optical enhancement (z-component of the Poynting vector) under Polysterene
particle immersed in dry ice on Si substrate for radiation of 532 nm. The following optical
constants were used in calculations: solid CO, - n =1.414and «=8-10""; PS particle ~
n=1.6 and x = 0; Sisubstrate n = 2.115 and x = 0.208. Enhancement for the particle in
air is also shown.
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Their shape resembles those found in DLC experiments. For particles
smaller than 300 nm, where a MLC effect has been observed, no created
defects have been found. This of course cannot be an accurate proof for the
absence of defects, since the surface was only checked on selective areas.

However, a comparison between the examined area and the former
particle densities strongly suggests that in MLC damage free removal of
small particles is possible. This result is also supported by the theory of near-
field focusing which shows that for 300 nm PS particles in dry ice, the
optical enhancement is close to one (see Fig. 19). Sub-50 nm transparent
particle generally produces a “shadowing effect” instead of an enhancement
effect under most kinds of laser irradiation. In addition, a better matching
between the particle’s refractive index and the medium’s refractive index
decreases the near-field enhancement in MLC, as compared to the DLC case
in which the particle is immersed in air (see Fig. 19).

From these first experimental results, we conclude that there seems to be
no MLC effect for particles larger than 300 nm, while for the smaller
particles a clear effect of the applied CO, matrix is visible. This result is
quite surprising since, in general, particles are harder to remove the smaller
they get. The reason for this is that for smaller particles a higher fraction of
the particle volume is located close to the surface and contributes to the short
ranged adhesion forces. Here however, cleaning only occurs for the smaller
particles.

To explain this behavior, we have to take a closer look at the underlying
mechanism, the ablation of the CO, matrix.
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Figure 20. Effective ablation threshold of a quench condensed CO, film on a bare Si
substrate, dependent on the particular film thickness.
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Therefore, we conducted experiments on the ablation of quench
condensed CO, films on bare Si substrates. Fig. 20 shows the ablation
threshold of a quench condensed CO, film, depending on the particular film
thickness. As in the case of cleaning of small particles, the effective ablation
threshold is independent of the film thickness. This leads to the conclusion
that only a small and constant fraction of the film at the interface of the
substrate gets transferred into the gaseous phase. If the whole matrix
material underwent a phase transition, the necessary latent heat would result
in a linear dependence of the ablation threshold on the film thickness. The
pressure induced by this phase transition and the subsequent expansion of
the gaseous CO, also leads to the ablation of the material lying beyond.

In Fig. 21, the ablation threshold of the CO, matrix is compared to the
measured effective cleaning fluences of the MLC experiments and the DL.C
threshold. As mentioned above, for particles larger than 300 nm there was no
visible effect of the applied CO, matrix. The effective cleaning threshold
stayed at the same level as in the DLC case, where no CO, matrix is applied.
In Fig. 21, it can be seen that for these particle sizes the DLC threshold is
below the ablation threshold of the CO, matrix. This leads to the situation
where the particles already get removed by DLC at even lower fluences,
while the surrounding CO, film stays on the surface. Since there are no
capillary forces involved, the surrounding matrix does not seem to affect the
DLC process remarkably.
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Figure 21. Comparison of the measured ablation threshold (red dotted) of a quench condensed
CO, matrix, the measured effective cleaning fluencies in Matrix Laser Cleaning and the Dry
Laser Cleaning threshold (blue) dependent on the particle size.
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For smaller particle sizes, the DLC threshold increases until it intersects
with the ablation threshold of the CO, matrix at particle sizes of about 300
nm.

For this particle size, the CO, matrix ablates at fluences where no DLC
occurs, and leads to particle removal. So the comparison between the
ablation threshold of the CO; film and the DLC threshold is the key as to
why a MLC only occurs for small particles.

For the particles below 300 nm the MLC threshold gets independent of
the particle size, as it has already been shown in the case of SLC
(Mosbacher, 2000). The threshold arises only from the ablation threshold of
the matrix material in use.

5. CONCLUSIONS

Modern microelectronics technology needs methods to clean particles
from Si surfaces in the diameter range from 50 to 100 nm in the near future
(ITRS, 2004). This range cannot be achieved by existing ultrasonic and
megasonic techniques, which are restricted at present by 150 nm particles
(Witter-Publishing-Corporation, 2004). However, the cleaning target can be
achieved by new laser based cleaning methods, which are different from the
already known dry, steam, and ablative laser cleaning. The present work
discussed three different novel techniques which solve the cleaning problem
for sub- 100 nm particles.

The first method utilizes the effect of a directed jet produced by an
optical breakdown near meniscus (mini-tsunami effect). It was demonstrated
experimentally that this method permits removal of 50 nm PS particles from
the Si surfaces without any damage to the surface.

The second method uses the enhancement in optical coupling of metallic
particles with the surface due to the surface plasmon excitation. The feature
of this technique is related to specific wavelengths which excite the surface
plasmon. Another peculiarity of this technique is the use of inclined laser
radiation (the laser beam is close to parallel to the surface, as seen in Fig.
10). This plasmonic effect permits the cleaning of metallic nanoparticles
from the substrate surface. We demonstrated experimentally the ability to
clean 40 nm Au particles from the Si substrate. However, this technique
produces nanoscopic damage patterns under aggregated Au particles.

The third technique uses an additional layer of solid CO, deposited on the
Si surface prior to the laser pulse. The ablation of this layer permits the
removal of PS particles down to at least 50 nm in diameter. It is important
that the removal of small particles can be achieved without any damage of
the substrate. Furthermore, with respect to a high process productivity, the
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capability to reach high cleaning efficiencies within single shot experiments
is of great interest for possible industrial applications.
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1. INTRODUCTION

The ejection of particles from a surface induced by irradiation with a
high intensity laser beam leads to the formation of a cloud of ablated
material moving rapidly away from the surface. Usually, such a laser
ablation cloud consists of excited or ground-state neutrals, electrons, and
ions. In the early history of laser ablation, photographs showed a distinct
visible plume produced by fluorescence from excited atoms in the cloud
(Harris, 1963; Geohegan, 1992; Kelly,, et al., 1998). An example of a plume
as a strongly light-emitting cloud growing in all directions, but preferentially
along the target normal, is shown in Fig. 1. In the following discussion the
word “plume” will denote the expanding cloud of material derived from an
ablation process, independent of whether or not the cloud is visible.

The physical parameters in the plume, e.g. the mass distribution, ion and
atom velocity, and the angular distribution of the plume species, play an
important role for applications of laser ablation in mass analysis of laser-
induced plasma (Vertes,, et al., 1993) and in the production of thin films by
pulsed laser deposition (PLD) (Hubler, 1992; Chrisey and Hubler, 1994,
Gorbunoff, 2002). In particular, the thickness distribution in film deposition
on a substrate is determined by the plume shape that has evolved during the
expansion from the target surface to the substrate (Saenger, 1994; Amoruso,
et al., 1999; Schou, 2006).
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Figure 1. Images of the ablation plume produced during laser ablation of a LaMnOj target by
20 ns excimer laser pulse at 351 nm with a fluence of 1.5 J/em?* in vacuum, at three different
time delays after the laser pulse. The white cross marks the point where the laser beam hits
the target surface (Amoruso, et al., 2006a).

The complicated interactions between the species in the plume and the
interaction between the species and the incident laser light mean that a
detailed theoretical or computational treatment has not yet appeared for the
comparatively simple case of a plume expanding in vacuum (Sibold and
Urbassek, 1991; Lowndes, 1998; Willmott and Huber, 2000; Gorbunoff,
2002). An even more complex case occurs for a laser ablation process of a
solid in a background gas, which is often used in PLD. Therefore, in
principle, any optimisation of the film deposition process requires a
comprehensive knowledge of the plume processes during the expansion.
Surprisingly, the optimisation of the film deposition is still mostly done on
an empirical basis - almost 20 years after the breakthrough of PLD for films
of high-temperature superconductors in 1987 (Dijkkamp, et al.).

The ablation process using lasers with pulses of ns or longer duration
can be thought of as occurring in four different stages, though these stages
do overlap to some extent in time. A schematic representation of these stages
is shown in Fig, 2.

1) In the first stage, the laser light strikes the solid and is absorbed by
the electrons in the solid. After a period of tens of ps the electrons
and atoms in the solid equilibrate, which leads to a strong heating of
the irradiated volume. In this stage, laser-solid interactions are
dominant.

2) In the second stage the material from the heated volume is ejected
from the solid but continues to absorb energy from the laser,
resulting in the formation of a thin layer ionized vapour on the
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Figure 2. A schematic view of the processes that take place during ablation by a ns laser
pulse. From left to right: light absorption in the solid (stage 1), ejection of the ablated material
in a plasma plume (stage 3) and the interaction of the light with the plume (stage 2), and the
expansion in a background gas (stage 4).

surface of the target. In this stage, laser-gas or laser-plasma
interactions prevail. For fs lasers the duration of the pulse is so short
that any significant movement of the atoms from the lattice happens
after the pulse has terminated.

3) The third stage begins after the termination of the laser pulse. Here
the plume expands adiabatically in three dimensions. If the
expansion takes place in vacuum, the shape and velocity distribution
in the plume will reach asymptotically constant values.

4) If the ablation takes place in a background gas, the high plume
pressure initially drives the expansion as if it were occurring in
vacuum. After several us, the plume expansion is entirely
determined by the interaction of the plume atoms with the atoms and
molecules of the background gas (stage 4).

Already, during the light absorption in the solid (in stage 1) the initial
heating of the solid may lead to a strong evaporative ejection of material.
Since the heating is extremely fast, surface temperatures close to the
thermodynamically critical temperature can be reached. At these high
temperatures the material ejection processes may change from evaporation
and boiling to explosive boiling, by which nano and microparticles can also
be ejected. In stage 2 the expanding plume is heated by various absorption
processes which attenuate the laser light that is transmitted through the
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plume to the solid/liquid surface. A simplified picture is that the initial
plume expands in a dynamical equilibrium in such a way that the absorption
of laser light provides the kinetic energy for the expansion (Phipps, et al.
1988; Lowndes, 1998).

In the plume the laser is primarily absorbed by inverse bremsstrahlung
(IB) processes and direct single-photon processes (Zel’dovich and Raizer,
2001). IB involves absorption of photons by free electrons which are
accelerated during collision with neutral or ionized atoms. The cross-section
for IB via electron-neutral collisions is much smaller than that via electron-
ion collisions, but can be important for the initial plume of a weakly ionized
gas. Initially, there may be very few “seed” electrons present, produced by
thermal emission from the solid or multiphoton ionization processes. The
contribution from multiphoton processes increases with decreasing
wavelength, but is particularly important for ultrafast lasers. For plumes
induced by IR lasers, e.g laser light at 1064 nm, absorption by IB is
dominant and ionization breakdown may occur even at intensities near the
ablation threshold (Amoruso, et al., 1999). For visible and UV laser light
photon absorption also takes place by photoionization processes. In this case
the photon energy is comparable to the ionization energy of excited atoms
which are produced in the plume by electron-atom collision processes. A
number of studies of UV ablation of metal targets have shown that the
plasma plume can achieve temperatures of a few eV and an ionization
degree that exceeds 0.1 for moderate irradiation intensities (I = 0.1 —1
GW/cm?). The comparatively high temperature which cannot be reached
with IB processes alone, indicates that direct photoionization processes play
an important role (Amoruso, et al.,1999; Jordan and Lunney, 1998).

After termination of a ns laser pulse, i.e. after first and second stage, the
vapourised material exists as a 10-100 pm thick layer of a dense, partly
ionized gas which is expanding away from the target surface. For typical
PLD conditions, with a fluence of 1-10 J/cm? on a laser spot of 0.01-0.1 cm’,
the number of ablated particles from a metal is in the range of 10" to 10'
atoms/pulse. This leads to a plume density of 10'°-10%° atoms/cm’ and a
temperature of 2-3 eV, depending on the fluence and the volatility of the
metal (Lunney and Jordan, 1998; Amoruso, 1999). These values agree with
those obtained by others (Amoruso, et al., 1999; Schou, 2006). The plume is
typically moving with a velocity of 10-20 km/s (Amoruso, 1999; Thestrup,
et al., 2000; Ashfold, et al., 2004).

In the present chapter the plume expansion originating from such a
dense, initial plume will be described and discussed. Our starting point is at
the beginning of stage 3. However, as discussed below, the subsequent
plume dynamics do depend critically on the conditions which pertained in
stages | and 2.
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After the termination of the laser pulse the initial gas layer expands in
all directions. The expansion is driven by the energy which is accumulated
as thermal energy and energy which is stored as excitation and ionization in
the initial layer. This energy is converted to kinetic energy of the atoms in
the plume, and eventually all atoms will move with an asymptotic, constant
velocity distribution. As soon as the laser pulse ends, there is little further
transfer of energy and mass to the ablation plume, and the plume
propagation can essentially be considered as an adiabatic expansion.

Figure 3. A photo of a plume (see text in Fig. 1) and the geometry for Anisimov's model. The
initial plume is seen as a small “bubble” in the center (left panel).

The theoretical description of the adiabatic expansion has been
considered by Anisimov, et al. (1993, 1996) and Singh and Narayan (1990).
Singh and Narayan’s treatment assumes that the plume is isothermal, i.e. VT
= (), and that the spatial variation of the plasma density is Gaussian
throughout the laser irradiation and the subsequent expansion. The
assumption of a temperature gradient equal to zero in the plume is
questionable, as pointed out by Anisimov, et al. (1993). Instead, Anisimov,
et al. consider the expansion to be isentropic, which essentially means that
there is no heat conduction between different parts of the plume. Less
attractive features of the model of Singh and Narayan (1990) are that the
results cannot easily be generalized to other parameters and that they are
obtained for a specific multicomponent system, YBaCuO.

The light emission from an expanding plume usually indicates an
ellipsoidal shape (Fig. 3) (Li, et al., 2002, Harilal, et al., 2003; Amoruso, et
al., 2006a). The model of Anisimov, et al. (1993) is based on Lie group
transformation theory which simplifies the solutions of the gas dynamic
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equations. In the model the plume is approximated by a semi-ellipsoid with a
front determined by the axes X(7), Y(2), and Z(¢) at a time ¢, where the z-axis
is normal to the surface (see Fig. 3). The characteristic properties of the
expansion, such as the density and the pressure (see below), are constant on
ellipsoidal surfaces, i. e. XX + Y/¥Yw? + 2/Z()° = constant. The
complete hydrodynamic motion of all particles in the plume is determined by
self-similarity of the elliptical surfaces, so that the instantaneous velocity is
determined by the relative position of the front (see Anisimov, et al., 1993,
1996; Anisimov and Luk’yanchuk, 2002).

In Anisimov’s theory the initial conditions for this semi-ellipsoidal gas
bubble with the axes Xj, Y,, and Z,, which starts the expansion after the
termination of the laser pulse at # = 77, = 0, are

X(0)=Xo, Y(0)=Y,,Z(0)=2,, )
and

dX dy dz

E(O)ZO,E(OFO,}}}‘(O):O- )]

The underlying assumption is that the thermal energy of the initial plume is
much larger than the kinetic energy. For a given value of the adiabatic
constant y = ¢,/c, , the mass density and pressure profiles for the adiabatic
expansion have the form:

1(1=y)
M ¥2 2 2
J4 Yy z
= |2
p(X,y,Z) 11 (}/)XYZ |: X2 Y2 22 :| (3)
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where E, is the initial energy of the plume and M, is the plume mass. The
expressions for /;(% and I3 are given in Anisimov, et al. (1993, 1996).
This leads to the following temperature profile during the adiabatic
expansion:

~1 2 2 2
Tna) = (5 /2y (ke | [l—x——l-—z—} e
B p
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where k; is Boltzmann’s constant and m is the mass of the plume atom
(Hansen, et al., 1999). Fig. 4 shows the radial variation of the temperature,
density, and flow velocity according to the isentropic model of plume
expansion.

The sharp edges of the pressure and density profiles at the front, at
which the density is equal to zero, mean that the temperature at the edge
approaches zero as well. This is in contrast to Singh and Narayan’s model, in
which the temperature 7 of the plume is considered constant.

With the density profiles from Eqs. (3-4) and the velocity determined
from the self-similarity principle, Anisimov, et al. (1993) as well as Singh
and Narayan (1990), arrive at the differential equations which control the
expansion of the plume:

d*x d*y a*z [X v,z 7' v, T
X)— =Y0t) — =Zt)—5 =4 M]y =2 6
Y dr? ¥ dr? ® dr? XYZ 1% O

where Anisimov’s model gives
A= (5v-3)E, M, @)
and Singh and Narayan’s model,

A =kgT/m. ¥

Since y in many cases is just slightly larger than unity, the parenthesis
on the right-hand side is practically constant. It means that the acceleration
of the front in any point, (’X/df’, d’Y/df’, ' Z/dr), is inversely proportional
to the instantaneous position of the point (X(¥), Y(¥), Z(¢)). The underlying
dynamics of Egs. (6-8) is that the expansion is driven by the pressure
gradients of the plume (Zel’dovich and Raizer, 2001). For large plume
volumes the front acceleration goes asymptotically to zero, such that the
asymptotic velocity of the front is constant.

Three well-known effects from plume dynamics can all be explained on
the basis of the equations: i) the plume sharpening in forward direction
(Saenger, 1994), ii) the flip-over effect (see below) (Anisimov, et al., 1996;
Toftmann, et al., 2003), and iii) the forward peak from a broad beam spot on
target (Weaver and Lewis, 1996).

After the termination of the laser pulse, the plume thickness is usually
much smaller than the lateral dimensions of the plume. The acceleration is
thus much stronger in forward direction. This is also clearly seen from the
left panel of Fig. 3. The flip-over effect occurs for noncircular beam spots,
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so that the faster expansion is in that lateral direction where the initial plume
was narrower. For a rectangular or elliptical beam spot, it means that the
plume turns in such a way that the major axis lies 90° to that of the beam

spot.
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Figure 4. (Left panel) Spatial variation of flow velocity, density, and temperature, from Egs.
(3) and (5), in the z-direction in the plume. (Right panel) Normalized variation of the particle
flux, Eq. (10), and temperature in the plume at a position from the target z, = (dz/d)z, .

This is again seen from equation (6), since the smallest value of the
initial front position results in the largest acceleration of the front. Finally, a
small beam spot, i.e. small initial, lateral values of the front, X=X, and Y
=Y, for the same volume of the plume (same ablation yield), means a larger
value of the acceleration in the lateral directions and thus a broadening of the

plume.
An expression for the signal onto a flux detector can be found directly

from the treatment by Anisimov, et al. (1993). In the asymptotic limit of
constant plume front velocity, the time #,, at which the front reaches a planar
substrate parallel to the flat probe surface at a distance z; and an angle € in
the z-x plane with respect to the normal, is determined by

to= z/(dZ/dt) [1+ k.2 tan’0]"? o

where dZ/dt is the velocity of the front along the z-axis, and k, = Z,,;/X,, is
the ratio of the limiting value of the position along the z-axis as well as the
value of the front in horizontal direction along the front. For a hemispherical
substrate with a radial distance R, from the target f, can be found from
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Eq. (9) by replacing z, with Ry/(I+tan’6)"”. The time-of-flight distribution
for a plume can be expressed in units of #%:

1
3/2
M k> [ 1+tan?0 4 2 ar
F(6,0) dt =—+t— — | x={-L = (10)
ml (VR \1+k*tan* @ t t t

and is plotted in Fig. 4 (right panel). This figure also shows the expected
variation of plume temperature at R, for an isentropic expansion as the plume
expands beyond that point.

3. EXPERIMENTAL METHODS

There is now a very extensive literature describing a wide range of
experimental techniques which have been used to diagnose laser ablation
plumes, and these have been reviewed by various authors (Chrisey and
Huber, 1994; Lowndes, 1998; Amoruso, et al., 1999). It is of interest to
measure the following parameters in a laser ablation plume:

1. the shape and velocity of the plume at various times after the ablating
laser pulse,

2. the spatial distribution of density and temperature at various times after
the ablating laser pulse, and

3. the spatial variation of the plume composition, in terms of the atoms,
molecules, excited states, and clusters present.

Broadly speaking, the primary diagnostic techniques can be divided in

optical and electrical probe methods.

Firstly, we will look briefly at some of the more commonly used optical
diagnostic techniques. Gated intensified charge-coupled devices (ICCDs)
can be used to record images of the self-emission of the plume with time
resolution of a few ns (see Fig. 1). Time-lapse images of the plume can be
recorded by changing the time delay between the laser and the gating pulse
to the ICCD, and these give a very good impression of the plume dynamics.
The optical emission spectrum indicates which electronically excited species
are present in the plume. Space and time resolved spectra can be recorded
using spectrometers with photomultiplier and ICCD detector. Fig. 5 (left
panel) shows the emission spectrum emitted during the laser ablation of
MgB, from a region 5 mm in front of the target. Line emission from both
neutral and ionized species of both Mg and B are observed. Fig. 5 (right
panel) shows a TOF record of emission on two lines from this region. By
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recording TOF spectra at various distances, the velocity of specific excited
species can be obtained.

Rather than relying on the self-emission of the plume, a second pulsed
tuneable laser may be used to excite a specific transition at well-defined time
and distance from the target, such that the fluorescence can be recorded. This
technique of laser induced fluorescence (LIF) has been used by various
investigators to study the ground state atoms and molecules in laser ablation
plumes (Geohegan, 1992).

When LIF is done with a narrow linewidth laser it is possible to exploit
the motional Doppler effect to map out species that are moving parallel, or
antiparallel, to the probe laser direction (AlWazzan, et al., 1996).
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Figure 5. (Left panel) Emission spectrum of the plasma plume produced during excimer laser
ablation of MgB, at 351 nm in vacuum. (Right panel) Optical time of flight profiles of the
Mg* 383 nm and Mg** 488 nm emission line recorded at a distance of 5 mm from the target
surface in a vacuum.

The emission spectrum may be analysed to find the electron
temperature and density in the plume. If two excited states in the same atom
or ion are in partial local thermodynamic equilibrium, then the intensity ratio
of two spectral lines, Ii/h, derived from these states is related to the electron
temperature 7, as:

3
L/ _ hakh exp(— El"Ezj

L fe,4 kT, (11)
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where E and g denote the energy and multiplicity of the upper levels and f
and A denote the oscillator strength and wavelength of the transitions. The
technique can be extended to several lines by making what is known as a
Boltzmann plot of the intensities of the lines as is shown in Fig. 6; the
electron temperature is given by the slope of the line. This analysis assumes
that the plasma is optically thin for the lines being measured. Thus it is
necessary to check that self-absorption is not significantly reducing the
intensity of any of the measured lines.

There is some potential to use Stark broadening of optical spectral lines
to measure the electron density in the plume. A summary of this technique
and some results are presented in the review by Amoruso, et al. (1999).
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Figure 6. A Boltzmann plot of Ti II lines emitted at 150 ns after the laser pulse, from a region
2 mm above the target surface for 308 nm irradiation of Ti at 500 MW/cm?®. An electron
temperature of 1.7 + 0.1 eV was deduced. Reused with permission from J. Hermann, A. L.
Thomann, C. Boulmer-Leborgne, B. Dubreuil, M. L. De Giorgi, A. Perrone, A. Luches, and I.
N. Mihailescu [Hermann, et al. (1995) ]. Copyright 1995, American Institute of Physics.

The particle density can also be measured using interferometry
(Lindley, et al., 1994). Far from any absorption lines in the plume only the
free electrons contribute to the refractive index, while near an absorption line
there is contribution from the resonant transition. Thus it is, in principle,
possible to use interferometry to measure both the electron density and the
density of ground-state atoms or ions. By using pulsed laser illumination, the
density distribution can be measured at various stages of plume expansion
(Lindley, et al., 1994).

Since the early days of laser ablation, Langmuir probes have been used
to investigate the expansion dynamics of ablation plumes (Koopman, 1971).
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Essentially, a Langmuir probe consists of a small, bare electrical conductor
which is immersed in a plasma and can be biased with respect to the plasma
potential. If the probe is biased negatively, electrons moving towards the
probe are rejected and the current to the probe is given by the ion thermal
flux. On the other hand, if the probe is biased positively a net electron
current will be recorded. Starting at the plasma potential and changing the
probe bias to more negative values leads to a reduction of the electron
current as electrons of increasingly higher energy are unable to reach the
probe. This region of the I-V characteristic can be used to find the electron
temperature (Chen, 1965).

In a laser plume expanding into vacuum, the behaviour of a Langmuir
probe is somewhat different from a probe in a stationary plasma. Since the
flow is supersonic, the ion velocity is larger than the thermal velocity, and
the ion current is mainly determined by the flow velocity. The ion current /
to a negatively biased flat probe of area 4 lying normal to the flow is given

by:

I=env;A (12)
where ; is the ion density and v; is the flow velocity. This equation assumes
that the ions are mainly singly-charged, which is usually the case in the
ablation plumes of interest here.
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Figure 7. (Left panel) Ion probe signals for various angles relative to the target normal, using
a planar probe 7 cm from a silver target. Laser irradiation was at 248 nm with a fluence of 1.5
J/lem®. The probe bias was ~15 V and the laser angle of incidence was 45°. (Right panel)
Angular distribution of ions and deposition (ions + neutrals) on a hemispherical surface 6.5
cm from a silver target, for a fluence of 1.2 J/em?. Fitting the data to Eq. (13) yiclds a value of
k= 4.5 for the ion distribution and k,= 2.7 for the deposition (Doggett and Lunney,
unpublished).
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The left panel of Fig. 7 shows the angular variation of ion probe signals
for laser ablation of silver recorded with an ion probe, which can be moved
on a radius of 7 cm about the ablation spot on the target (Doggett and
Lunney, unpublished). The shape of this TOF signal is very similar to the
adiabatic prediction shown in the left panel of Fig. 4. The signal amplitude is
maximised and the TOF minimised in the direction normal to the target
according to Eq. (10). The full angular distribution in the z-x plane on a
hemispherical surface can be found by integration of Eq. (10) with respect to
t from ¢, to infinity, yielding:

F(6) = F(0)(1+tan’6)"*/(1+k,’tan’0)** (13)

where F(0) is the areal number density in normal direction = 0. Similarly,
the TOF signals in the left panel of Fig. 7 can be integrated to yield the
angular distribution of ion production, and this is plotted in the right panel of
Fig. 7. Fitting this data set to Eq. (13) yields a &, of 4.5, which is similar to,
or somewhat larger than, the values reported earlier (Toftmann, et al., 2003;
Hansen, et al., 1999; Thestrup, et al., 2002). Recording the angular variation
of the net deposition gives some indication of the total ablation flow, i.e.
ions and neutrals. This is also plotted in the left panel of Fig. 7; the £, value
for the deposition is 2.7, indicating that the ion component is more peaked in
forward direction than the total ablation flow, as had been reported earlier
(Hansen, et al., 1997).

For a planar substrate, the angular distribution is obtained by omitting
the geometrical factor (I+tan’8)”* from Eq. (13). This formula is also given
explicitly by Anisimov, et al. (1993):

F(0) = F(0)/(1+k,*tan’0)*? . (14)

The full area profile on a planar substrate given by the variables 6, =
arctan(x/z,) and 6, = arctan(y/z,) (Anisimov, et al., 1996):

F(8,, 8,) = F(0,0) [1 + k,*tan” 6, + (k,/k,)tan” 8,]*? , (15)

where k, = Y;,/Xy is the ratio of the limiting value of the front along the y-
axis and the x-axis in analogy to the quantity k.. Similar expressions were
used for analysis by Tyunina and Leppivuori (2000) and for calculating the
angular profile for fs-laser irradiation by Komashko, et al. (2000).

Langmuir probes have been used to measure electron temperature in
laser ablation plumes (Koopman, 1971). Since the ion energies are much
greater than the electron temperature and the small bias voltages in the
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retarding region of the /-V characteristic, the ion flow to the probe is scarcely
changed and will reduce the apparent electron current.

o
)]

o
.
1

o
n

Electron Temperature (eV)
o o
- »
e

o
o
]

10 15 20 25 30
Time (1s)

o
o

Figure 8. Laser ablation at 248 nm with a fluence of 1.5 J/cm® The electron temperature is
determined with a planar probe parallel to the flow for a range of times showing a maximum
of 0.35 eV, occurring at ~ 7 us. (Doggett and Lunney, unpublished).

Both Koopman (1971) and Toftmann, et al. (2000) have adopted the
procedure of correcting the electron region of the I-V characteristic by
subtracting the ion current due to the flow and then extracting 7,. More
recently, Doggett, et al. (2005) have explored the possibility of measuring 7,
with a flat probe lying parallel to the plasma flow in order to avoid the
current due to ion flow. The electron temperature shown in Fig. 8 has been
determined from a plot of log I vs. ¥ of the I-V characteristic similar to the
procedure used by Toftmann, et al. (2000). Fig. 8 shows how T, varies as the
plume flow passes the probe (Doggett and Lunney, unpublished). It can be
seen that the temperature first rises to a maximum value and then falls, as is
expected in an isentropic expansion (see left panel of Fig. 4). In contrast, the
isothermal model predicts a monotonic decrease of temperature.

TOF mass spectrometry has also been widely used to measure the
velocity distributions of the ion, atomic, and molecular species produced in
laser ablation. This technique will not be discussed here, but several
variations of the technique are described in the review by Amoruso, et al.
(1999).
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4. PLUME DYNAMICS IN BACKGROUND GASES

The initial expansion of an ablation plume in a background gas does not
differ much from the expansion in vacuum, since the driving pressure (~ 1
kbar) usually is much higher than that of a low-pressure background gas (< 1
mbar).

Figure 9. Images of an ablation plume expansion in an oxygen background pressure of = 10!
mbar at different time delays, after the laser irradiation of a LaMnQO; target at 351 nm with a
fluence of 1.5 J/em®. From Amoruso, et al. (2006a).

However, the expansion (stage 3 in Fig. 2) is soon largely controlied by the
interaction processes between the ablated species and the background gas
atoms/molecules (stage 4 in Fig. 2). Essentially, the plume expansion
continues until the internal pressure is equal to the background pressure. We
will mainly treat the plume propagation in a background gas on the basis of
the general models by Anisimov, et al. (1996) and Arnold, et al. (1999).
Most of the other existing treatments (e.g. Gonzalo, et al., 1995; Bulgakov
and Bulgakova, 1998; Wood, et al.,1998; Itina, et al., 2002) have been
performed for a specific choice of target and background gas and cannot
readily be extended to other target-gas combinations.

The plume-gas interaction is well demonstrated by the sequence of
time-lapse pictures shown in Fig. 9. In a 0.1 mbar atmosphere of oxygen the
plume is seen to expand, rather like the vacuum case in the first us, and then
to progressively slow down thereafter. The plume continues to slow down,
until it stops after approximately 5 ps (not seen in the figure). The
photographs also show the strongly emitting crescent-shaped periphery with
a contact surface to the background gas. During the expansion, a fast
component of the ablation plume moves through the background gas as an
expansion in free space, while a slower component is acting like a piston on
the surrounding background gas. The collisions between the atoms in the
expanding (slower) component with the background gas atoms/molecules
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lead to collisional excitation of the ablated atoms at the boundary between
the plume and the background gas, which clearly is seen as a strongly
emitting layer in Fig. 9, and also has been reported in the literature.

The slow component pushes a compressed layer of background gas
further away from the target. This releases an internal as well as an external
shock wave. According to Zel’dovich and Raizer (2001), shock wave
formation becomes important when the mass of the displaced gas is
comparable to the mass M, of the plume. For a hemispherical expansion it
acenre for a front radine Rows -

(:24‘?%:}?5 R‘ﬁyﬂg £ ?’VI? )ﬂRj.\'w pg sz; (16)

where p, is the mass density of the background gas. This approximation
demonstrates that for a given target (i. e. the same plume mass M,), the
shock wave production starts much closer to the target for a background gas
with a high pressure than for one with low pressure. Similarly, the shock
production also starts closer to the target for a heavier gas than for a light
one (Toftmann, et al., 2006).

The knowledge of plume slowing down has advanced tremendously
from the many recent spectroscopic studies with fast imaging techniques
(Geohegan, 1992; Harilal, et al., 2002, 2003; Amoruso, et al., 2004a, 2005a),
but Langmuir probe studies have also contributed to the understanding of
plume slowing down (Geohegan, 1992; Wood, et al., 1997; Hansen, et al.,
1999; Amoruso, et al., 2004b, 2005a).

The shock wave formation does not appear abruptly, but is the result of
a growing hydrodynamic interaction between the plume and the background
gas. At a certain distance from the target, the fraction of atoms from the
plume that penetrate the surrounding gas as a freely expanding plume
decreases strongly with the increasing gas pressure.

This decrease is accompanied by a large enhancement of the slow
component which leads to the so-called plume splitting. This plume behavior
is seen in Fig. 10, and was first observed by Geohegan (1992) and Geohegan
and Puretzky (1996), and later explained by Wood, et al. (1997 and 1998) by
a hydrodynamic model that includes multiple scattering.

Results for a silver ion plume expanding in a background atmosphere
of argon and xenon are shown in Fig. 10. There is a distinct plume splitting
in a narrow pressure regime (the row in the middle) in the argon as well as
the xenon gas. The second peak appears for a much lower pressure in the
heavier xenon than in argon gas in agreement with Eq. (16). The two ion
components in the time-of-flight distribution can be separated by a fitting
procedure for the time of arrival of the peaks in background gases with
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increasing pressure (Amoruso, et al., 2004a). For the fast peak, the velocity
of the ions is constant and equal to the “vacuum” expansion velocity v, up to
a relatively high pressure:
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Figure 10. Time-of-flight signals from a silver plume in an Ar and Xe background gas of
different pressure measured by a Langmuir probe 75 mm from target. Laser irradiation was at
355 nm and with a fluence of 2.5 J/em®. The signals in each panel have been normalized to
the peak, so that the double-peak structure is clearly seen. From Toftmann, et al. (2006).

The slow component which is responsible for the shock wave
production can be approximated by a point blast wave (Zel’dovich and
Raizer, 2001; Arnold, et al., 1999; Amoruso, et al., 2003), which appears to
fit the data well up to 0.2 mbar for a silver plume in an argon gas (Amoruso,
et al., 2004a):

z=a?, (18)
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where « is a constant that depends on the plume geometry.

A plume with an initial volume V;, and pressure p, can expand
adiabatically until the plume pressure has decreased to the pressure p, of the
background gas. Since p¥” is constant, the final plume volume ¥, in this
simple picture is:

Vo= Vo (o), (19)
leading to a final plume length L, in the z-direction :
Ly ~ Vo' (polpy) "™ . (20)

Anisimov’s model for an adiabatic expansion, which works well for
many aspects of plume dynamics in vacuum, cannot be extended to
expansion in a background gas in the original framework. However, the
theory can be modified to describe an expansion into a background gas with
a low pressure p,, where p, < (E,/Vy) (Anisimov, et al., 1996). The plume
expands until a contact surface described by

p(XJYaZ) = pg (2 1)

is established. The final plume length L, is determined by

L, =£X, [pig;] " 22)

where £ and £ (Anisimov, et al., 1996) are both functions of (Yy/Xy), (Zy/Xy),
and y For the simple case of a spherical expansion (X, = Y, = Z, = Ry ),
Anisimov, et al. obtained f = 1/(3j), similar to the simple adiabatic
expansion discussed above. A similar result was also obtained with another
geometry by Dyer, et al. (1990) and Proyer and Stangl (1995). However,
since y can vary between 1 and 5/3, the exponent £ varies between 1/3 and
1/5.

In a realistic expansion in a background gas, a part of the initial plume
energy is spent on shockwave formation, and the expansion is no longer
adiabatic. Arnold, et al. (1999) have derived an analytical model for the
plume dynamics during the expansion into a background gas. The results of
the model are based on a spherical expansion in forward and backward
direction from a fictive target surface without any assumptions of a
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background gas of low pressure. Even though the plume in Fig. 9 is not
exactly semispherical, the model is very convenient for analysis of plume
data (Amoruso, et al., 2003, 2005a).

The natural parameter for the stopping distance, i.e. the final plume
length L, , is (E/py)"”. Arnold, et al. (1999) found that the stopping distance
for the spherical expansion is

Ly = £ QE/py'”, (23)

where & was determined from experimental results of the expansion of
plumes from steel and YBCO to be & = 0.4, and from a numerical solution of
the expansion model, with y = 5/3 for the plume gas as well as the ambient
gas to &= 0.39. These authors also found an expression for the stopping time
ty, expressed by the stopping distance and the sound velocity c, of the
ambient gas:

te = &t (2Ep/ pg)l/3/ Cp: (24)

The equations in the model of Arnold, et al. (1999) also imply that the
plume dynamics can be described by dimensionless variables length as py
= R(2E,/p)"", and time as 1, = 1 c,(2E,/p,)"”. Signals measured at different
distances from target can thus be compared in the model. This is shown in
Fig. 11 (Amoruso, et al, 2005a), where data from a multicomponent
(LaMnO;) target obtained from optical, as well as from ion probe
measurements, are shown. The striking point is that the neutrals and ions
behave similarly, and that points from different elements all liec on the same
curve. Initially, the front moves as an expansion in vacuum, p, ~ 74, and
later it follows the behavior for the point-blast model p, ~ 7*”. For ions, a
clear transition zone with two discernable peaks which reflect the plume
splitting, is also seen in Fig. 10.

Thus, plume splitting occurs not only for ions and elemental targets
(Amoruso, et al., 2004a; Harilal, et al., 2002), but also for neutrals and
species from multicomponent targets.

Figs. 10 and 11 also show the three regimes which occur for the
propagation of a plume in a background gas with increasing pressure
(Amoruso et. al, 2004b; Schou, 2006). For the lowest pressures (up to 0.01
mbar), the behavior of the plume is essentially vacuum-like, then there is a
transition regime with plume splitting into a fast and slow component. At the
highest pressure the plume is slowed down and eventually has been stopped
in the diffusion-like regime as a result of shock wave formation.

Eventually, the plume stops and the particles diffuse out of the plume
volume and become thermalized (Amoruso, et al., 2003, 2004b; Arnold, et
al.,1999; Dyer, et al.,1990; Bulgakov and Bulgakova, 1998; Itina, et al.,
1997). The deviations from the point-blast wave behavior seen in Fig. 11 for
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large values of 74, indicate the start of thermalization and diffusion of
ablated particles away from the “confined” plume.
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Figure 11. Distance-time plots of excited neutrals (upper panel) and ions (lower panel)
dynamics in dimensionless variables from Arnold, et al. (1999) (see text for details). Upper
panel: first (A) and second peak (A) of the O 1 646 nm emission line; first () and second
peak (<) of the Mn 1 403.3 nm emission line; first (M) and second peak ((J) of the La 1 624.9
nm emission line. Lower panel: first (W) and second peak (V) of the Mn II 294.1 nm
emission line; first (%) and second peak (%) of the La Il 394.7 nm emission line; first (o) and
second peak (o) of the ion TOF profiles. The dashed and solid lines represent a free plume

(r~t) and a point-blast wave(r~t*) expansion behavior, respectively. (From Amoruso, et al.,
20052).
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5. PLUMES FROM ULTRASHORT LASER
ABLATION

Laser ablation with ultrashort puises (<1 ps) has attracted a lot of
attention, not only because of the access to ultrafast physical and chemical
processes, but also because of the new prospects for applications in materials
processing and thin film deposition (Banks, et al., 1999; Nolte, et al., 2000;
Ausanio, et al., 2005; Amoruso, et al., 2005b). Also, for fs laser ablation the
initial plume dynamics is important for the physical parameters in the late
expansion phase. The main difference between fs laser and ns ablation is that
stage 2 (in Fig. 2) does not exist, i. e. the laser pulse is so short that the
atoms in the irradiated volume hardly move from their positions during the
pulse, and the laser intensity typically is much larger than in the ns case.
Thus the heated volume may reach temperatures well in excess of the
thermodynamic limit for stability of the liquid/solid, which can be the origin
of nanoparticle production (Eliezer, et al., 2004; Amoruso, et al., 2005¢).

The experimental analysis of fs laser ablation plumes has built on
experience acquired in the studies on plasma plumes produced by ns laser
pulses, and most of the techniques employed are similar to those applied in
that case.

In the case of ultrashort laser ablation, optical emission spectroscopy
and fast photography have identified the presence of various populations in
the laser-induced ablation plume, which are characterized by different
expansion dynamics and temporal evolution of the emission intensity
(Albert, et al., 2003; Amoruso, et al., 2004a; Grojo, et al., 2005). As an
example, Fig 12(a) shows an image of the laser-induced plasma plume
emission produced during ablation of a silicon target by = 900 fs Nd:Glass
laser pulses at 1055 nm, in vacuum, at a time delay of few tens of ns after the
laser pulse hit the target (Amoruso, et al., 2006b).

Three different components can be distinguished from the emission
intensity profile on the left-hand side of the image, and the velocity
distributions are reported in Fig. 12(b): i) a fast population characterized by a
faint emission, which expands along the normal to the target surface with an
average velocity, v, of the order of ~ 100-200 km/s; ii) a more intense,
second population whose maximum emission is located at a distance of ~1
mm from the target surface in Fig. 12(a), moving away from the target at a
typical velocity v = 20-30 km/s,; and iii) a third, low-velocity component of
very slow particles (v < 1 km/s), characterized by a quite large velocity
distribution which is still located very close to the target surface, and whose
expansion takes place only after a longer time delay (see Fig. 13(a)). The
faster components are both characterized by a strongly forward peaked
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expansion, while the slow population shows a much larger angular
divergence.

Spectrally resolved emission analysis of the laser-produced plume
revealed that the luminescence from the fast components is dominated by
emission lines of the atoms of the target material, while the emission from
the slow, delayed plume population is characterized by structureless,
broadband continuum spectra.
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Figure 12. (a) Image of the plume expansion of a silicon plume produced by a 0.9 ps, 1055
nm laser pulse at a fluence of 0.75 J/em? (I = 8.3x10"" W/cm?) at a time delay of 25 ns.
Distance 0 mm defines the front face of the target, which is shown as a grey box. The profile
on the left-hand part of the image shows the intensity vs distance plot obtained by integrating
the emission along a direction parallel to the target surface; (b) Velocity distribution of the
gjected species obtained from the time-resolved images of the silicon plasma plume. The
velocity distribution profiles of the fast and slow part of the plume have been normalized to
facilitate the comparison. Reprinted from Amoruso, et al. (2006b) with the permission of
Elsevier.

This demonstrates that the fast components are mainly formed by atoms
and ions of the target material, while the slow components essentially
contain nanoparticles with radii ranging from few to few tens of nm (see
below). These features have been observed for different laser pulse durations
and wavelengths (Albert, et al., 2003; Amoruso, et al., 2004c; Grojo, et al.,
2005; Amoruso and Vitiello, 2005). Moreover, the presence of a very fast
ionic component in the ablation plume produced by ultrashort laser ablation
of different materials has been observed by different authors using different
experimental techniques, e.g. optical emission spectroscopy (Albert, et al.,
2003; Amoruso, et al., 2004d), time-of-flight mass spectrometry (Ye and
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Grigoropoulos, 2001), ion probe (Qian, et al, 1999; Amoruso, et al., 2000),
and electrostatic energy analyzer mass analysis (VanRompay, et al., 1998).

The observation of structureless continuum emission with the presence
of nano-sized particles in the plume has been explained by considering that
hot nanoparticles behave as a black body radiator, and their emission is
mainly determined by the temperature T of the system (Heszler, et al., 2001;
Amoruso, et al, 2004c). For the spectral region of concern here
(hc/A>> kyT), by taking into account the emissivity of the nanoparticles and
that the CCD detector counts photons, the emission intensity /(1) is given
by:
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Figure 13. (a) Typical image of the plume expansion of nanoparticles. The profile on the
left-hand part of the image shows the intensity vs. distance plot obtained by integrating the
emission along a direction parallel to the target surface; (b) Emission spectra of silicon
nanoparticles in 7 1° - 4! coordinates on a semilogarithmic plot. Each spectrum refers to the
emission recorded at the distance d reached by the nanoparticles after a time delay 1. The
straight lines are fitting curves according to Eq. (25), the slope of which gives the
temperature 7 of the nanoparticles. Reprinted from Amoruso, et al., (2006b), with the
permission of Elsevier.

where A is the emission wavelength, # is the Planck constant, and ¢ is the
speed of light. Fig. 13 (b) shows typical power spectra of silicon
nanoparticles presented in the form of log-linear plots of I(A)A> vs A7, at
different distances and time delays. The experimental points are well
approximated by straight lines whose slopes, according to Eq. (25), provide
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an estimate of the temperature 7 of the emitting particles. Fig. 13(b) shows
the emission spectra for a selected group of particles travelling with the same
velocity, measured at increasing time delays and distances. The lowering of
the temperatures with time demonstrates the radiation cooling of the emitting
nanoparticles during expansion into vacuum (Amoruso, et al., 2004e).

The presence of nanoparticles in the ablation plume produced by the
ultrashort laser ablation process has also been studied by deposition
experiments, and their size distribution was measured by atomic force
microscopy or scanning electron microscopy analysis of less than one layer
deposits (Dinh, et al., 2002; Eliezer, et al., 2004; Amoruso and Vitiello,
2005; Scuderi, et al., 2005). As an example, a size distribution of silicon
nanoparticles produced by 100 fs, Ti:sapphire laser pulses is shown in Fig.
14, demonstrating that particles with a radius ranging from ~ 5 to = 25 nm
can be produced in this case. The experimental analysis has shown that
ablation with fs laser pulses results in the generation of nanoparticles for
different materials, both in elemental and multicomponent form (Millon, et
al., 2003; Dinh, et al., 2002; Amoruso, et al., 2005b). The formation of
nanoparticles is likely to happen during the relaxation of the material state
induced by the intense, ultrashort laser irradiation of the target.
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Figure 14. (Left panel), AFM image of Si nanoparticles (NP) deposited onto mica substrates
in a vacuum by 100 fs Ti:sapphire laser pulses; (Right panel), size histogram of the Si
nanoparticles. From Amoruso, et al., (2006b).

In particular, different theoretical studies suggested that the rapid expansion
and cooling of solid-density matter irradiated by a fs laser pulse may result
in the generation of nanoparticles via different mechanisms, such as liquid
phase ejection and fragmentation, homogeneous nucleation and
decomposition, or spinodal decomposition, depending on the different
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heating regimes (Sokolowski-Tinten, et al., 1998; Vidal, et al., 2001; Glover,
2003; Perez and Lewis, 2003). The appearance of a visible, siow peak in the
emission spectrum originating from nanoparticles is a feature which so far

has only been observed for fs-laser ablation.

The results reported above show a complex structure of the plume
produced by ablation with ultrashort laser pulses, both in terms of
composition and velocity distribution of the ejected species. The variety of
species present in the ablation plume originates from the different
mechanisms involved into the relaxation of the state of matter created during
irradiation of a solid target with ultrashort laser pulses, which is still under
intensive investigation.
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NEW ASPECTS OF LASER-INDUCED IONIZATION
OF WIDE BAND-GAP SOLIDS

Vitali E. Gruzdev
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1. INTRODUCTION

Laser ionization plays an important role in ablation of transparent solids
connected with at least three reasons. First, the ionization is widely assumed
to be almost inertia-free, being the fastest process taking place under action
of laser radiation in the solids. Second, laser-induced dynamics of electrons
influences the initial stages of the ablation since the electrons are much less
inertial than crystal-lattice ions, giving the fastest response to laser action.
Third, the ionization determines the value of ablation threshold since if it is
successful, then density of free electrons in irradiated areas becomes high
enough to provide effective absorption of radiation energy and its transfer to
the lattice ions, resulting in destruction of the crystal lattice and the ablation.

Thus, understanding of the laser ionization is of great importance for
study and many applications of laser ablation. Due to this, we devote this
chapter to the problem of the ionization of transparent solids. We consider
only one mechanism of the ionization connected with electron transitions
from valence to conduction band induced by direct action of electric field of
laser radiation and referred to as photoionization. The problem is very
traditional and has been studied from the early days of laser epoch (see, for
example, a review by Nathan, et al., 1985), but there are several reasons to
return to it.

First, recent fast and intensive development of femtosecond laser systems
has induced a new wave of interest to laser-solid interactions (Stuart, et al.,
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1996; von der Linde and Schiiller, 1996; Ashkenasi, et al., 1996; Kautek
et.al., 1996; Lenzner et.al., 1998; Tien, et al., 1999, Stoian, et al., 2000; von
der Linde and Sokolovski-Tinten, 2000; Schaffer, et al., 2001; Quere, et al.,
2001), in particular, ionization (Audebert, et al., 1994; Guizard, et al., 1996;
Du, et al, 1996; Li, et al.,, 1999). Specific features of femtosecond
interactions are 1) short pulse duration comparable or even less than the
characteristic time of energy transfer from electrons to phonons, and 2)
possibility to reach high laser intensity (about 10 TW/cm?) without
damaging the transparent solids. Due to these features, experimental data on
the femtosecond action on the solids differ much from those obtained in the
case of longer pulses. Together with that, traditional theoretical models of
the photoionization (Keldysh, 1965; Bychkov and Dykhne, 1970; Kovarskii
and Perlin, 1971; Jones and Reiss, 1977) and the avalanche ionization
(Stuart, et al., 1996; Apostolova and Hahn, 2000) with small or even no
modifications are utilized for interpreting and understanding the
experimental results (Stuart, et al., 1996; von der Linde and Schiiller, 1996;
Ashkenasi, et al., 1996; Kautek et al., 1996; Lenzner et al., 1998; Tien, et al.,
1999; Stoian, et al., 2000; von der Linde and Sokolovski-Tinten, 2000;
Schaffer, et al., 2001; Quere, et al., 2001; Audebert, et al., 1994; Guizard, et
al., 1996; Du, et al., 1996; Li, et al., 1999; ). The models were developed for
longer pulses and lower intensities, and their validity is questionable in the
case of the femtosecond interactions due to the mentioned features. That
situation forces us to return to the problem of description of fundamental
mechanisms of laser ionization in nonmetallic crystals in order to spread
them correctly to the domain of femtosecond laser pulses. We concentrate on
the influence of one of the features of the interactions — high laser intensity.

Second, current understanding of the photoionization is based on the
Keldysh formula for the ionization rate (Keldysh, 1965) and its
modifications (Bychkov and Dykhne, 1970; Kovarskii and Perlin, 1971;
Jones and Reiss, 1977). Certain assumptions (Gruzdev, 2004, 2006a)
underlie the corresponding calculations making them valid only in the case
of laser intensity below approximately 1 TW/cm? for visible radiation and
wide band-gap materials (Gruzdev, 2006a). It means that attempts of
utilizing the formulae in cases of higher intensities can lead to unpredictably
wrong results, and the Keldysh approach should be properly modified. Some
modifications of the traditional avalanche-ionization model have already
been done (for example, in Kaiser, et al., 2000; Rethfeld, 2004, 2005), but
almost nothing (Nathan, et al., 1985; Gruzdev, 2004) has been done to
improve the photoionization model utilized in the same formulation as it was
presented some 40 years ago by Keldysh (1965). In this chapter we present
an attempt to modify the Keldysh approach and extend it to the range of high
intensities. The Keldysh model is not chosen occasionally; it is based on a
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very powerful physical idea that can be fruitful for general understanding of
the photo-ionization in a wide range of laser parameters. Due to this, we start
our considerations with analysis of the physical processes underlying the
Keldysh calculations.

Some notes must be made before further discussions. First, theoretical
investigations of the photoionization are connected with complicated and
extensive mathematical calculations. We try to avoid utilizing huge math and
concentrate on discussion of physical background of the theoretical model.
Expressions for the ionization rates, together with calculation details, can be
found in several papers (Keldysh, 1965; Bychkov and Dykhne, 1970;
Gruzdev, 2005, 2006a, 2006b), but they are quite complicated and can hardly
help in analysis of the considered problems. Second, to make our
consideration transparent and illustrative, we utilize some simplifications:
the crystals are assumed to be direct-gap (i.e., minimum of forbidden band
lies in the center of the first Brillouin zone) with cubic symmetry. Influence
of these assumptions is discussed in Section 4. Third, we consider motion of
electrons under action of laser radiation while, strictly speaking, one should
analyze motion of an electron-hole pair with the mass equal to reduced
effective electron-hole mass. It is done so in calculations underlying our
discussion (Gruzdev, 2006b), but for simplicity and brevity we mention
electrons only.

Before continuing analysis of the problem mentioned above we should
specify the term “band structure” that is often referred to in this chapter and
is one of the key points for our considerations. The band structure ¢(p) is to
be understood as energy—-momentum relation for an electron-hole pair in
absence of any perturbation to the crystal (Keldysh, 1965; Bonch-Bruevich
and Kalaschnikov, 1982), i.e., it is the sum of energies of an electron ge(ﬁ)
in the conduction band and the corresponding hole 5;.(15) in the valence band,
considered as a function of quasi-momentum 5 :

&(p) = £,(p)-&,(p)- )

2. PHYSICAL MODEL

The effective result of any ionization model for solids is a formula for the
ionization rate describing its dependence on laser and material parameters.
The formula can be derived in the framework of various approaches among
which two are the most popular and developed. The first one is based on the
classical high-order perturbation method (for example, see Nathan, 1985;
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Braunstein and Ockman, 1964; Yee, 1971, 1972). Its main drawback is
connected with fast increasing of calculation problems with increasing of the
number of photons simultaneously absorbed by a crystal electron. Therefore,
the classical perturbation approach has never been applied to the case of
multiphoton ionization of the order of 5 and higher (Yee, 1971, 1972).

The second approach was first proposed by L. V. Keldysh (1965). It
provides the multiphoton-ionization rate of any order in the first
approximation of a very specific formulation of the perturbation theory. The
most important point of all the Keldysh-type approaches (Keldysh, 1965;
Bychkov and Dykhne, 1970; Kovarskii and Perlin, 1971; Jones and Reiss,
1977) is the special form of functions describing initial and final electron
states for the interband transitions. The functions are essentially Bloch ones,
but they do not describe steady states and depend on time through field-
modified quasi-momentum. They have a deep physical meaning to be
analyzed in this section. To do this, we start with the simplest case of
interaction of crystal’s electrons with constant homogeneous electric field. It
allows understanding of a more complicated case of time-dependent field as
well as getting some important qualitative results and conclusions.

2.1 Constant electric field

The constant electric field modifies the quasi-momentum of electrons p
at constant rate:

ple)=p0)-eF1, )

where F s electric field strength. Equation (2), first derived by Bloch
(1928), holds for the whole Brillouin zone (BZ) except its boundaries with
no respect to a particular form of electron functions (Bloch, 1928; Houston,
1940; Wannier, 1960, 1962; Adams, 1952; Adams and Argyres, 1956;
Avron, 1976), and not only for the wave packets but for single Bloch
functions due to the space periodicity of the crystal potential (Bloch, 1928;
Houston, 1940). It is similar to the classical equation of motion with constant
acceleration, but in the case of an electron in a crystal it corresponds to
oscillatory variations of electron state and quasi-momentum as it is
illustrated by Fig. 1. Really, all values of quasi-momentum corresponding to
different physical states of the electron in an energy band (e.g., valence) of
the crystal are inside the first BZ. The number of the states in the band is
huge, but it is limited. The electron can move from one of the states to
another under action of the field according to Eq. (2) as long as its quasi-
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momentum varies inside the BZ. On the other hand, field-induced variation
of electron quasi-momentum is not limited (Fig. 1, line 1-1") and, increasing
at a constant rate, its value can go out of the first BZ near one of its
boundaries at certain instant.

t
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Figure [. lllustration of the unlimited variation of electron quasi-momentum at constant rate
(line 1-17) according to Eq. (2), and the equivalent saw-type oscillations in the reduced BZ.
Electric field is directed along the principle axis of the crystal with lattice constant d.

It means that the electron has passed all the states inside the first BZ and
has come to a state outside the first BZ (state 1 in Fig. 1) which is absolutely
equivalent to the state inside the zone near its opposite boundary (state 2 in
Fig. 1), if electric field is directed along one of the principle crystal axes. In
this case the transition to the state beyond one of the BZ boundaries can be
considered as a jump to the physically equivalent state inside the zone near
its opposite boundary. This is usually associated with Bragg reflection of
electrons at the boundaries of the first BZ (Bloch, 1928; Houston, 1940)
occurring each time when electron reaches the edges of the first BZ if the
component of its quasi-momentum normal to the field direction is very small
or zero.

As a result, the electron states and energies oscillate in time, as if the
quasi-momentum varied periodically within the first BZ in a saw-like
manner with the slope given by Eq. (2) (Fig. 1). In other words, the
continuous increasing of electron quasi-momentum in time at constant rate is
equivalent to the saw-like variations with the same slope since both of them
give similar time variations of the electron states. In this meaning the field-
induced variations of electron quasi-momentum can be represented by the
saw-type oscillations. Their period can easily be found if d is the lattice
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constant corresponding to the principal axis along which the field is directed.
Then the size of the first BZis2A, =2z #/d , and the period reads as

7~,:2AB:27zh, (3)
A eFd

where we have introduced amplitude of field-induced variations of quasi-
momentum A, =e I . Thus, acceleration of crystal electrons by constant
electric field are coupled to the saw-type oscillations of their quasi-
momentum in the first BZ. Both the effects can be taken into account by
introducing the time-dependent quasi-momentum (2) into Bloch functions
(Bloch, 1928; Houston, 1940; Wannier, 1960, 1962; Adams, 1952):

06 p e - ] |

The functions (4) show that the oscillations can be realized as periodical
time variations of both the wavelength and the amplitude of the Bloch waves
i.e., the electron states are nonsteady, but the electron oscillations in the BZ
are not always accompanied by oscillatory motion of electrons in the
coordinate space (Lyssenko, et al., 1997; Sudzius, et al., 1998).

Coming back to the ionization, we note that among all types of ionization
only tunneling can take place in the framework of the considered model,
since electron collisions and avalanche ionization are excluded from our
considerations. Thus, the tunneling ionization must be associated with the
saw-type electron oscillations in the first BZ. Their shape does not change
with increasing of electric-field strength, while their period (3) decreases.

We should note that the considerations of this section were performed for
the case of electric field directed along one of the principal crystal axes. We
imply this field orientation in all considerations related to the ionization in
the following sections to make our explanations more transparent. On the
other hand, Keldysh (1958) has shown that expressions for the ionization
rate are not influenced by orientation of electric field in the framework of his
approach, while the motion of the electrons can be complicated and even
aperiodic if the field is not directed along one of the crystal axes.
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2.2 Time-dependent electric field

Now it is easier to understand how the electrons oscillate under the action
of time-dependent electric field and how that effect is related to ionization.
In this case, the quasi-momentum oscillations are described as follows:

—

—

- F .
()= o - f;sm(w f), )

where we assumed the electric field to vary in time as cosine:

F(t) =F cos(a) t)° (6)

The corresponding electron functions

w<f,f>=u,,(ﬁ(t),aexp{;{ﬁ(r)ﬁ'jen[ﬁ(r)]d{}, o

are similar to (4) except that eq. (5) is utilized in them. Both functions (4)
and (7) are approximate solutions of the Schrédinger equation (Houston,
1940; Gruzdev, 2006a) corresponding to negligibly small probability of
interband electron transitions.

Considering the ratio of the amplitude Ap = eF/w of field-induced
variations of quasi-momentum to the half-width of the BZ A, =7 h/d,
one can distinguish the following types of the oscillations. First, if Ap /Ag
<1, electron quasi-momentum varies harmonically with frequency equal to
the input laser frequency w (Fig. 2, curves 1, 2). It is obvious from Fig. 2
that the maximum amplitude of external electric field for which the quasi-
momentum oscillations are harmonic reads as follows:

Tho
F,, = vEE (8)

To get the feeling of the magnitude of laser intensity corresponding to (8)
one can, for example, take lattice constant d = 0.5628 nm and refractive
index n, = 1.535, characteristic of NaCl (Poole, et al., 1975; Vaidyanathan,
et al., 1980) at laser wavelength of 800 nm and get the transitional intensity
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Figure 2. Oscillations of ¢lectron quasi-momentum induced by harmonic electric field (6).
Solid curve 1 — electric-field amplitude is below the level (8); dotted curve 2 ~ it is equal to
the value (8); dash-dotted curve 3 — it slightly exceeds the level (8); dashed curve 4 — electric
field exceeds the level (8) much.

Irg = 5.087-1012 W/cm®. The value of the adiabatic parameter 7 (Keldysh,
1965), corresponding to (8), reads as follows:

dmA

Vi :7- 9

For the considered material parameters (m = 0.6m,,, A = 8.97¢V, see, for

example, Vaidyanathan, et al., 1980), it gives ¥y = 1.505.

The character of the electron oscillations changes if electric field exceeds
the value Fyr given by Eq. (8). Electron quasi-momentum varies
harmonically, but its amplitude exceeds the size of the first BZ. Electron
states change, as if the quasi-momentum varied in a non-harmonic way
(depicted by curve 3 in Fig. 2) due to the effect of Bragg-type reflections at
the edges of the BZ. Further increasing of electric-field strength results in
transition to the oscillations very similar to those of the saw-type discussed
in case of constant electric field, since quasi-momentum varies in saw-type
manner, for the most part, of the period of field oscillation T = 2n/w
(compare Fig. 1 and curve 4 in Fig. 2). Qualitative conditions for this
transition between the different types of the oscillations can be derived
(Gruzdev, 2004, 2006a) by introducing eq. (3) into Eq. (5). For example, the
following condition determines the saw-type regime:
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ol <<1. (10)

From Fig. 2 and the discussion above it is obvious that (10) can be expressed
through the ratio of electric field F to the transitional electric field:

F’IR
—= << 1. 11
7 (11

One should also note that the same transition between the oscillation regimes
can be induced by variations of laser frequency at fixed electric field. In
analogy to (8) one can introduce (Gruzdev, 2004, 2006a) the transitional
frequency wry at fixed laser intensity.

Thus, in contrast to the case of constant electric field, the type of the
considered oscillations depends on amplitude of electric field and frequency,
and can vary qualitatively (Fig. 2). If the amplitude is below the level (8),
electron quasi-momentum oscillates harmonically, and the only dominating
type of ionization is the multiphoton one. It implies the harmonic oscillations
of quasi-momentum to be associated with the multiphoton ionization. On the
other hand, in section 2.1 we have shown the saw-type oscillations satisfying
the egs. (10) and (11) to be associated with the tunneling ionization. Thus,
the presented analysis allows attributing each of the considered regimes of
ionization to the corresponding type of oscillations. Then, the transition from
the harmonic to the saw-type oscillations should be associated with the
transition from the multiphoton to the tunneling ionization.

Since the functions (7) are utilized for description of the initial and the
final states of electrons for interband transitions in Keldysh-type approaches
(Keldysh, 1965; Bychkov and Dykhne, 1970; Kovarskii and Perlin, 1971;
Jones and Reiss, 1977), we come to a natural conclusion that the physical
model underlying the approaches is based on taking into account the
influence of laser-induced electron oscillations in the first BZ on probability
of interband transitions. Correspondingly, the type of the oscillations
determines the regime of ionization. This deep physical idea leads to several
important qualitative predictions to be discussed in the next section.

2.3 Some qualitative results

Several qualitative conclusions result from the discussed associating of
the ionization regimes with the corresponding types of electron oscillations.
For example, it implies increasing of ionization rate with coming from the
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multiphoton to the tunneling ionization, due to increasing of laser intensity.
Really, the rate of the interband transitions is proportional to the product of
probability of a single multiphoton transition (or tunneling through slowly
varying triangle barrier) and the number of oscillations per second (Keldysh,
1958). The higher the laser intensity, the larger the probability of the
multiphoton transition (or tunneling), and the smaller is the thickness of the
potential barrier s = A/(eF) through which the electrons tunnel. The number
of oscillations per second is the inverse period of the oscillations which stays
constant in the multiphoton regime, or increases in the tunneling regime
according to (3).

Our qualitative consideration allows estimating the upper limit of laser
intensity for which Keldysh-type models of ionization (Keldysh, 1965;
Bychkov and Dykhne, 1970; Kovarskii and Perlin, 1971; Jones and Reiss,
1977) are valid. It follows from Eq. (8) for the transitional electric field.
Indeed, if energy-momentum relation (1) chosen for calculations of the
ionization rate does not describe the band structure throughout the whole
BZ, one cannot properly account for contribution of electron oscillations
with amplitude Az approaching and exceeding the half-width of the BZ. It
means that electric field of laser radiation in those calculations must not
exceed the value given by (8) what leads to the following upper estimation
of the allowed intensity:

2
[<Im=[ﬂhwj nocogo’ (12)
ed 2
where €, = 8.8542-10°12, F/m is the electric constant, n, is the refractive
index at laser wavelength, and ¢, = 2.9979-10% m/s is the speed of light in
vacuum. Utilizing data from Poole, et al. (1975) and Vaidyanathan, et al.,
(1980) it is easy to show that /,, is about a few TW/cm’ for wide-band gap
materials and visible radiation (see estimation after Eq. (8)). Thus, Eq. (12)
means that the Keldysh-type formulae obtained by Keldysh (1965), Bychkov
and Dykhne (1970), Kovarskii and Perlin (1971), and Jones and Reiss (1977)
for the ionization rate are valid only for intensities well below the 7, , since
the authors utilized Kane-type (Keldysh, 1965; Bychkov and Dykhne, 1970)
or parabolic (Jones and Reiss, 1977) energy-momentum relations in deriving
their formulae. The relations describe only the central part of the first BZ
(Kane, 1957) and are not valid near its edges. It implies that the tunneling
ionization by time-dependent field of laser radiation is not described
properly by any of the existing theoretical models of ionization in solids.
Obviously, the probability of multiphoton iontzation is determined by the
band structure in the center of the first BZ since it corresponds to the case
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F << Fpp and electron oscillations near the center of the zone. On the other
hand, the transitional and tunneling regimes of ionization must depend on
the band structure of the whole BZ since they correspond to the condition
F > Frp, and oscillations of quasi-momentum over the whole BZ. The latter
means that approximation of constant effective mass utilized in the Keldysh-
type models (Keldysh, 1965; Bychkov and Dykhne, 1970; Kovarskii and
Perlin, 1971; Jones and Reiss, 1977) is not valid for reliable description of
the tunneling regime which is influenced by details of energy band near the
edges of the BZ. Moreover, it is reasonable to expect that contribution of the
Bragg-type reflections at the edges of the BZ must become more significant
with increasing of laser intensity and passing to the tunneling ionization.

The contribution can be understood from the following analysis. Let us
consider crystal electrons accelerated by a relatively weak electric field (6).
The electrons oscillating near the center of the first BZ (between points A
and B in Fig. 3) have an initial (i.e., in absence of the field) value of quasi-
momentum close to zero. They are mainly accelerated by the field, obtaining
values of quasi-momentum larger than the initial one, for most of the
oscillation period. The electric field increases their initial energy by average
energy of oscillations, i.e., pondermotive potential (Fig. 3, rich dotted area
near the line AB). This situation absolutely differs from that for electrons
having large initial values of quasi-momentum, i.e., occupying initial states
close to the edges of the BZ. They oscillate near the edges (lines CD and
C’D’ in Fig. 3) and are mainly slowed down by the field since they obtain
values of quasi-momentum smaller than the initial one for most of the
oscillation period. The pondermotive potential is negative for them, and their
average energy is decreased by the field (rarely dotted area near the lines CD
and C’D’). Thus, the field-induced oscillations of the electrons result in
specific distribution of the pondermotive potential — it is positive near the
center of the zone and negative near its edges, i.e., the initial large energy of
fast electrons decreases while the initial small energy of the slow electrons
increases under action of the electric field. Obviously, there can be a value of
the field for which the pondermotive potential compensates the initial energy
difference between the fast and the slow electrons and make the distribution
of the total energy (i.e., the sum of the initial energy in absence of the field
and the pondermotive potential) homogeneous over the BZ. This situation
can be referred to as the flattening effect (Gruzdev, 2005, 2006b).
Obviously, it is impossible without the Bragg-type reflections at the edges of
the BZ since in that case the fast electrons are not reflected back to the zone
and can move to higher states with larger energy. Correspondingly, their
total energy can either decrease slower than it is required for the flattening,
or increase.
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Figure 3. A sketch of distribution of pondermotive potential among the fast and the slow
electrons in the BZ. Solid curve in the lower part below the lines CD and C’D’ depicts
oscillations of a fast electron with initial value of quasi-momentum lying exactly at the left
edge of the BZ. Dashed curve in the lower part below the line AB depicts oscillations of a
slow electron with zero initial quasi-momentum. Solid curve 1 depicts the initial band
structure. Dotted curve 2 depicts the distribution of total energy of oscillating electrons.

Thus, the Bragg reflections can lead to the flattening of the energy-
momentum distribution of the oscillating electrons. It must depend on the
initial potential, i.e., band structure, in which the electrons oscillate and can
result in specific behavior of ionization rate at intensity approaching the
level corresponding to the flattening effect. The key questions are a) how
large is the intensity? and b) what is the specific feature of the ionization rate
resulting from the flattening effect? To answer the first question one has to
do calculations since the value of the “flattening effect” intensity can hardly
be predicted from the qualitative analysis. On the other hand, one should
expect increasing of the ionization rate at that intensity. If the total energy of
the oscillating electrons is the same over the whole BZ, probability of the
interband transition must be the same for all the electrons with no respect to
their initial quasi-momentum.
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3. CALCULATIONS OF THE IONIZATION RATE

To answer the questions we analyze the ionization rate derived in the
framework of the Keldysh procedure (Keldysh, 1965; Gruzdev, 2005,
2006b) for three band structures. The Keldysh procedure is utilized due to its
strong advantage over other approaches; it is based on the powerful physical
idea discussed above, and it allows obtaining analytical expressions for the
ionization rate. Utilizing of the Keldysh approach implies the following
assumptions (Gruzdev, 2004, 2006a) to be accepted:

o All collisions of electrons with other particles resulting in variations of
electron quasi-momentum are neglected,

o All perturbations of band structure and material parameters induced by
ionization and electric field of laser radiation are negligibly small,

* Jonization rate is small enough (Gruzdev, 2004, 2006a),
Contributions of excitons are neglected,
Radiation is considered to be monochromatic.

The ionization rates are calculated for the following bands (Fig. 4):

1) non-parabolic Kane’s band (Keldysh, 1965; Kane, 1957)

2
sz(ﬁ)=A,/1+an, (13)

utilized by Keldysh in derivation of his formula and corresponding to
narrow-gap semiconductors (Keldysh, 1965);

2) the parabolic band

2
g,,(ﬁ)=A(1+ p J (14)

2mA

widely utilized for description of the central part of the first Brillouin zone
and having become a standard approximation in many problems of solid-
state physics (Bonch-Bruevich and Kalaschnikov, 1982); and

3) the cosine model

- d d d
Ecos (p) =A- (1 +A-A4 cos(;pr cos(g py) cos(?l D, D (15)
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Here m is reduced effective electron-hole mass, A is band gap, and 4 is
lattice constants along the principle axes of the cubic crystal lattice (all are in
ST units). Isotropic bands are utilized for simplicity since this approximation
does not qualitatively change the results presented below. The Kane and the
parabolic models are utilized to compare the ionization rate derived for the

3 2 a4 o 1 2 3
Normalized quasi-momentum

Figure 4. Solid curve — the parabolic band structure (14), dashed curve — non-parabolic
structure (13), dotted curve — the cosine band structure (15) over the first Brillouin zone. The
normalized quasi-momentum varies from -n to n. Band gap is 8.97 eV.

cosine band with the well-known results. The cosine model is constructed so
as to meet the following requirements (Bonch-Bruevich and Kalaschnikov
1982):

e [t turns into the parabolic model (14) for small values of p.
e [t is periodic with space period of the crystal lattice.
e It is smooth at each point of the first Brillouin zone.

The key feature of the cosine relation is that it describes the energy band
over the whole BZ, and allows correct treating of the Bragg-type reflections
at the edges of the zone since it satisfies the necessary condition at the edges
of the BZ along the principle crystal axes (Bloch, 1928; Bonch-Bruevich and
Kalaschnikov 1982):

v,&e(p)=0. (16)
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The cosine model has other important characteristics: a) It is close to the
band structure of alkali halides having almost flat top of the valence band
and almost cosine-like bottom of the conduction band (Poole, et al., 1975).
b) The cosine model corresponds to the first two terms of general Fourier
series of the band structure (Bonch-Bruevich and Kalaschnikov 1982). The
cosine band structure corresponds to the approximation of strongly bonded
electrons and is more suitable for description of dielectrics and wide band-
gap semiconductors with a dominating ionic type of chemical binding.

We should stress that all the other band models utilized by authors of
earlier papers (Keldysh, 1965; Bychkov and Dykhne, 1970; Kovarskii and
Perlin, 1971; Jones and Reiss, 1977) do not meet the condition (16) and,
thus, do not allow correct describing of the Bragg-reflection effect.

Expressions (13) and (15) turn into the parabolic relation (14) for small
values of quasi-momentum. The difference between them is connected with
higher order corrections to the parabolic model, playing a significant role far
from the center of the first BZ (Fig. 4), and influencing the ionization rate at
different values of laser intensity depending on particular band structure.
Performing simple calculations (Gruzdev, 2005, 2006b), one gets the upper
limit of laser intensity and the lower limit of the Keldysh parameter y for
which the models (13) and (14) do not differ much from one another:

2
[<<lip o B2y =20 M8 s>y, =05, an)
e

The corresponding limits for the models (14) and (15) are as follows:

w1200’ w dmA
]<<I,{,Moc—d?,and VO> Vi = TR (18)

Here the adiabatic parameter is given by the following expression
(Keldysh, 1965):

@ \JmA
eF
Assuming, for example (Poole, et al., 1975; Vaidyanathan, et al., 1980), d
=5.628 A, m=0.6 of free-electron mass m,, and band gap A =897 eV
(parameters of NaCl), one gets y,, =0.39.
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Coming to the final result, we omit details of calculations, referring
readers interested in them to our papers (Gruzdev, 2005, 2006b). Ionization
rates for the band models (13) — (15) are depicted in Fig. 5 as functions of
laser intensity. They coincide with excellent accuracy for low intensity (i.e.,
in the multiphoton regime) since in that case all the models are reduced to
the parabolic one. The most interesting feature of the cosine dispersion
relation is occurring of a singularity — the corresponding ionization rate
increases up to infinity as laser intensity approaches a limited value 1,
given as follows:

2
hi-o Cy €y N
I o= =. ._0__0__0, 20
" (ﬂd éj : (20)

where £=2.4048256 is the first zero of Bessel function Jy. The intensity (20)
is referred to as singularity threshold. Substituting parameters corresponding
to NaCl ((Poole, et al., 1975; Vaidyanathan, et al., 1980)), one gets
I, =8.404-10"” W/cm’. We should note that the value given by (20) is
well below the characteristic intensity /,,,, corresponding to unperturbed
periodic electric fields induced by crystal ions (Gruzdev, 2005, 2006b). For
example, for NaCl one gets /,,, =5.176-10° W/enr’.

Results of the calculations (Gruzdev, 2005, 2006b) also suggest that in
case of the cosine model, the ionization rate depends on laser intensity
through modified adiabatic parameter y instead of the Keldysh adiabatic
parameter (19). The modified parameter is determined by electric field
strength F, laser frequency @, and crystal constantd in the following way:

_eFd

; 21
X== €2

which is very natural from the view-point of the discussions in Section 2.2,
since the parameter (21) can be expressed through A, and A, :

x=r—, (22)
Abl

and is proportional to the ratio of amplitude of field-induced variations of
quasi-momentum to half-width of the BZ. It plays the role absolutely similar
to the Keldysh parameter (19).
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Figure 5. A log-log plot of the ionization rates for the three band structure models (13) — (15)
vs. laser intensity for parameters corresponding to NaCl. Dashed curve 1 — non-parabolic
band (13), dash-dotted curve 2 — parabolic band (14), solid curve 3 — cosine band (15). Laser
wavelength is 825 nm, refractive index at input laser wavelength is 1.5356. Ionization rate w
is given in 1/(fs em®), and intensity / is given in W/cm®.

The difference between them is that ¥ increases with increasing of laser
intensity or decreasing of laser frequency while the Keldysh parameter y
decreases in both cases, i.e., the parameters vary in opposite ways and,
roughly speaking, are connected by inverse proportionality. Then small
values of the modified parameter ¥<<! correspond to the multiphoton
regime, while its large values ¥>>1 correspond to the tunneling regime. In
particular, one can see that the singularity of the ionization rate takes place at
= & =2.4048256.

4. DISCUSSION AND CONCLUSIONS

To understand the obtained results one should calculate the total energy
of the oscillating electrons and its variation with increasing of laser intensity.
The energy includes the pondermotive potential of the oscillating electrons
and the initial energy determined by the initial value of quasi-momentum. It
is referred to as “effective band structure” below and is calculated according
to the following general relation (Keldysh, 1965):

Ly 1. eF |
Eopr (5,)= T JS[PO ——ew—sm(a)t)}dt, (23)
0
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One can calculate effective structures of all three considered band models
and compare them (Figs. 6 — 8). In case of the parabolic model, the band
stays parabolic for any intensity while it moves to the area of higher energies
with increasing of laser intensity (Fig. 6).

In case of the Kane band, the effective structure also moves to higher
energies, i.e., the effective band gap increases (Fig. 7), but also the band
becomes flatter with increasing of laser intensity since the fast electrons get
negative pondermotive potential as was discussed in Section 2.3. The speed
of growth of the effective band gap in this case is close to that of the
parabolic band only for low intensity when both models coincide. Exact
flattening of the effective band is never reached at any limited laser intensity.

Reduced quasi-momentum

Figure 6. Variations of the effective band structure for the parabolic model (14). Solid curve
is for =0 (initial band structure), dashed curve is for 1.0, dotted curve is for =0.5, dash-
dotted curve is for =0.3. Quasi-momentum is normalized to vary from -z to 7.

The case of the cosine model looks like a natural developing of the Kane
band case — the central part of the effective band structure moves to higher
energies, and the whole band structure becomes flatter with increasing of
laser intensity (Fig. 8). The characteristic feature of the cosine relation is that
the effective band gap increases, but stays limited at any intensity, and the
band becomes rigorously flat over the whole BZ at laser intensity given by
(20). It is exactly the flattening effect we expected to discover!
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Reduced quasi-momentum

Figure 7. Variations of the effective band structure for the Kane model (13). All notations and
values of the parameter yare the same as in Fig. 7.

-3 -2 -1 0 1 2 3
Normalized quasi-momentum

Figure 8. Variations of the effective band structure for the cosine band (15) with increasing of
laser intensity: solid curve 1 is for ¥ = 0 (initial band structure); dashed curve 2 is for ¥ = 1.0;
dotted curve 3 is for ¥ = 2.0; dash-dotted curve 4 is for ¥ = £; =2.4048256.

The meaning of the flattening effect is obvious: since the effective band
structure does not depend on quasi-momentum, it means that the two-band
quantum system degenerates into a two-level system under action of the
electric field of laser radiation! This is a result of synchronization of the
electron oscillations by the radiation leading to the considered specific
distribution of the pondermotive potential between the electrons. Due to this,
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all valence electrons are concentrated on a single effective level in the
valence band, and they can jump to the only effective level in the conduction
band. They do it within a few periods of their oscillations. Thus, the amount
of electrons appearing in the conduction band is close to the total number of
valence electrons.

There are a few important points to be clarified in connection with the
presented results. First, we considered ideal coherent electron oscillations
not perturbed by any collisions. A natural question arises in this connection:
can the described ionization regime be killed by electron-particle collisions
varying electron quasi-momentum? Generally speaking, yes, if characteristic
time of the collisions is close or smaller than the period of electron
oscillations. The latter can be found from Eq. (3) at intensity close to the
threshold (20) since the singularity takes place in the tunneling regime.
Then, substituting (3) into (22) and putting y = & = 2.4048256, one can find
the number of electron oscillations per one period of field oscillation at
threshold intensity:

N=2% _2y-2¢ ~48. 24)
oT

Thus, the period of the electron oscillations is about 0.5 fs for laser
wavelength 800 nm and the value of electric field given by (20). In case of a
shorter wavelength it is even smaller, i. e., one period of electron oscillations
is much less than 1 femtosecond for visible radiation which is smaller than
the characteristic time 7z, of electron-particle collisions resulting in variations
of electron quasi-momentum. This gives a serious reason to expect the
singularity regime to be observable in real situations in spite of the
perturbing influence of the collisions. The collisions can only decrease the
number of the electrons making the interband jumps by factor (1 -T/z, ), due

to breaking the field-induced synchronization of electron oscillations.
Second, possibility of the considered effects was demonstrated for a
particular band model, but a deeper analysis (Gruzdev, 2006¢) points out that
it is a quite general effect characteristic of a wide class of band structures
corresponding to the approximation of strongly bonded electrons including
the considered one. Moreover, careful consideration (Gruzdev, 2006b,
2006c) shows that the described effect does not depend on the mathematical
approximations made in calculating the tonization rate. On the other hand, it
is much influenced by a particular band model and the type of electron
functions that are just approximate solutions to the Schrédinger equation.
Exactly speaking, the singularity turns into a limited resonance-type
increasing of the ionization rate if higher order corrections to the functions
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(7) are taken into account, and it can disappear completely for some
particular band structures. This point requires further analysis.

Thus, we have answered both questions asked at the end of Section 2.
The flattening effect exists and the corresponding flattening intensity is not
extremely large — it is close to 10 TW/cm” for most wide band-gap materials.
The effect is coupled with singularity on intensity dependence of the
ionization rate occurring exactly at the same value of intensity. Actually, we
have discovered a new regime of ionization taking place under action of
high-intensity laser radiation in wide band-gap dielectrics. Its specific
features have been studied for the particular cosine band model, but we have
shown very general and critical roles of the Bragg-type reflections at
boundaries of the first BZ in the photoionization. This regime results in a
huge value of the ionization rate (in the considered ideal case — singularity of
the ionization rate) for which the number of electrons jumping over the
forbidden band within one period of field oscillations is comparable to the
total amount of valence electrons. Due to this, it can be referred to as
collective ionization. Thus, instead of the traditional individual interband
electron jumps through the minimum point of the forbidden band, one
should expect collective jumps of the electrons at laser intensity given by
(20) (Gruzdev, 2006b, 2006c).

Returning to the role of ionization in laser-solid interactions, we should
note that many traditional opinions regarding the interactions should be
reviewed and modified for the case of femtosecond laser pulses since the
opinions are based on the traditional models of ionization developed for low-
intensity approximation of constant effective electron-hole mass. In
particular, the presented results show that the photoionization can provide
huge electron density in the conduction band of wide band-gap dielectrics
without any (or with minimum) additional assistance of the avalanche
ionization. Moreover, instead of traditionally utilized criteria for threshold of
intrinsic laser-induced damage and ablation of transparent materials (Stuart,
et al., 1996), a very natural criterion for the threshold results from our
considerations: it is exactly the singularity threshold determined by laser
frequency and material parameters according to (20).
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1. INTRODUCTION

1.1 Two-photon polymerization (2PP) technique

The possibility of very high localization of laser energy has led to more
and more advanced laser applications. Particularly, the interaction of lasers
with polymers and dielectrics is of high technological interest. The
adaptation of polymers to laser characteristics and vice versa is very
challenging from the scientific and technological points of view. A method
which has recently attracted considerable attention is two-photon
polymerization (2PP) using femtosecond lasers (Maruo, et al., 1997; Kawata,
et al., 2001; Cumpston, et al.,, 1999; Serbin, et al., 2003; Deubel, et al.,
2004), where complicated microstructures can be produced in photosensitive
materials. Two-photon polymerization (2PP) is a very attractive 3D rapid
microstructuring technology which provides much better structural
resolution and quality than the well-known stereo-lithography (SL)
technique. In spite of that, 2PP is very young technology (ten years old), and
there are already several very nice and informative reviews published on this
subject (Sun, et al., 2004; Blanco, et al., 2004; Prasad, 2004). In this chapter
we will provide only a brief introduction to the 3D material processing and
will report on our recent results obtained at the Laser Zentrum Hannover
e.V. and Fraunhofer-Institut fiir Silicatforschung.
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The very important distinction between the 2PP and SL technologies is
that in the case of 2PP, near-infrared (IR) laser pulses, and in case of SL,
ultraviolet (UV) laser radiation, are used for curing of photosensitive
materials. From the first glance, it does not look like a big difference
whether multiphoton (IR) or single-photon (UV) absorption initiate
polymerization processes. Taking into account that photosensitive materials
are usually transparent in the infrared and are highly absorptive in the UV
range, one can initiate polymerization with IR laser pulses within the volume
and fabricate 3D structures, whereas with UV laser radiation, due to single-
photon absorption, polymerization also occurs at the surface. 3D structures
made with tightly focused UV light usually have poor resolution. Therefore,
for the fabrication of 3D structures, SL is used as a planar technology with
layer-by-layer polymerization steps, whereas 2PP is a truly high-resolution
3D technology.

In our work, we apply near-infrared Ti:sapphire femtosecond laser pulses
(at 800/780 nm) for 3D material processing. When tightly focused into the
volume of a photosensitive material (or photoresist), they initiate 2PP
process by, for example, transferring liquid into the solid state. This allows
the fabrication of any computer-generated 3D structure by direct laser
“recording” into the volume of photosensitive material. Because of the
threshold behavior and nonlinear nature of the 2PP process, a resolution
beyond the diffraction limit can be realized by controlling the laser pulse
energy and number of applied pulses. Fig. 1 shows two scanning electron
microscope images of 3D microstructures fabricated by 2PP technique.

PR BTN T O TR - LS A A )

Figure 1. A scanning electron microscope (SEM) image of a microspider-array and Venus
micro-models fabricated by 2PP technique.
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One can see the strength and beauty of this technology and envision many
potential applications. In our contribution, we will report on recent advances
of this technology and future short- and long-term prospects. A comparative
analysis of the structuring properties of various photosensitive materials will
be presented.

Negative photoresists which can be patterned by 2PP technique can be
either radically or cationically cured. For inorganic-organic hybrid polymers
(ORMOCER®s, Trademark of the Fraunhofer-Gesellschaft zur Férderung
der Angewandten Forschung e.V., Munich, Germany), used in our work, we
applied radical initiation. In these photoresists, absorption of light generates
free radicals that initiate the polymerization process. We will provide a
detailed description of ORMOCER®s and their microstructuring
characteristics. In cationic systems (an important example is the
commercially available SU-8 photoresist, which we also apply in our work),
an acid is generated upon laser irradiation. In this case, polymerization does
not take place during laser irradiation (only after a postexposure bake). This
is an important property of cationic photoresists, since the difference in the
refractive index of exposed and unexposed area is negligible, which provides
flexible irradiation strategy and allows one to combine direct laser beam
writing (serial processing) and holographic exposure (parallel processing).
The fact that ORMOCER®s are liquid and SU-8 is solid leads to different
exposure strategies and sample configurations which are shown in Fig. 2.

2PP of photosensitive materials irradiated by femtosecond laser
pulses is now considered as enabling technology for the fabrication of 3D
photonic crystals (PhCs) and photonic crystal templates. In particular, 2PP
allows one to introduce defects at any desired locations, which is crucial for
practical applications. To realize photonic crystals with a full photonic band
gap, 3D microstructuring of high refractive index materials is required. The
most attractive option is to fabricate templates which are later infiltrated with
a high refractive index material, followed by the removal of the original
template structure. Application of most negative photoresists for the
fabrication of templates is rather complicated, since the structures fabricated

; oil_J
1150 pm glass
SolidSu8
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Figure 2. Different sample configurations used for the fabrication of 3D structures in
ORMOCER®s (left) and SU-8 (right).
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in these materials are quite stable and not simply soluble. In case of positive
photoresist, the polymer is weakened and is usually more soluble in
developing solutions. This is very attractive for the fabrication of 3D
templates. Possibilities to use positive photoresists for the fabrication of PhC
templates will be explored and discussed in this chapter.

Recently, we and some other groups in the world have studied possible
applications of 2PP technique in biomedicine, looking for novel
biocompatible and bioactive materials which can be structured by 2PP.
Applications such as tissue engineering, drug delivery, and medical implants
could greatly benefit from this approach. In particular, 2PP is a very
interesting technique for the fabrication of drug delivery systems and
medical implants. Fabrication of scaffolds for tissue engineering could also
greatly benefit from this technique.

1.2 Two-photon activated (2PA) processing

Two or multiphoton activated laser processing represents a generalization
of the 2PP technique. When negative photoresists are used, two-photon
exposure results in cross-linking of polymer chains so that the unexposed
resist can be washed out. For positive tone resists, light exposure leads to a
chain scission into shorter units that can be dissolved and washed away in
the development process. Two-photon scission of polymer chains in the
positive photoresist allows one to dissolve the irradiated regions and to make
3D microstructures. The difference in processing of positive and negative
photoresists is illustrated in Fig. 3. Both of these processes are induced by
two-photon absorption which leads to different chemical outcomes. Using
this technique, two or multiphoton activation of chemical reactions can be
performed at a desired place on or within a sample.

Two-photon activated chemical and physical processes inside transparent
materials allow the fabrication of complex 3D structures with high spatial
resolution. The region of two-photon absorption is confined to the laser focal
volume, which can be made small by using optics with a high numerical
aperture (NA). All subsequent two-photon activated processes will be also
confined to this volume.

In this chapter, we will also report on the fabrication of 3D
microstructures in commercial positive tone solid state photoresists by 2PA.
The fabrication process is not accompanied by any distortion of the
unexposed regions, whereas the exposed regions can be easily removed.
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Figure 3. Difference between multiphoton structuring of negative photoresists (top) and
positive photoresists (bottom).

2. MATERIALS FOR 2PP AND 2PA

There are two classes of photosensitive materials which can be structured
by 2PA technique: negative and positive tone photoresists (see Fig. 4).
Negative resist materials which we have used so far, can be subdivided into
solid and liquid. SU-8 is a well-known commercial material.
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lithography lithography, of applications medicine
templates

SR499
MEMS,

medicine

Figure 4. Photosensitive materials for 2PA studied by our group.
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CAR 44 is a novel material which is more suitable for the fabrication of
templates. The main advantage of this material is that the fabricated structure
can be easily removed with a remover. Both materials are epoxy-based
cationic photoresists. Interaction with light generates an acid in the
illuminated regions. Polymerization takes place during the postbake step.
Target applications of these materials are in photonics and lithography.

Liquid materials (except of ORMOCER®s) are acrylate-based materials,
where the polymerization reaction is triggered by radically reacting photo-
initiators during the laser irradiation. This allows online optical monitoring
of the polymerization reaction. ORMOCER® is an inorganic-organic hybrid
polymer which is most often used in our work and will be discussed in detail
below. We investigated 2PP of PEGdma for possible applications in biology
and medicine. SR499 is used for the fabrication of MEMS and Bio-MEMS.

Among positive photoresists, AZ and S1800 materials were studied.
S1800 is a commercially available photoresist from Shipley and will be
discussed in details below. Note that all materials shown in Fig. 4 can be
structured by the 2PA technique with a resolution down to 100 - 300 nm.

2.1 Negative tone materials/inorganic-organic hybrid
polymers

The materials used so far for 2PP were commercially available acrylate
or epoxy-based resins, i.e. pure organic materials. Although many of these
materials have good processibility, they don’t fulfill major requirements if
used for multi-chip module (MCM) technology; they are often chemically
unstable against solvents typically applied in multilayer processing, and their
thermal and mechanical stability is often quite poor.

A material class, which has attracted considerable attention for MCM
applications, is represented by inorganic-organic hybrid polymers such as
ORMOCER®:s. Since their physical and chemical properties can be tailored,
they can be employed in many devices for a large variety of applications,
enabling novel properties from micro down to the nanometer scale. Due to
their enhanced chemical, thermal, and mechanical stability and -
simultaneously — very good processibility, they can overcome the
restrictions of purely organic polymers for most applications.

For more than one decade, silicate-based inorganic-organic hybrid
polymers played an important role due to their physical and chemical
properties, resulting from their hybrid nature. The concept of ORMOCER®s
is that they combine properties of organic polymers (toughness,
functionalization, and processing at low temperatures) with those of glass-
like materials (hardness, chemical and thermal stability, and transparency)
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(Haas, 2000). This allows one to achieve material properties which are not
accessible with composite or polymer materials.

ORMOCER®s are synthesized by sol-gel processing (Brinker, et al.,
1990), where inorganic-oxidic units are connected to organic moieties on a
molecular level (Kahlenberg, et al., 2005). The synthesis offers a tremendous
flexibility by variation of the catalysts, temperature, and alkoxysilane
scaffold. This flexibility enables one to tailor material properties as
recommended by the application (Amberg-Scwab, et al., 1991; Rose, et al.,
1995; Wolter, et al., 1994; www.voco.com; Streppel, et al., 2002; Briuer, et
al., 2001; Houbertz, et al., 2003a; Robertsson, et al., 1998; Frohlich, et al.,
2002; Houbertz, et al., 2001, 2003; Popall, et al., 1998; Depre, et al., 2001).
For example, several abrasion-resistant coatings for different substrates
(Amberg-Scwab, et al., 1991; Rose, et al., 1995) as well as series of dental
materials (Wolter, et al., 1994; www.voco.com), based on ORMOCER®s,
have already been introduced into the market. Specially synthesized
ORMOCER®s are applied in optical interconnects or waveguides (Streppel,
et al., 2002), in microoptics (Bréuer, et al., 2001; Houbertz, et al., 2003), in
electro/optical applications (Robertsson, et al., 1998), as dielectric layers
(Frohlich, et al., 2002), as passivation materials for the encapsulation of
microelectronic devices and components (Houbertz, et al., 2001, 2003a), in
Li ion conductors for energy supply (Popall, et al., 1998), or as membrane
materials for fuel cell applications (Depre, et al., 2001).

Fig. 5 shows a schematic sketch of the muitifunctional precursors for the
hybrid polymer synthesis as well as a brief overview about the variation of
material properties. The processing of ORMOCER®s for microsystems
typically consists of two steps: (1) an Si-O-Si network is established via
hydrolysis/polycondensation reactions of alkoxysilanes which yields
organically modified nanoscaled inorganic-oxidic units, present in a
prepolymer sol. Their size (typically 1 to 10 nm) is dependent on the choice
of alkoxysilane precursors and the catalytically controlled reaction
conditions such as catalyst, concentration, or reaction temperature. As
organic moieties, (oligo-)methacryl, acryl, styryl, or epoxy functionalities
are often used in order to account for the organic cross-linking of these
polycondensed alkoxysilanes. (2) An organic cross-linking is performed
either photochemically and/or thermally.

Dependent on the synthesis conditions, i.e. the kind and amount of
alkoxysilane precursors and catalyst, the temperature, or the solvents used
for synthesis, the inorganic network formation can be influenced. The
Young’s modulus, as well as the mechanical and thermal stability, can be
increased by increasing the inorganic content in the hybrid network.
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Figure 5. Schematic sketch of multifunctional precursors for hybrid polymers and the
variation of propetrties.

In this way, the coefficient of thermal expansion (CTE) and the optical
losses in the near-infrared (NIR) regime are reduced as well. The reason for
the latter is that the content of Si-O-Si, which is known to have a low optical
loss, is increased, while the amount of organic species is diluted. Beside
influencing the Young’s modulus and the CTE by the inorganic content in
the ORMOCER® material, these quantities are also influenced by a
modification of the connecting unit. In order to achieve highest transparency
in the near-infrared (NIR) regime, these connecting units can be partially
fluorinated or replaced by perfluoroaryl groups, respectively (Brinker, et al.,
1990; Buestrich, et al., 2001). The organic polymerizable units are chosen
depending on the requirements of the application. If UV laser lithography or
2PP is applied for patterning, (oligo-) methacryl or styryl moieties are
typically chosen. For thermal cross-linking, epoxy moieties are preferred.
Non-reactive groups such as, e.g., alkyl or aryl groups, which are connected
to Si, also influence the material properties. Increasing their amount within
the hybrid polymer will reduce the degree of polymerization due to sterical
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reasons, thus resulting in a reduced density within the coated layers. This, for
example, has direct impact on the optical or dielectric properties such as the
refractive index or permittivity.

Upon hydrolysis/polycondensation, solvents are generally present in the
resin, either applied in the sol-gel process as an inorganic network
influencing agent or as volatile products resulting from the chemical reaction
of the different precursors. The solvents are usually removed from the
material to a certain under-reduced pressure in order to achieve highest
processing flexibility. For thin-film applications, other solvents can be added
to adjust the viscosity of the material. Most of the ORMOCER® resins have
a long storage stability without initiators at room temperature which was
tested for some systems to be longer than two years. If the material is cooled
down to -18 °C, the storage can be performed for even a couple of years.

A special synthesis was carried out in order to achieve a suitable
inorganic-organic hybrid polymer for wafer-scale telecom applications
(henceforth referred to as ORMOCER®I), where the inorganic backbone is
solely established via a polycondensation reaction in order to avoid O-H
groups which would significantly increase the optical absorption around
1550 nm (Rouesseau, et al., 1992). As silane precursors, diphenylsilanediol
(DPD) and 3-methacryloxypropyltrimethoxysilane (MEMO) were used. The
synthesis as well as further chemical characterization of the material is
described elsewhere in more detail (Buestrich, et al., 2001).

The DPD is specially synthesized in order to guarantee highest purity for
the resulting ORMOCER® materials and to control residual O-H groups
within the final hybrid polymer. The purity is routinely characterized by
NMR spectroscopy, whereas for telecom applications it is extremely
important to use materials free of water.

In Fig. 6, a schematic sketch of the reaction for ORMOCER®I is shown
which is, for example, applied as core material for optical waveguides
(Streppel, et al., 2002, Houbertz, et al., 2003b). Characteristic for the
polysiloxane network is the lack of silanol groups. An akoxylation reaction
is favored by the sterical demand of the phenyl groups which, in addition,
hinders a self-condensation of the diol component. According to this, a
constant stoichiometric relation between the two silane precursors MEMO
and DPD (1:1) is guaranteed during the synthesis. The synthesis is carried
out at elevated temperatures between 60 and 100 °C with a basic catalyst.
This results in short reaction times and also fosters an alkoxylation. By-
products which are generated upon synthesis such as, for example, solvents
like methanol, are typically removed from the ORMOCER® materials under
reduced pressure.

Dependent on the application, the processing of ORMOCER®s varies
significantly. For example, for dental applications such as cavity fillers, the
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materials have to be highly filled with particles, resulting in a paste which
can be cured by blue light (www.voco.com). On the other hand,
ORMOCER®s used for (large-scale) coatings have to be applicable on
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Figure 6. .Schematic sketch of the ORMOCER®I synthesis.

different surfaces such as glass or polymer surfaces as in the case of
magnification lenses (Schottner, 2001).

Contrary to the above mentioned applications, ORMOCER®s for
microsystems have to fulfill quite different requirements with respect to their
intrinsically generated material properties by specific synthesis routes, as
well as with respect to the processing technologies which have to be applied.
For example, many different application and patterning methods such as
spin, dip, or spray coating, and photolithography or printing methods are
used for generating functional microsystems. Thus, the materials are
addressing basic requirements such as:

e adaptable optical or electrical properties, for example, optical
absorption, refractive index, transparency, dielectric permittivity, or
dielectric loss,

o perfect surface planarization and no reaction of the processed materials
with solvents (like esters, ketones, or alcohols) used for subsequent
processing steps, for example in the case of multilayer applications,

¢ no parasitic polymerization out of the exposure area, and

e long-term environmental stability in reliability testing under various
conditions.

The hybrid structure combines the properties of inorganic structures (e.g.,
an increased mechanical and temperature stability as compared to purely
organic polymers) and those of conventional polymers (e.g., easy processing
at low temperatures). In the following, the processing of ORMOCER®s for
microsystems will be described in more detail.

The organic cross-linking can be either performed photochemically by
conventional photolithography (see, for example Streppel, et al., 2002;
Briuer, et al., 2001; Robertsson, et al., 1998; Frohlich, et al., 2002;
Houbertz, et al., 2001), by a combination of UV lithography/replication
(Houbertz, et al., 2003a), by laser-direct writing, or by using femtosecond
laser pulses in order to initiate two-photon polymerization (2PP) (Serbin, et
al., 2003). Besides, the cross-linking can also be initiated thermally. The
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photochemical patterning methods result in polymerized (solid) structures
where the non-polymerized parts are removed by standard developers,
whereas arbitrary 3D (nano-)structures can be written with 2PP. This allows
one to apply these material class for many different applications in
microsystems technology, ranging from optics via micro-or polymer
electronics to energy storage or supply.

For the photochemical patterning, radical initiation is mostly used to
organically cross-link the organic moieties. However, cationic initiation is
also possible, but it has to be mentioned that ions might be present within the
ORMOCER® layers/structures. These might influence the properties of the
materials negatively for some applications, for example in the area of micro
or polymer electronics. The processing conditions, as well as the amount of
initiator introduced into the ORMOCER® resin, influences the degree of
organic cross-linking (polymerization), and thus the physical properties
(Houbertz, et al., 2004).

A general processing flow chart for the production of ORMOCER®
structures with either conventional UV lithography or with 2PP is shown in
Fig. 7. Before applying the ORMOCER®, a UV initiator has to be introduced
into to the resin in order to allow initiation of the organic polymerization
reaction upon light absorption. In order to allow one to produce
micropatterned layers of different thickness by conventional UV lithography,
the ORMOCER® resins are typically diluted with suited solvents such as, for
example, propylacetate (PAC) or 1, 2-propanediol-monomethyletheracetate
(PGMEA). For the production of nano or microstructures by using
femtosecond lasers to initiate 2PP, this is not necessary since the structures
are produced within the volume of the resin, thus allowing any arbitrary
structures with undercuts, different thicknesses, or varying aspect ratios.

After preparation of the resins/lacquers, these are applied, for example by
spin coating or dispensing for conventional UV lithography or 2PP. The
patterning typically follows a sequence of soft-bake, UV exposure, post-
exposure bake, and a development step. Pre and postexposure bakes are used
to remove solvents and to increase adhesion. The UV patterning can be
either carried out with or without inert gas flow, whereas the latter results in
the formation of an inhibition layer in the case of radical initiation.
Subsequently, after the development the structures are finally thermally
cured at elevated temperatures (between 100 and 185 °C) at elapsed time (15
min to 3 hrs.), yielding reliable surface films/structures for further
investigations. For 2PP, the processing sequence can be kept even simpler:
after application of the hybrid resin (no additional solvents added), a
femtosecond laser is used to initiate 2PP, followed by a development step.
Optionally, a final photochemical or thermal curing can be applied.
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Figure 7. Processing flow charts for the production of (a) wafer-scale ORMOCER®
structures using conventional UV lithography, and (b) ORMOCER® nano and
microstructuring using 2PP with femtosecond lasers.
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Figure 8 Examples of micro and nanostructures produced with (a) conventional UV
lithography (Streppel, et al., 2002), (b) combined UV lithography/replication (Houbertz, et al.,
2003a), (c) laser-direct writing, and (d) 2PP initiated by femtosecond laser pulses (Serbin, et
al., 2003).



6 Three Dimensional Material Processing with Femtosecond Lasers 133

As already mentioned above, the material properties of ORMOCER®s
can be adjusted over a wide range with respect to their application. An
overview about the properties is given in (Haas, K.-H., 2000, Schottner, G.,
2001). In Fig. 9, an absorption spectrum of ORMOCER®I resin with an
added UV initiator is shown. As designed for UV processing, the material
exhibits a high absorption in the UV range. This is mainly caused by the
phenyl groups which, on the other hand, are also responsible for the low
optical losses at 1310 nm (0.22 dB/cm) and 1550 nm (around 0.55 dB/cm),
respectively.
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Figure 9. Absorption spectrum of ORMOCER®I resin with UV initiator (Irgacure 369) (after
(Houbertz. R., 2003b)).

The refractive index of this system can be adjusted by simply mixing it
with another ORMOCER® system which, for example, has a lower refractive
index. The precise adjustment of the refractive index step An is very
important for single and multimode waveguide applications. In order to
precisely adjust the index, two different ORMOCER® systems can be simply
mixed in certain ratios (see Fig. 10).

Besides the good optical properties, the material shows very good
planarization behavior which is important for rough substrates like printed
circuit boards, for example. When applied in layers or structures, the
material’s rms roughness is between 2 and 4 nm. These values are below
A/10, which gives the applicability for highly sophisticated (optical) devices.
A typical topography is displayed in Fig. 11(a), while in Fig. 11(b) a
structure generated by 2PP in ORMOCER®I, with a wall thickness of about
1 pm, is shown. For comparison, a structure fabricated by 2PP in a
commercial acrylate system is shown in Fig. 11(c), where the surface
roughness is in the several pm range.
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Figure 10. Index tuning for various ORMOCER® 1 and ORMOCER® 11 mixtures (after
(Houbertz, R., 2003b)).

Figure 11. (a) AFM topography of a ORMOCER®I layer (b) ORMOCER®I and (c) a
commercial acrylate system patterned by 2PP.

In conclusion, the material class of ORMOCER® with its tunable
chemical and physical properties and processing characteristics enables
many exciting applications in optics, micromechanical systems,
biomedicine, etc.

2.2 Positive tone materials

In positive tone photoresists, 2PA processing induces a chain scission of
polymer units in the irradiated region inside the material. After that, the
irradiated regions can be dissolved. This allows one to fabricate three-
dimensional hollow structures.
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One class of positive photoresists, which has been used extensively in our
work, is the Shipley S1800 photoresist. This resist has been developed for
the integrated circuit device fabrication in the microelectronic industry. The
resist can be dissolved in a propylene glycol monomethyl ether acetate and is
optimized for the G-line absorption of a mercury lamp. This resist is
photosensitive at wavelengths below 450 nm, as can be seen in the
transmission spectrum shown in Fig. 12,
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Figure 12. Transmission spectrum of the S1800-positive photoresist.

This absorption range makes S1800 a good material for multiphoton
processing with Ti:Sapphire laser radiation at 800/780 nm wavelength. The
S1800 resist can be spin coated in different thicknesses ranging from around
2.5 pm down to a few hundred nanometers depending on the dilution with a
solvent and the spin coating speed. One can also use S1800 droplets with a
thickness of up to 50 pm. The refractive index of the S1800 photoresist
(below we use a specific modification of this material S1813) is about 1.63
at around 800 nm.

In thick S1813 photoresist droplets, it is possible to write hollow
photonic crystal structures (Chichkov, et al., 2005). In Fig. 13, two examples
of photonic crystals written in S1813 are shown.

The main reason for choosing positive photoresists instead of negative
photoresists for the fabrication of photonic crystals lies in the simplicity of
fabrication of replicas. Up to now, there are no negative photoresists with a
high refractive index larger than 2. Therefore, it is not possible to produce
three-dimensional photonic crystals with a complete photonic band gap in a
single step by illuminating negative photoresists.
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Figure 13. Hollow photonic crystal structures written in S1813 photoresist.

Thus, it is necessary to fabricate replicas from these crystals using
materials with a higher refractive index. Application of most negative
photoresists for the fabrication of templates is rather complicated, since the
structures fabricated in these materials are quite stable and not simply
soluble. In case of positive photoresists, the polymer is weakened and is
more soluble in developing solutions. This is a very attractive feature for the
fabrication of 3D templates.

In Fig. 14, a hollow photonic crystal structure written in S1813 (left) and
a first replica of this structure (right) are shown. For the fabrication of the
replica, an acrylate monomer is infiltrated into the structure. After that, the
S1813 and the acrylate monomer are exposed to UV light and put into an
NaOH developer. This procedure dissolves the S1813 structure completely,
while the acrylate monomer remains a solid and stable polymer. The result
of this procedure is a free-standing replica as shown in Fig. 14 (right side).
In the first proof-of-principle experiments, only the replicas in the acrylate

monomer were tested.

Figure 14. Hollow photonic crystal structures written in S1813 photoresist (left) and its
acrylate replica (right) (Chichkov, et al., 2005).
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The next step will be the infiltration with a higher refractive index
material (n >2).

3. RESOLUTION LIMITS

There are several factors determining the resolution limits of 3D
multiphoton material treatment with femtosecond lasers. One is set by the
material composition. For example, in ORMOCER® the size of an individual
organic-inorganic unit is between 2 and 10 nm, depending on the material
properties. Therefore, the smallest structure, which might be fabricated in
ORMOCER?®, is limited by this size. The second limit depends on laser and
material characteristics which define how close one can approach to the 2PP
(or 2PA) threshold. The third factor is determined by the order of process
nonlinearity (linear or multiphoton processing). And the classical resolution
limit is set by the laser wavelength and by the numerical aperture (NA) of
the imaging optics. The last limit coincides with the well-known resolution
limit of photolithography defined by the following expressions (Levinson,
2001; Ito, et al., 2000):

C'Dzkli and DOFZkz—/I—Z, €))
NA NA

where CD is the critical dimension of the printed structure size, DOF is the
depth-of-focus (axial structure dimension), A is the exposure wavelength,
NA is the numerical aperture of the objective (NA = r/ f where r is the
radius of the lens and f is the focal length), and k and k,are factors
depending on the photoresist material, process technology, and illumination
technique.

For multiphoton polymerization, the resolution limits can be rewritten as

kA

Jg N4

where ¢q is the order of the multiphoton process (g=2 for 2PP), and # is the
immersion oil refractive index in an ordinary used high numerical aperture
immersion oil microscope objective.

Usually, the Ti:sapphire fs-laser at a wavelength around 780 nm is used
for 2PP processing. For all photosensitive materials, a threshold irradiation
fluence (and/or irradiation time) exists which has to be overcome to initiate
polymerization. Due to this well-defined polymerization threshold, one can

k,nA

CD= W , (2)

and DOF =
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reach a resolution far beyond the diffraction limit as is schematically
illustrated in Fig. 15 for a Gaussian laser pulse.
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Figure 15. Light intensity distribution and voxel size (resolution) due to a well-defined
polymerization threshold.

To calculate the size of the polymerized volume (volume pixel or voxel),
one needs to define the polymerization threshold. For this we assume that the
resin is polymerized as soon as a specific amount of initiator molecules is
activated. For ORMOCER®s, this initiator threshold is roughly estimated to
be approximately gy, =0.25wt%.

The density of activated initiator molecules o(r,f) can be derived by using
the following equation (see (Serbin, et al., 2003) for details)

r
LD _ (g, - p(r )N (1), ©)
where G, is the effective two-photon cross-section for the activation of
initiator molecules, N is the photon flux, and py(r.f) is the primary initiator
density. We approximate the light distribution at the focal plane (z=0) by a
Gaussian distribution assuming that the photon flux N, is constant during the
laser pulse:

2+

N(r,f)=Nye " . (4)
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Neglecting the initiator losses between single laser puises, we can estimate
the voxel size d generated by 2PP as the region where p = p,, is fulfilled.
This leads to

d(Ny,t) = ryy/n(o,N2nz, /C),
C =1In(p, /(Ps = P ) (5)

where 7 is the number of pulses, 7 is the total irradiation time, and 7, is the

laser-pulse duration.
Using the same expression for the axial light distribution at =0 as for a

Gaussian beam N(z) =N, /(1 +2z° /2,2\,), the pixel length can be determined
by

I(Nyot) = 224303 Nenz, 1C -1, )

where zp, is the Rayleigh length.

To achieve a nearly spherical voxel (I/d ~ 1), it is important to work at
low laser energy and short irradiation time, i.e. close to the polymerization
threshold. This gives not only the best resolution, but also the best (closest to

spherical) shape of the polymerized voxel.
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Figure 16. SEM image of a polymerized voxel array. All voxels are produced with the same
irradiation time, whereas the laser pulse energy is varied and the z-position of the focus is
changed.
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Figure 17. Single voxels in a negative photoresist, depending on the focal z-position.

To compare the theoretical predictions with the experimental results,
polymerized voxels were produced in negative photoresist. An SEM-image
of a voxel array used for measurements is shown in Fig. 16. The difficulty
with this method is that the single voxels must stick to the glass substrate
and also should not be truncated (compare with Fig. 17).

The analysis of the voxel array in Fig. 16 gives the dependence of the
voxel size on the applied laser energy. Also a voxel array can be produced in
which the energy is kept constant and the irradiation time is varied. This
gives the size dependence on the irradiation time. These results for negative
photoresists are compared with the theoretical calculations in Figs. 18 and
19.
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Figure 18. Voxel diameter and —length in ORMOCER®I depending on the irradiation time
and laser power (theoretical and experimental results).

All curves cross the x-axis at zP’=1.7x10°W?s, in case of ORMOCER®I, and
at tP’=0.12x10°W?s for SUS. Close to this threshold, one can theoretically
get an infinitely small voxel. In practice, the pointing stability and power
fluctuations of the laser limit the achievable resolution. The best resolution
for a 2PP achieved by us today is about 100 nm.
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Figure 19. Voxel diameter and —length (the same as in Fig. 18) for SUS.

For the fabrication of imbedded microfluidic components such as
cavities and channels, the structuring of positive photoresist with
femtosecond laser pulses is a very promising technique. In this case, the
resolution limits can be measured by the fabrication of microchannels
into the photoresist using different laser pulse energies and scanning
speed. Fig. 20 shows microchannels fabricated in S1813 photoresist. The
diameter and the axial dimension of these microchannels have been
measured and can be described by the same dependences as given by
Egs. 5 and 6. Experimental results and corresponding theoretical curves
are shown in Fig. 21.

Figure 20. SEM image of microchannels fabricated in positive $1813 photoresist.
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Photosensitivity of positive photoresist is much higher than that of
ORMOCER®or SU8. Taking into account that structures in positive
photoresists can be easily removed by solvents, these two properties make
them very attractive for the fabrication of templates and 3D replicas. As
shown in Figure 22, in positive photoresist it is possible to achieve resolution
below 150 nm.

The nonlinear threshold character of two-photon microstructuring
processes allows in all cases the fabrication of structures with a resolution in
the subwavelength range, e.g. much smaller than 800 nm. Resolution
measurements reported in this section show that structures down to 100 nm
can be fabricated by this technique in both negative and positive tone
photoresists.

4000 2000

3500 4 1800 -

1600

3000 o
5400 -

2500

1200

E £
£ 2000 ¥ LA % 1000
= i & 3
2 4 P £ a0
& 1500 L S W 1 £
P 500+ d
1000 4 1 z‘;\/'/ velocity velocity
b o 40umss 400+ o 4oumis ]
800 ~ b O 400um/s [ 200 o 400pm/s L]
& 4000pm/s | & 4000um/s
0 0 T T T T T T T T T T o T T T T T M T F ¥ T
0 10 20 30 40 S0 €0 70 80 90 100 110 120 0 10 20 30 40 50 €0 70 80 90 100 110 120
power [mW] power [mW]

Figure 21. Diameter and length of structures in S1813 photoresist depending on writing speed
and laser power (experimental and theoretical results).

Figure 22. Smallest structure fabricated in S1813 demonstrating the achieved resolution
below 150 nm.



6 Three Dimensional Material Processing with Femtosecond Lasers 143

4. DEMONSTRATED APPLICATIONS OF 2PP AND
2PATECHNIQUES

4.1 Photonic crystals and waveguide structures

Photonic crystals (PhCs) are structures consisting of spatially alternating
regions with different dielectric constants. Propagation of light inside a
certain frequency range, called photonic band gap, is forbidden in such
structures. This effect is similar to X-ray Bragg diffraction in regular atomic
lattices. If the dielectric constant periodicity occurs in all directions, one is
talking about 3D photonic crystal. Depending on the topology and dielectric
constant contrast of photonic crystals, their optical properties can be tailored
in a desired manner. Many fascinating applications of photonic crystals are
possible: control of spontaneous emission, zero-threshold lasing, lossless
guiding of light, dispersion management, nonlinear frequency conversion,
etc. Futuristic prospects include applications in telecommunication as all-
optical signal processing, and realization of “transistors” for light and all
optical computers.

Since 1987, when a concept of 3D photonic crystal was introduced by E.
Yablonovitch (Yablonovitch, 1987) and S. John (John, 1987), photonic
crystals are a subject of intensive research. During the past years,
sophisticated theoretical apparatus describing properties of such crystals has
been developed, and many 3D PhC designs were proposed and studied
theoretically. But the fabrication of photonic crystals with a full 3D
(omnidirectional) band gap in the visible range is still a challenging task,
mainly limited by the resolution and/or flexibility of already available
technologies. For practical applications of photonic crystals, inexpensive and
reliable nanofabrication techniques are required. Two most promising
techniques for the fabrication of photonic crystals, holographic lithography
and two-photon polymerization, are presented in details below.

4.1.1 Holographic lithography

Three-dimensional interference pattern produced by multiple laser beams
is a well-studied subject because it is used for trapping of atoms.
Holographic recording is a method that allows fast (literally, single shot)
fabrication of up to few mm large 3D crystals with long range periodicity.
The idea is to record an interference pattern created by two or more beams
into a photosensitive material. If the beam parameters are chosen properly, it
is possible to polymerize photosensitive resins at the high intensity regions
while leaving the rest of material non-polymerized. This can be achieved if
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light intensities at the interference maxima are larger than the threshold
value for polymerization, while intensities at the minima are lower than the
polymerization threshold. Tuning the intensity inside this working window
changes the filling factor and therefore, has an effect on stability of the
structure. The material that is not polymerized is then washed out to reveal a
solid 3D mesh in air. Various lattices can be fabricated depending on the
number of beams applied and their arrangement. The period of the crystal
structure depends on the wave vectors of applied laser beams. Campbell et
al. (Campbell, et al., 2000) have reported four UV laser beam interference
for the fabrication of periodic three-dimensional pattern in a 30 pm thick
SU8 photoresist. Structures with sub-um features were produced by a single
6 ps pulse of a UV laser. Shortly after that, Shoji and Kawata have reported
the fabrication of 3D hexagonal photonic crystal lattice by a two-step
process (Shoji, et al., 2000): in a first step, three-beam interference was used
to obtain 2D hexagonal arrangement of rods, in the second immediate step
two more interfering beams formed additional layers which are
perpendicular to the rod array. In 2003, Shoji et al. also demonstrated
fabrication of woodpile structure by two-step four-beam interference (Shoji,
et al., 2003). Four-beam interference produced a square lattice of rod array; a
woodpile is formed from two such lattices rotated by 90 degrees with respect
to each other. Several groups used single-step exposure four-beam
interference to fabricate FCC lattices with different filling factors
(Miklyajev, et al., 2003; Wang, et al., 2003). In these papers, an umbrella-
like beam configuration with a central beam symmetrically surrounded by
three other beams was used. Lin et al. have recently proposed a method of
holographic fabrication by using phase masks (Lin, et al., 2005). They have
generated 3D woodpile structures in photosensitive SU8 in a two step
process using two masks, an approach similar to that applied by Shoji et al.
(Shoji, et al., 2003).

Recording into the photosensitive material is not the only way to produce
3D PhC by multiple-beam interference. Duneau et al. have proposed to use
multiple-beam interference to directly grow 3D photonic crystals by
chemical vapour deposition; to our knowledge a practical realization of this
idea has not been demonstrated (Duneau, et al., 2004).

Holographic recording results in “perfect” structures and additional steps
are needed in order to introduce defects. For materials where polymerization
is driven by cationic reaction, a refractive index change appears only during
the postbake. Multiphoton direct writing of defects is easier to realize in this
case, since no additional effort is required in order to match refractive
indices; also, final samples can be developed in a single common step.
Further information on holographic recording and fabrication of photonic
crystals can be found in the excellent review (Blanco, et al., 2004).
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4.1.2 Two-photon polymerization

The ability of 2PP to create complex 3D structures with exceptionally
high resolution (down to 100 nm) makes this technology advantageous for
the fabrication of 3D photonic crystals. With this technique, one is able to
introduce defects at any desired location, which is crucial for the practical
applications of photonic crystals. Few groups employing 2PP have reported
the fabrication of photonic crystals exhibiting photonic band gap effects.
One of the first papers employed a frequency doubled femtosecond laser
radiation at 400 nm to write a woodpile structure in the Nopcocure 800 resin,
which has its UV absorption edge at 370nm (Sun, et al., 1999). Fabricated
structures consisted of 20 layers, had in-layer spacing down to 1.2um, and
rod diameters of 1pm. Optical characterization revealed dips in transmission
spectra. Attenuation of only 1.3dB per unit cell was demonstrated.
Nevertheless, this work is an important achievement that revealed great
potential of 2PP for the fabrication of photonic crystals. In 2001, the same
group succeeded in the fabrication of a photonic crystal with a planar defect
(Sun, et al., 2001). Recently, the fabrication of high-quality large-scale 3D
photonic crystals with fundamental stop bands in IR, ranging from 1.3 to 1.7
um, has been reported by another group (Deubel, et al., 2004).

A common problem with processing of negative tone photosensitive
polymers is the shrinkage of the produced structure. In case of
ORMOCER®], shrinkage does not affect the structure during the 2PP
polymerization, since only single voxels shrink at the position of the laser
focus. After development, the fabricated structure consists from partially
cross-linked voxels and polymer resin. In order to increase the structure
stability, it is exposed to UV light. This final polymerization of the whole
structure leads to distortions and deviations from a desired geometry.

The inset in Figure 23 illustrates the shrinkage effect on an example of a
photonic crystal written in ORMOCER®L. The plot shows dependence of the
shrinkage degree (ratio of the upper layer size to the size of the lower layer)
on the average laser power used for 2PP. Different pre and postprocessing
procedures were tested, and no considerable improvement was noticed. An
upper layer can shrink by as much as 20%, compared to the layer on the
substrate. The ratio of cross-linked to not cross-linked polymer in the
structure depends on the exposure dose, and therefore, the more power is
used for 2PP, the less shrinkage will occur during the postexposure with UV
light. Increasing the laser power used for 2PP inevitably decreases the
resolution of 2PP processing, which in most cases is a bad trade-off.
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Figure 23. Shrinkage of photonic crystals fabricated from ORMOCER®s.

Shrinkage changes the size of a woodpile layer and also the in-layer
distance between the rods, introducing modifications in photonic band gap
characteristics. Studies of effects played by structural fluctuations on
photonic band gap characteristics can be found in (Chutinan, et al., 1999).

Since the bottom layer of a crystal is attached to the substrate, it cannot
shrink. Far from the substrate, the layer has more freedom to shrink. At some
distance from the substrate, the saturation region occurs, where every
subsequent layer shrinks by the same amount.

To solve the shrinkage problem, we have introduced a numerical
compensation into the computer model for the fabrication of a woodpile
structure. By measuring the shrinkage dependence on the layer number, we
have empirically found a function describing this behavior. Using inverted
function:

F,,, =[1+s(1-exp(~0.32)]", 9

where z is a layer number (counted from the substrate), one can calculate
exactly how much each single 2PP produced layer should be modified in
order to obtain an undistorted woodpile structure after the UV postexposure.
The dimensions of each layer in a computer mode] are simply multiplied by
the F,,, function, according to its number.
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Figure 24. Numerical shrinkage compensation applied to PhCs in ORMOCER®L

The parameter s allows “fine tuning”, i.e. changing the slope of the function
to compensate for postexposure dose effect. The plot in Figure 24 illustrates
numerical shrinkage compensation for different values of s parameter. The
inset in this figure shows scanning electron microscope (SEM) images of
woodpile photonic crystals precompensated according to Eq. 7. With the
increasing s value, the woodpile structure acquires its correct form. This
simple approach allows the fabrication of undistorted photonic crystal
structures.

Figure 25. Photonic crystal “woodpile” structures written in ORMOCER®L.
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We have fabricated woodpile photonic crystal structures in two different
classes of materials, ORMOCER®I and SU8. Both materials are designed for
optical applications and are highly transparent in the visible and IR range.
Figure 25 shows SEM images of different photonic crystals written in
ORMOCER®I. Transmission of such photonic crystals was analyzed (for
details see (Serbin, et al., 2004, Chichkov, et al., 2005).

Relative width and position of a photonic band gap depend on the
refractive index contrast between dielectric material and air. For woodpile
structures, the refractive index contrast of at least 2.7 is required for the
demonstration of full photonic bandgap. Refractive indices of most
photosensitive materials processible with 2PP are below 1.8.

One possibility for the realization of photonic crystals from high-
refractive index materials is to use 2PP fabricated structures as templates,
and to produce inversed replicas of these structures. For this purpose,
ORMOCER®s are not suitable, since they exhibit exceptional thermal and
chemical stability and hence are extremely hard to remove. Structures made
in SU§ can be removed by annealing at 600°C. It could be more
advantageous to produce templates from positive photoresists. This topic has
been discussed in Sec. 2.2.

Figure 26. Waveguides fabricated by 2PP: a) ring resonator; b) and c¢) tapered waveguides.
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Due to their excellent optical properties, ORMOCER®s are very attractive
materials for the fabrication of microoptical devices (see Sec. 2.1). Using
2PP, it is straightforward to generate complicated 2D and 3D structures, like
ring resonators and 3D waveguide tapers shown in Figure 26. These
waveguides are suitable for guiding single-mode light at 1550 nm.

In conclusion, 3D microstructuring of photosensitive materials using two
or multi-photon processing techniques has great potential for the fabrication
of photonic crystals, waveguides, and microoptical components. Possible
applications in medicine and biology will be highlighted in the next section.

4.2 Biomedical applications

There are several very promising bioapplications of the 2PP technique:
for tissue engineering, drug delivery, medical implants, and sensorics. For
tissue engineering, the ability to produce arbitrary 3D scaffolds is very
appealing. Artificial fabrication of living tissue that will be able to integrate
with the host tissue inside the body is a challenging task. Natural repair of a
tissue at the particular site is a result of complex biological mechanisms
which are the subject of intensive research. In order to encourage cells to
build such a tissue, one has to create an appropriate environment exactly
resembling that of a particular tissue type. Some cell types can preserve
tissue-specific features in a 2D environment, others require a 3D
environment. Another problem that becomes critical with increasing scaffold
size is possibility of blood-vessel formation throughout the scaffold, in order
to promote healing and to avoid hypoxia. 2PP in combination with the right
materials allows the precise control over 3D geometry of the scaffold, and
therefore, allows to model and to reproduce in vivo cellular
microenvironment. Furthermore, high resolution of 2PP can provide control
over the cell organisation inside the scaffold and consequently over the cell
interactions. Another advantage of 2PP is that near-IR laser radiation, used
for 2PP, is not dangerous for cells at the applied intensities and could also be
used for the manipulation and encapsulation of cells.

The study of intrinsic biocompatibility of ORMOCER® is an important
and necessary first step towards fabricating novel biological scaffold
structures and other applications of ORMOCER® in biomedicine. We have
recently studied biocompatibility of ORMOCER®I; details can be found in
(Doraiswamy, et al., 2005). The obtained results have shown good adherence
of different cell types to this material and a growth rate comparable to
bioactive materials like ECM (extracellular matrix).

An example of a potential scaffold structure fabricated in ORMOCER®]
is shown in Figure 27. In this case, amplified laser pulses were focused by a
f-theta lens with a focal distance of 80 mm in order to produce long
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Figure 27. Scaffold structures produced by 2PP of ORMOCER®L

filaments through the 300 pm thick ORMOCER®I layer. The structure was
formed in two steps by scanning parallel lines on a tilted sample.
ORMOCER®I contained 1.8% photoinitiator Irgaure 369. Since material
properties can be controlled by chemical design, all of this makes
ORMOCER®I a good candidate for biological applications and offers great
potential for developing true designer 3D biological scaffolds.

For the fabrication of 3D structures with higher resolution, Zeiss 20X
planachromat microscope objective was used to focus laser pulses into
ORMOCER®L

Free-standing Lego® type structures were fabricated on salt substrates.
The size of the Lego® structure base is 500pm x 500um x 40um; it is
supported by 9 50 pm in diameter and 150pum long hollow pillars, and
carries 16 such pillars on top (Figure 28 (left)). After fabrication,
unsolidified ORMOCER®I is washed away by 1:1 volume solution of 4-
methyl-2-penthanone and isopropanol.

The shown free-standing Lego® type structures can be stacked layer-by-
layer for developing heterogeneous tissue. Each layer would mimic the
natural tissue construct, with layers such as epithelial, endothelial, vascular,
neural, muscular, and specialized cells to a functional tissue (Narayan, et al.,
2005).
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Pillars of various diameters (10-150pm), and 20 pm in height were
fabricated in ORMOCER® coated on glass substrates. Studies of simple
pillar structures seeded with B35 cells show that cells are oriented along the
pillar walls, suggesting the recognition of the structure by the cells (see
Figure 28, right).

Figure 28. Free-standing Lego® type structure fabricated by 2PP (left) in ORMOCER®I,
simple pillar structure seeded by cells (right).

Ideally, the scaffold should provide a temporary support for tissue
regeneration and should later degrade (either during or after healing).
Therefore, it is very important to develop photosensitive materials that are
biodegradable and can be structured by 2PP technique. A potential class of
photosensitive biodegradable materials is Poly (ethylene glycol) (PEG)
based hydrogels, which are commonly used for cell encapsulation and can be
photocrosslinked with UV light (Bryant, et al., 2004).

180 um bt} 25 um
Figure 29. Cylinder structures produced by 2PP of PEGDA-based polymer.
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PEG-based materials are fully synthetic and hence allow control of their
physical and chemical properties, which is more difficult with natural
polymers. The property that makes PEG biocompatible is its intrinsic protein
resistance, which reduces protein adsorption on its surface (Albrecht, et al.,
2005). In order to explore the structurability of PEG-based polymers by 2PP,
we have performed experiments with Poly (ethylene glycol)-dimethacrylate,
using Irgacure 784 as a photoinitiator. PEG-dimethacrylate (Mn=875) was
mixed with 10% phosphate-buffered saline (PBS). 5% of Irgacure 784
solved in acetone was added by stirring. In these preliminary studies, the
material is not expected to be biodegradable; it forms a quite firm
constellation, resulting in well-defined structures produced by 2PP.

Figure 29 shows SEM images of pillars fabricated by 2PP of PEG-
dimethacrylate-based polymer. After fabrication, the non-polymerized
material was washed away with distilled water. The samples were dried at
room temperature. Slight deformations of the top of the cylinders and
wrinkles indicate that the produced structures are elastic, and shrink as the
water is evaporating. This material can be used for the fabrication of support
structures for biodegradable scaffolds made from weakly cross-linkable
biodegradable hydrogels.

Microstructures created by 2PP can also be used for drug delivery. Figure
30 shows SEM images of microcapsules fabricated on the surface of a metal
stent. A stent is a wire mesh tube used to prop open an artery during
angioplasty, and is a common procedure applied to cure atherosclerosis. In
some cases the restenosis, a renarrowing of the artery, may occur. To avoid
this problem, drugs are injected into the blood, suppressing formation of new
tissue at the stent site. To minimize the amount of drugs required and
therefore, to reduce possible side effects, drug-eluting stents were developed.
Such stents are coated with drugs that are slowly released and help to keep
the blood vessel from reclosing. Flexibility of 2PP allows fabrication of
microcapsules of different geometries directly on the stent surface.

Figure 30. Microcapsules produced by 2PP of ORMOCER® on metal stents.
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Figure 31. Microneedles for drug delivery, fabricated by 2PP of ORMOCER®.

Using 2PP, one can produce microneedles with a large range of sizes,
shapes, and improved properties. In Figure 31, SEM images of microneedles
fabricated from ORMOCER®are shown. Microneedle arrays were fabricated
for drug delivery. Micron scale needles can increase skin permeability and
improve the transdermal delivery of drugs. They can provide painless
injections to people suffering from diabetes, blood clotting, or other
disorders.

In conclusion, topics discussed in this section demonstrate great potential
of 2PP technology for the fabrication of complex 3D structures for
biomedicine.

4.3 Micromechanical and microfluidic devices

Further promising applications of two-photon activated (2PA) processing
are in the field of rapid prototyping and fabrication of micromechanical and
microfluidic systems. In this section, a few examples of structures fabricated
by 2PA are presented. In Figure 32, a gearwheel made by 2PP of SUS is
shown.

Since the resolution limit of 2PP is at present about 100 nm, it is possible
to build gearwheels with a diameter of around 1pm. Because 2PP is the real
3D processing technology, one can build any desired structure. This means
not only single elements for micromechanical systems, but also complex
constructions.
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Figure 32. A gearwheel made with 2PP in SUS.

The other possible field of applications is microfluidics. With 2PA
technique it is possible to build 3D microfluidic and optical devices on the
same chip. A good example is the ring resonator microcavity shown in
Figure 33. The cavity is fabricated in S1813 photoresist and is surrounded by
4 90° mirrors. The emitted light from a dye solution inside the cavity can be
directed around the resonator by total internal reflection. The image shown
in Figure 33 represents a horizontal cut through the device, which also can
be fabricated completely buried in the resist, and the dye can be injected via
microchannels.

Figure 33. A microring resonator fabricated in S1813 photoresist by 2PA technique (left),
close-up of the cavity mirror (two right images).

This technique provides a simple method for the fabrication of different
imbedded microstructures and microfluidic devices.
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S. SUMMARY AND OUTLOOK

Recent progress in three-dimensional microstructuring of photosensitive
materials by femtosecond lasers has been reviewed. Due to the nonlinear
nature of multiphoton laser-activated processing, application of ultrashort
laser systems allows one to overcome the diffraction limit and to produce
high-quality 3D microstructures with a subwavelength resolution. This is
very powerful technology with many potential applications which have been
briefly discussed in this chapter.

This 3D nonlinear laser processing technique is still in a rapidly
developing phase and represents a very exciting field of laser physics and
novel laser material processing technologies.
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Chapter 7

ULTRAFAST OPTICAL MEASUREMENTS OF
SHOCKED MATERIALS

David J. Funk, David S. Moore, and Shawn D. McGrane
Los Alamos National Laboratory, Los Alamos, NM 87545

1. INTRODUCTION

A molecular description of detonation has been pursued for decades (c.f.
Tarver, 1997), with little or no success in obtaining high-quality data at these
scales. Recently, we have setup laboratories specifically designed to address
this deficiency, employing pump-probe techniques based on chirped-pulse
amplified Ti:sapphire laser technology coupled with thin film targets of
energetic materials (Hare, et al.,, 1995). Several reasons exist for these
technological choices, including the relative ease of synchronicity that one
can obtain using direct optical (ablative) drive followed by optical probe. In
contrast to shock experiments with gas guns, in which obtaining
synchronicity to a few picoseconds is extremely difficult and time-resolution
occurs with fast streak cameras, optical synchronicity is simply obtained by
changing the optical path lengths with translation stages and the time
resolution results from the ~130 fs “frames” that are recorded as a function
of delay. In addition, these timescales are required if one would like to
resolve the “rise time” (e.g. ambient to peak pressure) of the shockwave,
observe energy transfer and/or redistribution within the shockwave
(phonons, molecular vibrations), observe shock-induced chemical reactions,
or study some shock-induced phase transitions (solid-solid and solid-melt).
For example, a shockwave propagating through a material at a velocity of
6 km/s causes the material to “jump” to a velocity of 1 or 2 km/s. Such a
“particle velocity” translates to a time and distance scale of 2 um/ns or
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2 nm/ps. Consequently, if one is to time-resolve the processes listed above at
these scales, one needs picosecond or better temporal resolution.

Furthermore, these “table-top” experiments are generated in small sample
areas (0.03 mm?®) and can be conducted repetitively, achieving very high S/N
ratios that cannot be readily obtained in single-shot experiments. Due to the
high intensity of the amplified ultrafast laser pulses, it is quite easy to
generate a variety of probe wavelengths, making the technique
spectroscopically versatile; transient experiments using Raman, IR
absorption, UV-Vis absorption, or CARS can easily be conducted. However,
there was concern that these methodologies would not yield conditions in the
shocked materials that would allow interpretable results. We have conducted
a number of characterization experiments of our shockwaves using
interferometric methods that have supported our choice of technology and
have led to the results presented here, ultimately leading to the first
observation of shock-induced chemistry in an energetic material on ps time-
scales (McGrane, et al., 2004b).

2. EXPERIMENTAL METHODS

2.1 Interferometric Measurements

In the experiments described here, two separate techniques are used for
interferometric characterization of the shocked material’s motion: frequency
domain interferometry (FDI) (Tokunga, et al., 1992; Geindre, et al., 1994;
Evans, et al, 1996; Gahagan, et al., 2000) and ultrafast spatial
interferometric microscopy (Takeda, et al., 1982; Gahagan, et al., 2002).
Shown in Fig. la, is our implementation of reflection frequency domain
interferometry. Here, a pair of ultrafast probe pulses is used to
simultaneously measure the dynamic phase shift and reflectance during
shock breakout from thin-film metal targets. For the FDI experiments, a
single 800 nm, #,= 130 fs, 0.7 mJ laser pulse generated by a seeded, chirped-
pulse amplified Ti:sapphire laser system (Spectra Physics) was used for both
shock-generation and probing. The shock generating pulse (0.2 — 0.5 mJ)
was focused onto the front side of the target assembly to a spot size of d; =
75 um. A small portion of the main pulse (~0.04 mJ) reflected from a beam
splitter was passed through an unbalanced Michelson interferometer to
produce a pair of probe pulses separated in time by 4-16 ps. These s-
polarized pulses were loosely focused onto the backside of the target at an
angle of @ = 32.6° to a spot size of ~1000 wm to circumscribe the region of
shock break-out at probe intensity less than ~5 x 10" W/cm? (pump intensity
of ~1 x 10" W/em®).
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Figure 1. Schematic diagrams of the femtosecond laser-driven shock interferometry
experiments: a) frequency domain interferometry b) ultrafast 2D spatial interferometric

microscopy.
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The reflected probe pulses were imaged at x16 magnification onto the
entrance slit of a high resolution imaging spectrograph (Acton model 300i)
with TE-cooled CCD detector (Photometrics model SenSys 1600).
Following Geindre, et al., (1994), the relative phase shift between the probe
pulses caused by motion of the free surface and/or transient changes in the
optical properties of the surface during shock breakout was determined by
performing an inverse Fast-Fourier transform (IFFT) on the spectral intensity
interferogram recorded on the spectrograph CCD. The dynamic phase and
reflectance are extracted from the analysis using baseline fitting to the
unshocked region surrounding the shock breakout region.

Shown in Fig. 1b is a schematic of the set up for ultrafast spatial
interferometric microscopy (Gahagan, et al., 2002). Here, a small portion of
the main laser pulse (~10 ) is reflected from a beam splitter and passed
through a modified Mach-Zehnder interferometer with the sample in one
arm (the sample arm) and a variable delay, to control temporal overlap, in
the other (reference) arm. The probe pulse in the sample arm was focused
onto the target at an incidence angle of either 32.6° or 76.0° to a spot size of
~1000 pum to circumscribe the optically pumped region. For these studies,
the probe pulse was p-polarized relative to the plane of incidence. A lens
was used to image the surface (at ca. 2 pixels/um) onto a CCD camera (same
camera as above). A duplicate imaging lens was used in the reference arm.
The sample and reference arms were recombined at a slight angle to produce
an interference pattern on the CCD. This interferogram was transferred to
and stored in a computer, and all interferograms from a time series, built up
by adjusting the time delay in the shock-driving laser arm, were post
processed off-line. In practice, three images were obtained at 1 Hz: (a) a
“reference” interferogram, I, taken before the pump pulse arrives, (b) a
“pump” interferogram, I, taken “during” the experiment and (c) a post-shot
interferogram to observe the damage to the material after the experiment.
Analysis is conducted using the FFT method first developed by Takeda, et
al., (1982), and described in Gahagan, et al., (2002). Two 2D data maps are
constructed, one containing the amplitude or reflectivity information, the
other containing the phase information, which is composed of optical
property and surface position data. Each time data point is obtained by
averaging the 2D map values in an area that is approximately 20 microns in
diameter at the center of each laser experiment.

2.2 Target Fabrication

The metal targets used in these experiments were Al and Ni films of
varying thickness produced by vapor deposition onto 150 +/- 20 um thick
BK-7 microscope cover slips (Fisher Scientific). The samples were
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examined both with a spectroscopic ellipsometer (Sentech SE 800) and an
atomic force microscope (AFM; Quesant Nomad). Best fits to the spectral
ellipsometric data from a 750 nm Al sample (¥ and A measured over 400-
840 nm) modeled as an Al,O; layer on top of the aluminum substrate yielded
an Al,O; layer 4.9 nm thick, consistent with literature results (Smith, et al.,
1985). AFM results indicated an RMS roughness of ~ 5 nm over a 900 um®
area, consistent with the ellipsometric data, in which ¥ was fit less
satisfactorily than 4. Polymethylmethacrylate (PMMA), nitrocellulose (NC;
12.6% N), and polyvinyl nitrate (PVN 14.5 % N) films were spin coated
from the appropriate solutions (toluene or “magic” solvent), on to 500-1000
nm thick aluminum films described above. Concentration of the solution was
used to control film thickness. Thickness and surface uniformity of the films
were monitored with null ellipsometry (Rudolph Research, AutoEL) at
helium neon wavelength, 70° incidence, and using white light reflectometry
spectral interference fringe analysis (Filmetrics). Both methods of film
thickness measurement are sensitive to changes as small as a nanometer, and
the best films produced have surface thickness variations of 1% across most
of a 2 cm diameter sample. In all experiments, the targets were mounted on a
computer-controlled x-y translation stage (where z was the normal to the
target surface). The target was rastered at ~300 pm intervals between pump
pulses so that each “experiment” involved undisturbed material.

2.3 Shock Generation using Ultrafast Lasers

All laser driven shocks begin with the absorption of part of the laser
pulse impinging on a sample. The absorbed energy evolves into material
motion via a variety of processes, including multiphoton and avalanche
ionization, plasma formation, time-dependent plasma optical density, plasma
expansion and ion heating, electron-electron relaxation, and electron-phonon
coupling (von der Linde, et al., 2000; Schmitt, et al., 2004; Stuart, et al.,
1996). The experiment can be designed so that a flyer is produced, where a
layer of material is accelerated by the absorbed laser energy and flies across
a gap where it strikes a target. Or the laser can be absorbed in a reactive
molecular layer, whose reaction produces the pressure wave that travels into
the target materials (c.f. Dlott, et al., 1998). Finally, the material motion
directly consequent on the laser absorption can be utilized, which is the
method that we use herein. Our group at Los Alamos has utilized a table-top
ultrafast laser system to drive shocks into layered samples, as well as to
measure the shock and particle velocities using interferometric methods.
Initial experiments utilized the ~ 120 fs length pulses directly. Such a
method produces very fast shock rise times, but results in triangular (very
fast rise and fast fall) pressure profiles along the shock propagation
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direction, which is problematic for spectroscopic methods that probe along a
path.

Using the short pulse, particle velocities of 0.1 to 0.4 nm/ps (km/s) were
achieved, depending on the thickness of the metal layer and the metal type,
with the lower particle velocities measured in thicker metal layers. This
result indicates the shock is not supported, as it decreases in pressure with
run distance, Methods to overcome this disadvantage are discussed below
(Section 2.3.1). Also, the drive laser energy appeared to be optically limited
in the substrate so that larger particle velocities were not achievable by
simply increasing the drive energy (Moore, et al., 2001).

2.3.1 Temporally Shaped Shock Drive

In order to overcome the saw-tooth (triangular) pressure profile produced
using ultrafast laser pulses to drive shocks, we investigated temporal pulse
shaping methods (McGrane, et al., 2002). While femtosecond lasers have
been successfully employed to generate ultrafast shocks, the pressure
typically rises sharply over a few picoseconds then decays quickly over tens
of picoseconds (Evans, et al., 1996; Funk, et al., 2001). This property makes
such laser pulses extremely valuable for micromachining via photoablation
(Ashkenasi, et al., 1998; Momma, et al., 1997; Evans, et al., 1996), but the
highly transient nature and time-dependent pressure of femtosecond shocks
makes their use in studying physics of shock compressed materials
problematic.

In general, a shock-driving pulse’s time-dependent intensity profile must
be controlled to obtain a simple time dependent pressure profile. The actual
pulse shape required depends on the details of the optical and physical
processes involved in transforming the light pulse into material motion.
These processes include the time dependent absorption due to multiphoton
and avalanche ionization processes, plasma production, time-dependent
plasma optical density, plasma expansion, energy transfer, and electron-
phonon coupling (von der Linde, et al., 2000; Schmitt, et al., 2004; Stuart, et
al., 1996). While the laser pulse is typically a Gaussian or sech” function of
time, the desired pressure profile for studies of shock compressed materials
is often a step wave, with a very sharp leading edge and a relatively long
time at uniform pressure. Simultaneously obtaining both the fast pressure
onset required to resolve picosecond molecular or phonon-mediated
dynamics and the sustained constant pressure desired for simplifying
analysis and for pressurizing material thicknesses exceeding tens of
nanometers, until this development has presented a serious problem.

Here we describe a method of generating shocks that overcomes these
problems and can be simply implemented in common tabletop chirped-pulse
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amplified lasers. Driving a shock using a chirped, amplified pulse with the
temporally leading (reddest) spectral range removed results in a pressure
risetime of less than 10-20 ps and a sustained constant pressure for hundreds
of picoseconds (McGrane, et al., 2002). Spectrally unmodified chirped-
pulses have been used to drive shocks (Benuzzi-Mounaix, et al., 1999;
Hambir, et al., 2001), however this results in a complicated time-dependent
pressure that can be easily avoided, as shown below. Because the spectrally
modified pulses are generated by stretching a 100 fs seed pulse, a fraction of
the amplified pulse can be recompressed to <200 fs for use in probing the
effects of shock loading. We present results on shocks thus produced in
aluminum thin-films as a function of spectral content and pulse energy, and
illustrate the sustained drive by confining the shocked aluminum with a
nitrocellulose thin-film.

A Ti:sapphire femtosecond laser provides the seed pulse for a chirped-
pulse amplifier. The seed pulse is centered at 800 nm with a bandwidth ~7.5
nm full width at half max (FWHM) and a temporal FWHM of ~110 fs
(sech®). The chirped-pulse amplifier utilizes a grating based pulse stretcher
and compressor, with a regenerative amplifier and two stages of further
amplification, to produce up to 50 mJ per pulse at 10 Hz repetition rate, and,
usually, ~110 fs pulse length. Halfway through the stretcher, where the seed
pulse is spectrally dispersed, amplitude and/or phase modulation of the
spectrum can be used to produce a variety of pulse shapes (Weiner, et al.,,
1995; Xu, et al., 2000). At this point, we simply blocked a portion of the red
end of the spectrum, which corresponds to the leading temporal edge of the
chirped-pulse. Since the spectral block is prior to the amplification stages,
the amplified pulse energy does not change as a function of the wavelength
range blocked. However, the blocked spectrum is temporally shorter and
care must be taken not to exceed the damage threshold of amplifier
materials. A beam splitter is placed after the amplification stages, but prior
to the compressor stage, to remove 80% of the spectrally modified, chirped-
pulse, while allowing the remaining fraction to be recompressed.

The effect of this spectral clipping on shock generation was studied by
measuring the spectra, the time-dependent intensity profiles, and the time-
dependent surface motion in shocked aluminum and nitrocellulose-coated
aluminum thin-films. Spectra were measured with diffuse scattering into a
fiber coupled CCD spectrograph (resolution 0.3 nm). An approximate
temporal width (FWHM) of the compressed pulse was measured by
autocorrelation. The temporal intensity profile of the chirped-pulse was
determined by cross correlating with the compressed pulse in a 1 mm BBO
crystal and measuring the intensity of the second harmonic generated as a
function of delay between pulses. The spatial interferometry technique is
used to measure surface motion and the temporally shaped pulse is focused
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to ~150 um diameter on a 250 nm thick aluminum layer through a 170 yum
thick glass substrate to provide the shock drive. The sample is translated to
obtain a fresh region between shots.

We have explored the parameters of shock generation as function of
spectral content at 2.5 mJ and pulse energy from 0.4 to 5 mJ with clipped
spectral content. The spectrum of the unaltered amplified pulse, along with
two spectra clipped at approximately 806 and 804 nm on the long
wavelength side, are shown in Fig. 2(A). The portion of the pulse that was
recompressed is affected by the missing spectral components and exhibited
autocorrelation times of 110, 140, and 175 fs FWHM for the unaltered, 806
nm clipped, and 804 nm clipped spectra, respectively. The spectrum
provides a simple measure of the time-dependent intensity of the chirped-
pulse, which is examined more directly through cross correlation.

The shocks generated in 250 nm thick aluminum films by pulses of the
two spectral contents shown in Fig. 2(A) were characterized using spatial
interferometry. Fig. 2(C) shows the time-dependent phase shift and
corresponding surface displacement in the aluminum thin-films. The one-
dimensional surface displacement Ax is related to the phase shift Ag
geometrically by the equation Ax=AgA(4nncosd)”’, where A is the probe
wavelength, z is the refractive index of the transparent medium (in this case,
air) and @1is the angle of incidence (c.f. Gahagan, et al., 2000).

The phase shift plotted is the value determined at the peak of the spatial
intensity, but note that the phase shift has a Gaussian spatial distribution with
a FWHM of ~150 um. The inset to Fig. 2(C) illustrates how clipping the
spectrum can remove the initial >100 ps of pressure ramping and achieve
pressure rise times of 10-20 ps (determined by fitting free surface velocity to
a tanh function as; see Section 3.1).

The time-dependent phase shifts in aluminum films were measured for
the spectrum clipped at 804 nm at various pulse energies. The results are
shown in Fig. 3(A). Fig. 3(B) illustrates the final pressures achieved in the
aluminum and the corresponding shock and particle velocities in the bulk
film derived from the free surface velocity measured. The slopes of phase
shift versus time, A@ZAt, of Fig. 3(A) at times >100 ps determine the free
surface velocity ug and the aluminum particle velocity u, in the bulk
material is =u/2 (to within several percent at these pressures). The shock
speed u; and pressure P in the aluminum can be determined from the particle
velocity, the aluminum Hugoniot (experimental u, vs. u, relation), and the
Hugoniot-Rankine equations (Zel’dovich and Raizier, 1966) that account for
conservation of mass, energy, and momentum across a shock discontinuity.

For aluminum, u;=c,+1.34 u,, where c; is the speed of sound, 5.35 nm/ps
(Marsh, 1980). Pressures are calculated using the relation P=u,u,p, where p
is the density of unshocked aluminum, 2.7 g/cm”.
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Figure 2. (A) Spectra of chirped amplified pulses; B, unaltered; O, spectrally clipped at 806
nm; @, spectrally clipped at 804 nm. (B) Cross correlation (with sub-200 fs pulse)
measurements of time-dependent intensity for chirped-pulse spectra of (A) (offset vertically
for clarity). (C) Phase shifts and motion of aluminum free surface for shocks generated with
2.5 mJ pulse energy, using chirped-pulse spectra of (A); inset magnifies short times.

Our particular methodology limited pulse energies to 5 mJ or less, but this is
not a fundamental limit and higher pressures could be obtained with higher
intensities.

The 2.5 mJ pulse clipped at 804 nm was driven through the 250 nm Al
layer into a 700 nm thick spin coated nitrocellulose film to examine the
effect of confining the aluminum surface. The resulting time dependent
phase shift at the aluminum/nitrocellulose interface is given in Figure 4,
which shows that the shock achieves its terminal velocity within 20 ps and
maintains a uniform velocity over hundreds of picoseconds.

For the confined reflecting surface, the slope A@/At is equal to the particle
velocity u, of the nitrocellulose at the interface, and the pressure is ~20 GPa,
using the Hugoniot for cellulose acetate (Marsh, 1980).
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Figure 3. (A) Phase shifts and motion of aluminum free surface for chirped-pulse spectrum
clipped at 804 nm and pulse energies: ®, 5.0, O, 3.5; m,2.5, 0, 1.5; ¢, 0.75; 0, 0.4 mJ. (B)
Calculated ®, pressure; O, shock velocity; O, bulk particle velocity as a function of pulse
energy in aluminum films, determined with the aluminum Hugoniot and the free surface
velocities from the slopes in (a) at times >100 ps.

The interface measurements in the presence of the nitrocellulose support the
interpretation that the pressure is maintained for hundreds of picoseconds, as
the phase shift is linear with time even when the aluminum surface is
confined.

24 Transient Infrared Spectroscopy

For these studies, in addition to the interferometric measurements, time-
dependent infrared absorption measurements were also made. Tunable mid-
IR output from an Optical Parametric Amplifier (OPA; Spectra Physics),
pumped by a small portion (~ 1 mJ) of the main femtosecond laser beam was
split into two beams, a sample and reference. The sample laser beam was
directed on and focused to a ~45 um spot that intersected the center area of
the sample to be shocked. For these experiments, a spectrally modified and
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temporally stretched driving pulse was used to generate the shockwaves;
choice of this pulse format vyielded high-pressure (~200 kbar),
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Figure 4. Phase shift and surface motion of aluminum/nitrocellulose interface for chirped-
pulse spectrum clipped at 804 nm with energy 2.5 mJ. Nitrocellulose film is 700 nm thick,
calculated pressure in nitrocellulose is ~20 Gpa; inset magnifies short times.

sustained (~250 ps) shockwaves in the energetic films (McGrane 2002). The
reflected IR laser beam was then directed through a 0.125 m IR spectrometer
(Oriel, 75 lines/mm grating blazed at 7 microns) onto the upper half of a 256
X 256 HgCdTe focal plane array (FPA) cooled to liquid N, temperatures.
Similarly, the reference arm was also directed through the IR spectrometer
and collected on the lower half of the FPA. Spectral calibration was
performed through use of water vapor absorptions observed in the spectra.
Time-dependent spectra were obtained as above, by delaying the pump
(shock driving) beam relative to the probe.

Analysis of the infrared spectra requires accounting for thin film
interference effects, which upon shock compression, change the composite
reflectivity, as in the PMMA films discussed below (Section 3.3). To
analyze the thin film interference effects, the infrared complex refractive
index spectra for ambient samples of PVN (molecular structure (-CH(-
ONO,)CH,-),), and the inert polymethylmethacrylate (PMMA) (Moore and
McGrane, 2003), were determined. This was accomplished by recording
FTIR spectra at 12 angles and 2 orthogonal polarizations for 5 film
thicknesses, followed by fitting the data to the thin-film equations. This
method of determining complex infrared refractive index and modeling the
effect of shock propagation on the absorption spectrum is detailed elsewhere
(Moore, et al., 2004); the only modification is the inclusion of the dispersive
rarefaction wave that releases the pressure (McGrane 2004b).
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3. RESULTS AND DISCUSSION

3.1 Shockwave Rise Time Measurements

Thin nickel and aluminum films were shocked using ~ 0.5 mJ of the
output of the 800 nm laser (Gahagan, et al., 2000). FDI was used to measure
the phase shift caused by the shocked material’s free surface motion,
yielding the acceleration and final velocity of shocked Al and Ni thin films.
Fig. 5 shows the relative phase shift, Ag, as a function of pump delay time
for three nickel films: (A) a 467 nm film probed at A = 400 nm, At = 6 ps,
(B) a 467 nm film probed at A = 800 nm, Az = 8, and (C) an 839 nm film
probed at A = 800 nm, At = 8 ps. The targets were each fabricated with a thin
(50 nm) region to be used as a fiducial for measuring the shock breakout
time relative to initiation, from which the average shock velocity through the
sample was determined. Time ¢ = 0 in Fig. 5 corresponds to the estimated
arrival of the laser pulse at the nickel surface. All three samples exhibit a
phase profile consistent with that expected for a sharp, but finite width
shock. The phase profile of such an idealized discontinuous (zero rise time)
shock front would be characterized by an instantaneous transition from the
initial Ag=0 value (when both probe pulses arrive before the shock), to a
region of linear rise for the length of the time separation between the probe
pulses (i.e., only the trailing probe pulse sees the surface moving at constant
velocity), followed by a second instantaneous change to a constant A,
proportional to the free surface velocity (both pulses arrive after the shock
and see a constant surface velocity). The measured phase profiles exhibit
similar characteristics, but with smooth rather than instantaneous transitions
on the time scales of the measurement, indicative of an observable
acceleration of the free surface. To obtain a particle velocity and shockwave
rise time, we assume a hyperbolic tangent form for the free surface velocity,
u, ()= u,[1+tanh((¢ - to)/ 7,)], where 7, and % are fitting parameters
characterizing the free surface velocity profile. The final free surface
velocity is taken to be twice the final particle velocity of the shock state,
u,(t>>1,)=2u,, and assumes a reflected Hugoniot or Walsh equation of
state for the rarefaction wave. Extracting a shockwave pressure profile from
the measured free surface velocity is not straightforward. The principle
difficulty lies in determining the relative timing between the arrival of the
shockwave at the surface and the development of the rarefaction wave
passing back into the material. In one limit, we may imagine that the two
events occur simultaneously. That is, as the shock pressure rises
incrementally, the rarefaction develops and the free surface accelerates to the
velocity corresponding to isentropic relaxation from the shock state. In this
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case, we may approximate the time-dependent particle velocity as half the
free surface velocity, u,(f)=ug(#)/2. Thus, the free surface velocity,
particle velocity, and shock velocity are all characterized by the single time
constant %;. Defining the shockwave rise time as the 10%-90% width of the
hyperbolic tangent rise gives 7, =2.37,. Values of 7 are for aluminum and
nickel films and were found to be 5-6 ps.
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Figure 5. Plot of relative phase difference between the probe beams vs. relative delay (to the
pump laser) for a shockwave breakout from three nickel films. (A) 467 nm film probed at A =
400 nm, At = 6 ps, (B) 467 nm film probed at A = 800 nm, A¢ = 8, and (C) 839 nm film probed
at A =800 nm, Az = 8 ps.

We have also conducted experiments to investigate the effect of surface
roughness by probing through the glass layer where the interface roughness
is much smaller than at the free surface of a vapor deposited film. We found
no measurable difference in the rise time. The short rise times we measure
suggest that the thickness of these shocks is tens of lattice spacings. These
results are larger than, but comparable with, molecular dynamics simulations
of shocks in other metals (e.g. Kadau, 2002) and may have implications for
reaction chemistry in energetic materials under similar shock loading
conditions, such as direct pumping into transition states.

3.2 Shock-Induced Changes in the Complex Index

Figure 6 shows three sets of FDI measurement of the relative phase shift
as a function of delay time between the shock generation pulse and the probe
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pulses for a 750 nm thick Al film (Funk, et al., 2001). All data were taken
with an 800 nm p-polarized probe but at different angles of incidence and
temporal separations (32.6°, 8 ps; 82.5°, 4 ps; 84.5°, 4 ps). The negative
phase shift that occurs during shock breakout is very apparent and
unexpected (we use the convention in our data analysis that material motion
alone would yield a positive phase shift). We have also conducted
experiments with the identical sample under similar conditions, but with a
probe wavelength of 400 nm and probe pulse separation of 4 ps. No
experiment done with the probe wavelength at 400 nm resulted in an
observable negative phase shift during shock breakout.
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Figure 6. Plot of measured phase difference between the probe beams vs. relative delay (to
the pump laser) for a shockwave breakout from a 750 nm thick Al thin film. The probes are p-
polarized 800 nm light taken at three angles of incidence (which are offset in time for clarity).
Note the maximum negative phase difference occurs in the data taken near the quasi-
polarizing angle in aluminum (82.5%). The dashed lines are 95% confidence limit prediction
bands.

Reflection from an air-metallic interface is governed by Maxwell’s
equations and the appropriate boundary conditions leading to the Fresnel
relations for the reflection amplitudes of s and p-polarized light. Thus, upon
reflection from a stationary metallic surface, the electric field undergoes a
phase shift, ¢, with magnitude r,, that can be accurately calculated from
knowledge of the complex index of refraction, polarization state, and the
angle of incidence of the light striking the sample. Moreover, this phase shift
will be influenced by any time-dependent changes in the complex index of
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refraction of the material. Thus, we hypothesize that the differences in the p-
polarized 800 nm probe data and the 400 nm probe data are due to
differences in the measured phase shifts, resulting from the pressure induced
shift of the U(200) interband transition in aluminum. To quantify the
influence of changes in the complex index, we modeled the data of Fig. 6.
Measurement at incident angles near the quasi-polarizing angle (near 82.5°
in aluminum) minimized the contribution of the phase signal due to surface
motion, which is proportional to the cosine of the angle of incidence (cf. Eq.
1), and maximized the effect of the complex index changes. We took the
changes in the complex index to be proportional to the acceleration of the
surface, which is related to the pressure. To extract an n-effective (n.) and
k-effective (k.r), and to account for the Al,Os; over-layer in phase shift
calculations, we treated the over-layer/aluminum as a thin film in which only
the complex index of the aluminum is time dependent. We set the index of
the ALLO; layer (n=1.76, k=0) to literature values (Gervais, 1991) and we
fixed the layer thickness at 4.9 nm. This choice is consistent with the fact
that the index of sapphire changes very little under moderate shock
conditions (< 12.0 GPa) (Barker and Hollenbach, 1972) and that the
compression the sapphire undergoes due to the shockwave (less than 2% or
0.1 nm) causes a phase shift less than the noise in our method (0.7 nm RMS;
Gahagan, 2000). The three data sets were fit simultaneously to the
differences of the following equation for the time-dependent phase shift of
each probe by varying 7 u, t, nes and ke in equation (1),

, t=t+ O
g()=Ag, — keﬂ,sech (———HH+
) N , M
4rzcos(6,) J' u (1+ tanh(.t_:_tij_L))dt
A JF T

where 7is the hyperbolic tangent time constant, u, is the shock state particle
velocity, ¢ are offsets for the data from each set (time relative to the pump,
which can change from day to day) and n.g and k. are the effective complex
index of shocked aluminum. A comparison of the n.y and k. with n and k
calculated from Sturm and Ashcroft’s model (1981), using the modified
parameters introduced by Dandrea and Ashcroft (1985), and affected by the
shift in position of U(200), indicated that the absolute magnitudes of the
changes in the complex index are different, but the trends are in the correct
direction. Thus, we conclude that our data are being influenced by the
pressure dependent shift of the U(200) interband transition in aluminum, and
its effect on the complex index (Funk, 2001). Finally, we have also taken
data with nickel substrates at three angles of incidence (Funk, et al., 2001).
In the case of nickel, we found the observed optical contributions are of the
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opposite sign as those for aluminum, indicating that the nickel data taken at
32.6° contain an optical phase contribution in the same direction as surface
motion. However, in contrast to aluminum, this may be interpretable in
terms of a Drude response, as nickel has no interband transition near 800 nm.
We note that the absolute position of the surface derived from these
measurements would be in error if the optical effects were not taken into
account.

3.3 Subpicosecond Interferometry of Shocked PMMA
Films

Shown in Fig. 7 are the measured (using ultrafast spatial interferometric
microscopy) time dependent phase shifts of a 625 nm PMMA film acquired
using s and p polarization at both 32.6° and 76.3° angles of incidence
(McGrane, 2003). The solid lines are fits to the surface motion, u, =2.45
km/s, and the dashed and dotted lines represent fits for s and p polarization,
respectively, of the phase shift including the interference effects (see below).
The shock velocity, U;=6.5 km/s was also found from the fit, and using the
PMMA density of 1.186 g/cm® (Marsh, 1980), we calculate the pressure in
the PMMA to be 19 GPa. Note that all data shown are recorded prior to the
shock completely traversing the film to avoid complications of the PMMA
surface release.

To determine the effect of the weakly reflective shockwave and allow
modeling of the data, the expected behavior of the thin-film was constructed
as shown in Fig. 8, consisting of the following layers: 1) 500 nm aluminum,
2) 4 nm Al,O;, 3) time-dependent layer of shocked PMMA [d(t)= (Ug-u,)*t],
and 4) unshocked PMMA [l(t)= d,- U*t]. The Fresnel coefficient for
reflection from the thin-film was calculated using standard matrix formalism
(Born and Wolfe, 1970). This coefficient was then written in the form as
r=|rlexp(i @), where r is the reflection amplitude and ¢ is the phase shift, and
the change in phase calculated as the difference in the phase shift expected
from the ambient film and that from shocked film for the proper angle of
incidence and polarization. A best fit was obtained to all four data sets by
varying u,, U; and ng,qeq and invoking the following assumptions: a
constant u,, and negligible contribution to phase shift from shock heated
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Figure 7. Phase shifts for 625 nm PMMA on Al during shock. Solid lines are fits to surface
motion phase shifts, determining u;, =2.45 km/s, U=6.5 km/s(P=19 GPa), and ngyckeq =1.77.
Dotted (p-polarization) and dashed (s-polarization) lines are calculated including thin film
interference. Experimental points are, O, p and @, s polarization at (a) 32.6%and (b) 76.3°
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Figure 8. Diagram of thin-film structure and time dependent thicknesses as shock transits
sample from right to left. Shock velocity is Us and Al interface velocity is u,. Arrows
indicate path of light partially reflected off interfaces, leading to thin-film interference.
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Al and PMMA. The fit obtained with these assumptions matches the data
within the experimental error (as shown in Fig. 7), implying the assumptions
made are applicable in this regime. The fitted ny,u.=1.77 compares
favorably with that calculated using the Gladstone-Dale approximation,
Panockea=1.79 (Wise and Chhabildas, 1985; Chhabildas and Asay, 1979),
which has been shown to be valid in this pressure regime. The plot of “true”
surface motion extracted from the fit and plotted in Fig. 7 indicates that
shock interferometry experiments with thin-film transparent materials cannot
measure the motion of the reflective surface directly because of thin-film
interference effects.  These interference effects arise from multiple
reflections of the interferometry probe laser pulse within the shocked and
unshocked thin-film layers due to their different indices of refraction. The
interference effects change as each layer thickness changes with shock
transit through the film.  Therefore, thin-film shock interferometry
experiments must deconvolve the surface motion from the thin-film
interference, which can be accomplished by repeating measurements at two
angles of incidence and two polarizations. A simple model of the shock
process coupled with implementation of thin-film interference equations
allowed calculation of these effects. PMMA films shocked to 19 GPa
matched the theoretical predictions within experimental error, justifying a
number of assumptions made in modeling the data: that the particle velocity
produced by our shocks is nearly constant, that the Gladstone-Dale model
for shocked refractive index is valid here, that heating of the sample
introduces negligible phase shift, and that the thin-film Hugoniot is
essentially equal to that of the bulk material. These results support the
relevance of short time, small length scale measurements for increasing
understanding of larger scale shock phenomenon.

3.4 Shock-Induced Chemical Reaction of Energetic
Polymers

Laser shocked polyvinyl nitrate films have been studied
interferometrically (McGrane, et al., 2004a) and with infrared absorption,
and have shown clear evidence of ultrafast shock-induced chemical reaction
(McGrane, et al.,, 2004b). The effects of shock loading on the infrared
absorption resonance (measured in reflectance) associated with the 1270
cm’! symmetric nitro group stretch (Moore and McGrane, 2003), v,(NO,), of
940 nm thick PVN films are shown as a function of shock pressure in Fig. 9
(McGrane, et al., 2004b). The spectral data are distributed on the x-axis, and
the y-axis defines the time since the shockwave has entered the polymer
film, determined interferometrically. The calculated spectra include only
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thin-film effects (Moore and McGrane, 2003; Moore, et al., 2004), and do
not account for pressure and temperature shifts or chemical reaction. The
areas of disagreement between the calculated and observed shocked spectra
are thus the areas of most interest. In Fig. 9, spectra at 7 and 9 GPa exhibit
loss of absorption followed by recovery, as expected for thin-film
interference. In contrast, data at 17 and 18 GPa show a permanent loss of
absorption, as expected for chemical reaction. The 9 GPa peak reflectance
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Figure 9. Time resolved infrared absorption (reflectance) spectra of the v(NO,) band in 940
nm thick PVN films during shock loading. Calculated plots include only thin film interference
effects, excluding pressure and temperature shifts and chemical reaction, making the
differences between the experimental and calculated spectra the primary objects of interest.
Shock pressures were determined by interferometry. Arrows show the time at which the shock
has fully traversed the film and rarefaction begins.

increases from 0.14 to 0.73, then recovers to 0.20 as the rarefaction wave
releases the sample pressure. In contrast, when the sample is shocked to 18
GPa, the reflectance changes to 0.79, and then recovers slightly to 0.71. The
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7 and 9 GPa data show slightly greater reflectance than the fully shocked
calculated spectra, which we attribute to temperature and pressure effects on
the index of refraction that are unaccounted for in the calculation. Recovery
of the reflectance upon rarefaction (at 7 and 9 GPa) indicates that the origin
of the spectral changes is predominantly thin film interference, whereas lack
of recovery upon rarefaction (at 17 and 18 GPa) indicates chemical reaction
(McGrane, et al., 2004b).

The effects of shock loading on the 1625 cm™ antisymmetric nitro group
stretch band, v,(NO,), of 940 nm PVN films are shown in Fig. 10. The
increase in reflectance at the v,4(NO,) resonance is less complete when fully
shocked, than observed in the symmetric stretch. There is no clear evidence
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Figure 10. As Fig. 9, but the V,s (NO,) spectral region of a 940 nm PVN film.

of recovery; the 7 and 9 GPa data were not acquired at times far enough into
the rarefaction to show recovery. In all cases, the fully shocked PVN
exhibits greater increases in reflectance than the thin-film interference



7. Ultrafast Optical Measurements of Shocked Materials 179

calculations predict, and the loss of absorption persists into the rarefaction.
To more clearly understand the v,(NO,) mode behavior, especially during
the rarefaction, we repeated the 18 GPa experiment with a 700 nm PVN
film; the infrared absorption spectra are shown in Fig. 11. The loss of the
700 nm PVN v,(NO;) absorption is far more obvious, and clearly does not
recover during rarefaction. The differences seen in Figs. 10 and 11 illustrate
that changing film thickness affects the thin-film interference effects as well
as the time available for reaction.

The above evidence for chemical reaction, i.e., loss of V,(NO,) and
V(NO,) mode absorption strength, occurred at times when the rarefaction is
traversing back through the shocked sample. This fact raised the possibility
that the rarefaction plays an essential role in the loss of absorption. To
address this possibility, a multilayer film experiment was performed. A 440
nm window of inert PMMA was spin coated onto 575 nm of PVN. The
PMMA layer maintains the pressure in the PVN after the shockwave has
passed.
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Figure 11. As Fig. 10, but for a 700 nm thick PVN film shocked to 18 GPa.

Figure 12 shows the time-dependent IR absorption spectra (measured in
reflectance) in the v,5(NO,) mode region during shock and rarefaction of the
stacked film. The caption provides the times that the shock or rarefaction
reaches various interfaces. Only half of the loss of PVN absorption occurs by
100 ps, when all the PVN is shocked. The rest of the absorption loss occurs
while the shock is traversing the PMMA. At the same time, there is a larger
increase in absorption spread over higher frequencies than was apparent in
the single PVN layer data. Again, there is no recovery of the initial PVN
absorption spectrum after rarefaction. The PMMA absorption has changed
slightly, which is likely caused by both residual temperature broadening and
by inaccurate accounting of thin-film effects due to the significant refractive
index changes in the reacted PVN.
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The similar permanent loss of absorption in the V,,(NO,) and v,(NO,)
modes on shock loading indicates chemical reaction affecting the nitro
group. The fact that the absorptions do not completely disappear may be due
either to partial reaction quenched by the rarefaction or to formation of
products that have absorptions in the same spectral regions. Indeed, both
nitrous acid (Ogilvie and Duvall, 1983), a possible product from bimolecular
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Figure 12. Time-dependent IR absorption (reflectance) spectra for a 575 nm PVN + 440 nm
PMMA stacked film shocked to 18 GPa. The 1624 cm-1 peak is PVN v,((NO,) and the 1728
cm-1 peak is the PMMA carbonyl stretch. Arrows denote timings: ¢, shock enters PVN; ¢,
shock has full transited PVN; #,, shock has transited PMMA and rarefaction begins; #;, head
of rarefaction fan reaches PVN/PMMA interface; #,, head of rarefaction fan reaches Al.

reaction, and nitrogen dioxide (Duvall, et al., 1982), a possible product from
unimolecular decomposition, are expected to have absorptions in both the
Vis(NO,) and V(NO;) mode spectral regions. The spectra of such likely
products are not yet known at these pressures and temperatures, and further
experiments and calculations are required to quantitatively explain the
reaction kinetics and identify the contributing reactions.

The observation that the reaction requires an induction time of tens of
picoseconds can be used to differentiate between proposed mechanisms of
how shockwave energy causes chemical reaction. An induction time of this
magnitude is expected for reaction mechanisms that involve vibrational
energy transfer, such as multiphonon up-pumping (Dlott and Fayer, 1980),
where the shockwave excites low frequency phonons that multiply annihilate
to excite the higher frequency modes. The induction time is also consistent
with electronic excitation relaxing into highly excited vibrational states
before dissociation (Kuklja, 2003), and experiments are underway to search
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for electronic excitations. On the other hand, prompt mechanisms, such as
direct high-frequency vibrational excitation by the shockwave, or direct
electronic excitation (Kuklja, 2003) and prompt excited-state dissociation,
should occur on subpicosecond time scales, in contrast to the data presented
here.

The infrared absorption results presented above demonstrate that it is
possible to spectroscopically monitor shock-induced chemical reactions on
picosecond time scales at the beginning of the reaction zone. This
demonstration opens the door to further probing of such events with the
myriad of ultrafast laser-based spectroscopic tools now available, promising
to provide more insight into the effects of extreme pressure and temperature
jumps at the molecular scale.

4. CONCLUSIONS

Much of the research discussed above was conducted in preparation for
the studies that examined shock-induced chemistry in energetic materials.
The knowledge we obtained regarding the influence of direct laser-drive
upon the target on which the energetic polymer was coated, has led to our
confidence that the reaction chemistry studies provide relevant information
regarding the first decomposition steps in shock-loaded energetic materials.
For example, the PMMA interferometric data were well-modeled using the
bulk Hugoniots of both the PMMA and the aluminum; thus, the use of
direct-drive did not perturb the thermodynamic state significantly from the
Hugoniot, allowing us to make the assumption that on these timescales
(hundreds of picoseconds), the states are well-approximated as the same
relevant state obtained with gas-gun systems. We have also shown that
caution must be exercised when attempting to use the interferometric data
for the characterization of material motion; changes in the material
properties can influence the interferometric data and must be deconvolved to
yield the “true” surface motion. However, this also offers the possibility of
using the changes in material properties as a measure of the shocked
material’s thermodynamic state; discontinuities will exist in the index of
refraction as the material crosses a phase boundary. These changes may then
be used as a characterization tool if they are accurately measured using the
interferometric techniques to measure phase boundaries under shock-loaded
conditions. Finally, the culmination of these studies involved the first
observation of reaction under shock loading conditions of an energetic
material. We have shown that when an energetic polymer, PVN, is shocked
to ~200 kbar, we observe a disappearance of the NO, vibration infrared
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absorption(s), indicating chemical reaction as the shockwave traverses the
film.

This work was performed at Los Alamos National Laboratory by the
University of California under the auspices of the Department of Energy.
under contract W-7405-ENG.
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Chapter 8
TIME AND SPACE-RESOLVED SPECTROSCOPY

Spatial, temporal and spectral resolution in laser-materials
processing and spectroscopic analysis

Richard F. Haglund, Jr.
Department of Physics and Astronomy and W. M. Keck Foundation Free-Electron Laser
Center, Vanderbilt University, Nashville TN 37235

1. INTRODUCTION

A distinguishing feature of laser-materials interactions is their hierarchical
character (Stoncham, et al. 1999). The initial photon interaction is with micro-
scale sites — atoms, molecular complexes, clusters, defect sites, grain bounda-
ries — in the material; this interaction is properly described by atomic or mo-
lecular-scale models. Moreover, since the flux of laser photons is generally
high, the sum of these individual interactions produces a mesoscale effect that
ultimately leads to local thermodynamic equilibrium. Useful modifications to
materials properties are generally described as occurring at the macroscale, that
is, on micro to millimeter length scales. Similar considerations apply to time
scales, which range from femtosecond electron-electron interactions to very
long-time relaxation processes that lead, for example, to fatigue or long-term
degradation of materials properties in laser-surface modification, or to long
time-scale chemical reactions in a laser ablation plume. And, increasingly, the
interest in coherent diagnostics for and control of the laser-materials interaction
requires attending to the spectral characteristics both of the laser pulse and of the
materials being modified. Thus, an indispensable key to understanding and con-
trolling laser modifications of materials is characterizing the spatial, temporal,
and spectral characteristics of the laser interaction with materials over the mul-
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tiscale parameter space in distance, time, and frequency (or wavelength).

New experimental developments in laser ablation are being matched by cal-
culations of rapidly increasing precision and scope, calculations that are indis-
pensable to developing confidence in our understanding of the physical mecha-
nisms. Because laser ablation and similar laser-materials interactions have this
inherently multiscale character, the computational challenges likewise require
ranging over large reaches in time, space, and spectral width. Thus both the ex-
perimental and theoretical/computational research projects require enhanced
understanding of the spatial, temporal, and spectral characteristics of laser-
materials interactions.

In this chapter, we consider examples of techniques that access both mecha-
nisms of ultrafast laser-materials modification processes in materials and the
results of the modification in the ablated or remanent material. The topics cov-
ered include ways of monitoring

* The temporal and spatial characteristics of the laser pulses themselves;

e The temporal and spatial evolution of the laser-modified material; and

¢ The temporal and spatial evolution of material removed by the laser.

What follows is an eclectic, even idiosyncratic, selection drawn from an already
large and burgeoning literature. However, there is an underlying theme in all
the examples: the use of spatial, temporal, or spectral control — or combinations
thereof — either to modify materials by moving them along a particular poten-
tial energy surface, or to follow the process in a way that yields an accurate mul-
tiscale picture of the physical or chemical dynamics.

2. LASER-MATERIALS INTERACTION PHYSICS

Detailed analysis of the ultrafast laser-materials interaction are presented
elsewhere in this volume; this section mainly highlights those spatial, temporal,
and spectral dimensions that are of particular interest for laser interactions with
materials or for the analysis of those interactions.

Laser ablation or materials modification by picosecond or femtosecond
pulses is critically dependent on the spatial and temporal density of excitation,
that is, on the number of quanta deposited into the material per unit volume and
per unit time. The combination of density of excitation and the strength of elec-
tron-lattice coupling largely determine the outcome of any ultrafast laser proc-
ess.
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Materials processing with femtosecond Ti:sapphire and excimer lasers be-
gins with single-photon or multiphoton electronic excitations that relax by a se-
ries of complex energy-transfer processes, first among electrons in the conduc-
tion band and at later times with the lattice atoms. (Chichkov, et al. 1996; Itoh
and Stoneham 2001; Stuart, et al. 1995). In this case, the initial near-IR excita-
tion produces spatially and temporally dense electronic excitation that destabi-
lizes the local bonds and leads to bond-breaking, ablation, and irreversible phase
transformations (Sokolowski-Tinten, et al. 1998). Irradiation by picosecond-
pulse, tunable lasers in the midinfrared produces dense vibrational excitation,
once again followed by nuclear motion, bond-breaking, and other structural
modifications, often while remaining in the electronic ground state (Bubb, et al.
2002). In resonant IR excitation, the IR photons excite anharmonic vibrations
that couple on time scales of a few picoseconds to the harmonic vibrations that
constitute the phonon bath. Thus, nuclear motion and bond-breaking may begin
if the density of excitation is sufficiently high, before the energy leaks out of the
excited mode.

Thus, materials modification by picosecond and femtosecond lasers may in-
volve outcomes of many different processes on multiple time and length scales:
photon absorption in electronic or vibrational transitions followed by nuclear
motion (displacement, amorphization or recrystallization, ablation); changes in
local electronic structure; and changes in composition induced either by ejection
of a component of the material, by adsorption or binding of exogenous atoms or
molecules.

At the shortest time scales, interest often centers on measuring the rate at
which particular processes are occurring; such is the case, for example, in con-
ventional pump-probe measurements with femtosecond pulse lasers. The rate at
which the measured process occurs is determined set by the laser intensity 7 and
the multiphoton cross-sections O, for the process as follows,

*
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where N' is the number density of atoms or molecules taken from the initial to
the final state, 1 a quantum efficiency; N° is the number of atoms or molecules
in the laser-irradiated volume; G, the kth order cross-section; and ® = (I/hw) is
the photon flux, the number of photons per unit time per unit area. For nanosec-
ond and longer pulses, or in the case where one wishes to measure the yield of a
particular process, the total integrated effect is proportional to the specific en-
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ergy deposited in a volume V and fluence Fi;:
Yield o< (E/V)= FLo(w.] )= 1,7 [ao @)+ AL +..] 2)

where og(w) is the linear absorption coefficient, B is the third-order nonlinear
absorption coefficient, and 7, is the laser pulse duration.

The ellipsis in Eq. (2) refers to higher-order or multiphoton absorption proc-
esses, quite likely in picosecond and subpicosecond laser interactions with mate-
rials. An estimate of the probability of a k-photon excitation can be made by cal-
culating the probability Py for k photons to be simultaneously in the volume L?,
occupied by a PTFE molecule and its nearest neighbors when the average num-
ber of photons per unit volume is m (Andrews 1985):

k 3
m 1 L L2=n/UL

P=—, m= e , 3
L g he/A c/n he ®)

where n is the index of refraction and 4 is the Planck constant. For conditions
typical of ultrashort-pulse lasers, there is a non-negligible probability that a
given unit cell or molecular unit will experience a multi-quantum vibrational
transition during a laser pulse, generating strong localized lattice relaxation and
nuclear motion leading to intermolecular bond-breaking and ejection from the
surface.

A necessary (though not sufficient) condition to take advantage of the
unique characteristics of ultrafast laser excitation is that the absorbed energy be
localized in the laser absorption volume on a time scale short compared to ther-
mal diffusion times; otherwise, energy will dissipate out of the absorption zone
before it is able to begin moving along the desired configuration coordinate.
These conditions are derived from optical and acoustic materials properties; they
are (Zhigilei and Garrison 2000)

2
Tp << Tihermal = Lp /Dthermal’ Tp ST = Lp /Cs ’ G

where 7, is the laser pulse duration, and Tyemq and 7 are, respectively, the ther-
mal and stress confinement times. L, is the optical penetration depth, Dyerma; i8
the characteristic diffusion constant, and C; is the speed of sound in the material.
Since sound speeds are of order 10° m-s™ in solid materials, and with Dyema
ranging from 0.1 to 10 cm’™, Equation (4) dictates that pulse durations of
100 ps or less will be both thermally and mechanically confined even in metals.
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For nonmetals, on the other hand, penetration depths are much greater (of order
0.1-10 um, depending on wavelength), and stress confinement may not be guar-
anteed even when thermal confinement is.

These constraints on thermal and mechanical confinement of the laser-
induced modification depend critically on the strength of the electron-lattice or
electron-phonon coupling, and determine the ultimate temporal and length scales
associated with the laser-induced materials modification.

3. TEMPORAL MEASUREMENT AND CONTROL

Temporal measurements are central to understanding the dynamics of laser-
materials interactions. Ultrafast lasers have made it possible to deposit energy
impulsively into materials, on time scales shorter than virtually all the character-
istic relaxation times of interest. In this section, we briefly describe autocorrela-
tion measurements of ultrafast pulse durations, and give four examples of criti-
cal temporal measurement schemes that have been or can be applied as ablation
diagnostics: a multi time scale pump-probe system; ultrafast microscopy of ab-
lated surfaces; broadband measurements of dielectric function dynamics; and
ultrafast pulse sequencing.

3.1 Measurement of ultrafast pulse duration

The first indispensable requirement for temporal ablation diagnostics is a
measurement of the laser pulse duration. The standard pump-probe technique
(Demtroder 2002) measures either the interferometric (electric field) or intensity

autocorrelation functions, G(l)('r) or G(z)(r), given by

O (EQ)EC+7) ) ~ (1) 1(t+7) |
G(7) —<E2(t)> G*(7) —<12(t)> (5)

Figure 1 shows a typical configuration for measuring the field correlation func-

tion G(l)(r). The intensity autocorrelation function G(Z)(T) is usually meas-

ured in a background-free Michelson interferometer configuration such as that
shown in Fig. 1. Similar autocorrelation techniques can be used to extract com-
plete pulse duration and phase information (Section 5.2).
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Figure 1. Interferometric configuration for background-free measurement of ultrafast pulse dura-
tion from the second-harmonic signal produced by intensity correlations of the first-harmonic laser
signal.

3.2 Multiscale measurement of ablation dynamics

Typical pump-probe measurements of ablation dynamics are carried out at
time scales less than 10s of ns, owing to challenges of maintaining alignment in
optical delay lines that are longer than a few meters. Yet one of the key prob-
lems one would like to study is to follow the complete course of a materials
modification experiment, from fs to ms, in keeping with the multiscale character
of these processes. New technology for electronically synchronizing two lasers
makes it possible to have this temporal dynamic range, as shown in some detail
(Yu, et al. 2005) in Fig. 2.

The Coherent, Inc. master and slave oscillators are pumped by a single 10W
frequency-doubled Nd: YAG laser; the oscillator pulses are amplified in a pair of
regenerative amplifiers pumped by a 20W Ar ion laser. The key to the synchro-
nization of the two systems is a commercial synchronization system that can
lock the two laser pulses with a temporal jitter of less than 10 fs. Similar laser
systems are available from other manufacturers and have been described else-
where. These kinds of systems make it possible to track processes such as laser
micromachining of brittle solids, in which relaxation processes may take place
with time scales as long as seconds or minutes.
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Figure 2. Dual-laser, ps-fs pump-probe laser system for transient absorption and Raman
spectroscopy. The lasers are locked together by a commercial synchronization system, and
run from a microcomputer. Illustration from (Yu, et al. 2005).

33 Ultrafast pump-probe microscopy

Time-resolved microscopy can be accomplished in a pump-probe configura-
tion, with time scales limited only by delay-line technology. In pioneering stud-
ies of surface damage to semiconductors and metals (Sokolowski-Tinten, et al.
1998), a 120-fs pulse from an amplified dye laser (620 nm) provided a pump
fluence of order 0.5 J.cm™ to an irradiated area. The pump focal spot was then
illuminated by a time-delayed probe beam, and the reflected signal viewed
through a microscope objective from a direction normal to the surface. Fig. 3
shows a Si wafer irradiated above the threshold for ablation but below that for
plasma formation. In the first picosecond after laser irradiation, the surface is
highly reflective, characteristic of a metallic phase with electron densities in ex-
cess of 10 cm™. As a rarefaction wave carries into the bulk, alternating layers
of dense and rarified regions form and hydrodynamic motion begins. Since the
rarefaction wave propagates at sound speeds (~ 10° m/s), one infers that material
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Figure 3. (Left) Ultrafast reflection micrograph of a Si sample irradiated by a 620 nm
pump pulse and probed 1.5 ns later. (Right) Interferogram of the irradiated area showing
the formation of the signature Newton’s rings that track hydrodynamic motion of molten
material with alternating regions of high and low density (Sokolowski-Tinten, et al. 1998).

motion at the surface begins 0.1-1 ns after the pump pulse (Rethfeld, et al.
2004).

Approximately 1 ns after the pump pulse, a series of Newton’s rings also
appears, due to the interference of parallel interfaces between regions of high
and low refractive index as the strongly heated, pressurized Si is ablated and
simultaneously begins the much slower process of equilibration with the cold
region above and outside the absorption zone. The right panel in Fig. 3 shows
the reflectivity profile of this interference pattern created by reflections from the
high and low-index components of the expanding laser plume. This behavior is
almost certainly a general characteristic of all solids with moderate thermal con-
ductivities; however, the situation is substantially more complex for insulators
because of longer-lived relaxation processes induced by electron-phonon cou-
pling found in insulators.

34 Dynamics of dielectric function during ablation

In nonmetallic materials, the dielectric function is one of the key indicators
of the electronic structure, and as such, can also be a microscopic indicator at
femtosecond time scales. An illustrative example of ultrafast melting in a di-
rect-gap semiconductor is furnished by experiments on GaAs using ultrafast
time-resolved ellipsometry (Callan, et al. 2000). Cr-doped bulk GaAs (100)
samples were irradiated by a 70-fs pump pulse, and probed after a variable time
delay by a weak broadband pulse (1.5-3.5eV) generated focusing the probe
beam into a 2 mm thick CaF, window. By measuring the spectral reflectivity of
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the broadband probe at two angles of incidence and numerically inverting the
Fresnel reflectivity, the real and imaginary parts of the complex dielectric func-
tion €(w) could be extracted as a function of pump-probe delay time.
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Figure 4. Dielectric functions of GaAs irradiated at 0.7F,, at 250 fs and 2 ps pump-probe
delay. €(@) evolves from semiconducting at 250 fs to metallic by 2 ps, following arrival of
the pump pulse (Callan, et al. 2000).

The snapshots shown in Fig. 4 illustrate this evolution, for a fluence of
0.7-Fy, where Fy, is the threshold for microscopically observable single-shot
damage. Only 250 fs after the pump pulse, the dielectric function already devi-
ates significantly from its room temperature shape (compare the experimental
points with the solid and dashed curves). This evolution continues at 500 fs,
until at 2 ps pump-probe delay, the dielectric function resembles much more
nearly those for amorphous GaAs at room temperature; by 16 ps after irradia-
tion, the dielectric functions have evolved even beyond the amorphous GaAs
into a permanently altered structure. Indeed, at 1.6-Fy, the dielectric function at
longer times more nearly resembles that of a Drude metal than the original
semiconductor.

35 Ultrafast pulse sequencing

The multiscale character of ultrafast laser-induced modifications to materi-
als leads naturally to the thought that one might wish to tailor the arrival of mul-
tiple pulses in order to introduce energy into the system at specific times in order
to “steer” the modification. This idea has been implemented by several groups
(Stoian, et al, 2002; Stoian, et al. 2005).
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Figure 5. (Left) Laser pulse shapes and sequences for four different experiments on laser
ablation of calcium fluoride. (Right) Laser ablation signatures of the four corresponding
pulse structures shown at left. From (Stoian, et al. 2002; Stoian, et al. 2005).

The power of this technique for altering even as crude a materials modifica-
tion as the shape of a laser ablation crater in an insulator is illustrated in Fig. 5,
where the morphology of a laser ablation crater in CaF, is seen by electron mi-
croscopy as a function of several different pulse sequences. Despite the fact that
sub-ps pulses were used — much shorter than the electron-phonon relaxation
time — the use of the modulated pulse sequence leads to a much smoother abla-
tion crater. CaF, has a very fast e-ph relaxation time, of order 1 ps, but even
then the deposition of energy can be modulated on such a time scale to produce
a better outcome than that achievable by a single pulse. In the case of CaF,, a
brittle material with very efficient carrier trapping properties, the effects of elec-
tronic excitation by a fast laser pulse include the creation of localized lattice de-
formation, atomic displacements and lattice heating. By using modulated pulse
sequences, it is possible to time the energy deposition profile such that the ki-
netic energy of the constituent atoms is enhanced, leading to efficient ablation,
while coupling a minimal amount of energy to the surrounding lattice and thus
reducing the problem of collateral thermal damage. Studies in Al,O; and SiO,
show that the optimal sequencing and amplitude of an ultrafast ablation pulse
depends on the properties of the materials. So far no experiments combining
real-time microscopy with pulse sequencing have appeared in the literature.

4. SPATIAL MEASUREMENT AND CONTROL

The length scales of interest in laser ablation range from atomic scale to the
mesoscale and macroscale. The properties of ultrafast laser pulses can be used
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to achieve high spatial resolution in studies of laser-materials interactions by a
variety of techniques, including adapting conventional microscopies to pump-
probe configurations; making use of the high intensity of ultrafast pump pulses
to generate images at higher frequencies than the pump laser; using multiphoton
excitation to see into structures that obscure or scatter visible photons; and com-
bining diffraction techniques with ultrafast excitation of materials to observe
structural phase transitions.

4.1 Ultrafast multiphoton microscopy

Multiphoton microscopy first developed as a way of improving the perform-
ance of time-resolved confocal microscopy in biological specimens, which suf-
fer both from laser-induced damage when laser light is strongly absorbed, as
well as from background fluorescence induced by visible light signals (Denk, et
al. 1990; Williams, et al. 1994). Another applications area that quickly adopted
two-photon microscopy was optical data storage (Strickler and Webb 1991).
Multiphoton microscopy, using the third harmonic signal generated by nonlinear
conversion of 800 nm light from a fs Ti:sapphire laser, has also been used to
image microscale structures in many materials, such as cellular structure in
plants (Oron, et al. 2003; Squier, et al. 1998); this is possible because virtually
all materials have a non-negligible third-order dielectric susceptibility #* that
can be exploited to generate the third harmonic. The same technique has also
been used to image regions of dielectric breakdown in glass (Squier and Muller
1999). By using the third harmonic, it is often possible to find a region of trans-
parency that is opaque to the fundamental laser frequency.

Of more immediate interest in the area of materials modification and proc-
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Figure 6. (a) Immersion microscope for two-photon laser microlithography. (b) Calcu-
lated intensity distribution for the geometry in (a). (Right) Nanorods fabricated litho-
graphically in polystyrene film viewed from the top and the side. From (Juodkazis, et al.
2004).
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essing is the possibility of making functional materials — such as polymers
(Albota, et al. 1998) or photochromic glasses (Masuda, et al. 2003) — specifi-
cally designed to be processed by ulirafast two-photon excitation. The spatial
resolution gained from TPM arises from: (1) the steep intensity dependence of
two-photon excitation cross sections, and (2) discrimination against background
processes excited by a single photon. In addition, where the solid is transparent
to single-photon absorption, depth resolution can be further enhanced by using
short focal-length microscope lenses.

These properties have recently been used to fabricate nanorods in polymers
(Juodkazis, et al. 2005) and in materials that undergo a glass transition
(Juodkazis, et al. 2004) at a critical temperature. Fig. 6 (a) shows the set-up of
the immersion microscope, while (b) displays the calculated intensity distribu-
tion at the focal plane for a laser beam polarized in the x-direction. The
neighboring figure shows nanorods with a diameter around 50 nm fabricated by
the two-photon microlithography in polystyrene.

4.2 Ultrafast diffraction techniques

Pump-probe techniques can also be used to provide atomic-scale informa-
tion about laser-induced modifications to crystal structure by diffraction. In
early experiments the probe was focused on a metal tape to produce a beam of
incoherent line radiation from a plasma-driven X-ray source (e.g., Cu K,) that
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Figure 7. (Left) Static X-ray absorption fine structure such as would be found in a con-
ventional XAFS experiment on VO,. (Right) Dynamical evolution of the V and O atomic
levels involved in the metal-insulator transition of VO, excited by a fs laser. Source:
(Cavalleri, et al. 2005).
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functions as the probe. The technique was used, for example, to elucidate the
femtosecond dynamics of melting in semiconductors (Cavalleri, et al. 2000), of
the structural change accompanying solid-solid metal-insulator transition in VO,
(Cavalleri, et al. 2001).

Other experiments use a fast X-ray probe pulse from a synchrotron source
(typically in the picosecond range), synchronized to an ultrafast laser pulse used
as the pump (Chen 2005). The advantage this brings comes from the higher
photon flux of the synchrotron beams and the opportunity for employing the
many sophisticated X-ray beam-manipulation and scattering techniques avail-
able. For example, this femtosecond-pump/picosecond X-ray probe technique
was employed to unravel the complex dynamics of the ferroelectric transition in
the tetrathiafulvalene-p-chloranil (TTF-CA, CgHyS4-CeCl,0;), an organic
charge-transfer crystal (Collet, et al. 2003).

For example, the experiments done on the structural phase transition in VO,
with the plasma line source were able to confirm only the time scale of the tran-
sition; more recent experiments using the Advanced Light Source have located
the lower bound for the transition speed (Cavalleri, et al. 2004) and exhibited the
details of the band-filling dynamics during the phase transition by using near-
edge X-ray absorption fine-structure spectroscopy (NEXAFS) (Cavalleri, et al.
2005). A fs X-ray source, created by laser modulation of the electron-bunch
energy in an insertion device, produced off-axis fs X radiation that was captured
and focused using a toroidal mirror, yielding a resolution of 4 eV over the range
from 100 to 800 eV.
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Figure 8. (A) Snapshots at various times of the pair correlation function for Al irradiated
by a Ti:sapphire fs laser pulse above the melting threshold. (B) Time-dependent radial
distribution function calculated from the data in (A)m for various atomic locations. From
(Siwick, et al. 2004).
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A different view of phase transitions and ultrafast coherent phonons in sol-
ids has been enabled by the evolution of femtosecond electron-diffraction (ED)
sources (Siwick, et al. 2004). A fs pump laser is used to drive a phase transition,
while a probe beam simultaneously ejects a fs burst of photoelectrons from a
photocathode. ED benefits from the high cross-section of electron-electron in-
teractions compared to X-rays, while short electron mean free paths in con-
densed phases yield high time resolution as measured by cross-correlation
(Siwick, et al. 2005). Figure 7 shows the radial electron-density function for a
melting transition initiated by launching coherent phonons into an Al film. The
darkest curve, taken before the laser pulse strikes the sample, shows distinct os-
cillations characteristic long-range correlations of the fcc Al lattice. By 6 ps
after the coherent phonons are launched, longer-range correlations have largely
disappeared, although the liquid phase is not fully equilibrated even at 50 ps.

4.3 Coherent ultrafast Raman microscopy

Raman spectroscopy is widely used for identifying molecules in gas, liquid
or solid phases. However, in ultrafast spectroscopy, conventional Raman scat-
tering is disadvantageous because of low cross sections. Coherent anti-Stokes
Raman scattering (CARS), on the other hand, overcomes this disadvantage and
yields microscopic information about laser ablation processes in the small focal
volumes characteristic of laser ablation or materials-modification processes. For
example, an early picosecond CARS measurement of laser ablation of thin
PMMA films showed a time-resolved snapshot of the volume expansion and a
photon-induced chemical reaction observed by a time-resolved spectral line shift
(Hare and Dlott 1994).

CARS is particularly useful in resolving the effects of rapid mechanical de-
formation on thin organic layers (Hambir, et al. 1997), a situation frequently
encountered in tribology. This effect was simulated (Patterson, et al. 2005) by
driving a shockwave into an alkane self-assembled monolayer (SAM) using the
geometry shown in Fig. 9. An ultrafast planar shock is generated (Moore, ¢t al.
2001) by absorption of a fs pulse in a thin Au film, accelerating the Au surface
to a velocity of 0.5 nm/ps. The SAM response was probed simultaneously by
sum-frequency generation combining probe pulses from broadband and narrow-
band signals derived from a Ti:sapphire laser. The purely elastic compression in
a SAM of pentadecane thiol (PDT) indicates a complete recovery of the SAM
structure. However, in octadecane thiol (ODT), the SFG signal returns only to a
fraction of its initial value; above a normalized volume change DV~0.07, a
trans-to-gauche isomerization of the ODT, fingerprinted by the CARS signal,
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produces gauche defects in the ODT and alters the tribological response of the
SAM.

4.4 Ultrafast near-field spatial mapping

There has been much interest recently in micro and nanoparticles as masks
for subwavelength scale lithography by near-field exposure of a resist or other
substrate (Piglmayer, et al. 2002). In patterning schemes using dielectric
spheres, the micro or nanosphere acts as a lens to focus the light from an inci-
dent laser beam on a substrate that is either ablated or exposed for subsequent
wet-chemistry development. For micron-size spheres of polystyrene, for exam-
ple, with diameters comparable to or larger than the wavelength of incident
light, the near-field focal plane is approximately R/4 behind the surface of the
sphere (Miinzer, et al. 2001). For an ablatable substrate, near-field irradiation
produces a circular damage spot with a diameter of order R/2, as predicted by
diffraction theory. For particles smaller than the wavelength of light, however,
the incident laser light undergoes Mie scattering, and the interaction with the
substrate is quite different.

Femtosecond laser pulses can also be used to image the near-field intensity
distributions for nanoscale dielectric and metal particles by atomic-force mi-
croscopy of the ablation patterns left in the substrate (Leiderer, et al. 2004). The
targets for laser irradiation were variously PS nanoparticles of diameter 320 nm,
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Figure 9. (a) Experimental configuration for measuring molecular effects from a shock-
wave initiated by a laser on a self-assembled monolayer. (b) Orientation of the SAM
molecules on the film. (c) Amplitude of the sum-frequency signal from the shock front
interface.
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Figure 10. (Left) calculation of the near field of a dielectric sphere corresponding to the
damage spot produced by a fs laser pulse on Si. (Right) Au nanotriangles produced by
colloid-mask lithography and the damage spots remaining after irradiation by a fs laser
pulse with the electric field polarized along the y-axis. From (Leiderer, et al. 2004).

arranged as a two-dimensional close-packed array on a Si substrate, or triangular
Au nanoparticles (450 nm on a side, 25 nm high) produced by physical vapor
deposition of Au on a PS array and subsequent lift-off of the PS spheres. A sin-
gle pulse from a Ti:sapphire laser (pulse duration 150 fs, pulse energies up to
10 mJ) was allowed to strike the sample; following irradiation, an atomic-force
microscope scanned the laser-irradiated area to determine where material had
been ablated.

As shown in Fig. 10, the near-field ablation pattern underneath the PS
nanoparticle resembles that of a dipole, oriented parallel to the polarization di-
rection of the incident light beam. Interestingly, in the case of the Au nanotrian-
gles, the maximum field enhancement appears to be the largest for tips oriented
perpendicular to the polarization direction of the incident electric field. This is
not consistent with earlier theories, and will apparently require rethinking the
boundary conditions of the incident electric field parallel and perpendicular to
the boundary surface.

4.5 Simultaneous spatio-temporal pulse mapping

It is tempting to ask if there is a way of simultaneously monitoring both
temporal and spatial characteristics of a laser pulse. And indeed a recent paper
proposes just such an opportunity (Balistreri, et al. 2001).

In the experiments, as shown in Fig. 11 (left), the fiber tip of a scanning
photon-tunneling microscope (SPTM) is scanned along a SizN, mesa waveguide
in which a fs pulse is propagating; the pulse intensity in this case is sufficiently
low that self-phase modulation and group velocity dispersion are absent. The
evanescent field of the laser pulse is sensed by the fiber probe, and once picked
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Figure 11. (Left) Experimental configuration for simultaneous measurement of pulse
duration and spatial position of a fs laser pulse in a photonic structure. (Right) False-
color image and interferogram for the same laser pulse, showing the pulse shape and posi-
tion (top trace) and the frequency interferogram or chirp (bottom trace).  Source:
(Balistreri, et al. 2001).
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up in the SPTM, a far-field optical pulse is generated that is correlated with the
probe signal. By varying the length of the optical delay line while the SPTM is
scanning, the transit of the fs laser pulse is monitored directly in the waveguide.
At the same time, the frequency chirp in the pulse, and hence its changing spec-
tral content as a function of time, can be monitored by interfering the SPTM
pulse with the light from the fs reference pulse propagating in the optical delay
line. The wavefronts are shown to be planar in this case; the wavelength can be
read off from the plot of the phase of the laser pulse Acos¢ in the upper trace.

An oft unanswered question in laser ablation and materials processing is
how the input laser pulse characteristics change as a function of penetration
depth in the material in which it is propagating (Mollenauer, et al. 1989) or
which is to be modified. Historically, this question has been answered by meas-
uring the pulse after it has passed through a given length of material. This fs
pulse-tracking technique offers the real prospect of being able to fully character-
ize the pulse, including phase distortion and phase singularities (Balistreri, et al.
2000), as a function of penetration depth.

S. SPECTRAL MEASUREMENT AND CONTROL

The broad frequency spread of ultrashort laser pulses can be used to advan-
tage in characterizing or controlling the laser-materials interaction. Here we
present examples that indicate how this unique property of ultrafast pulses can
be used in examples potentially useful in laser ablation studies.
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51 Frequency-resolved optical gating

Closely related to diagnostics and control of the temporal characteristics of
the laser modification process is spectral characterization. The most widely
used technique for monitoring the frequency or phase content of an ultrafast la-
ser pulse is frequency-resolved optical gating (FROG) and various modifications
thereof, developed by Trebino and coworkers somewhat more than a decade ago
(Kane, et al. 1994; Kane and Trebino 1993a, 1993b). The basic principle fol-
lows that of the standard pump-probe measurement, with a critical difference;
In FROG, the laser pulse is divided, one pulse delayed by an interval T with re-
spect to the other, and then mixed in a nonlinear optical medium. The critical
difference comes at this stage: one pulse is used as a gate that lets through a
temporal slice of the other pulse, producing a signal field that is proportional to

o - - 2
E (t)‘x Egate (tiEprobe (t - Tj . (6)

The spectrogram compiled from the complete record of the signal field as the
gate is swept through the pulse is called the FROG trace, and it contains the
complete information about the temporal and spectral content of the pulse. The
reconstruction of the data is usually based on complex fast-Fourier transform
techniques that are now easily implemented on a personal computer, and have
become the laboratory standard for characterizing pulses significantly shorter
than 1 ps in duration.
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Figure 12. (Left) Experimental geometry for a FROG measurement. (Right) Third-
harmonic FROG trace for a Ti:sapphire laser pulse. The vertical axis is time, and the hori-
zontal axis is frequency (Trebino, et al. 1997).
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5.2 Coherent control of materials modification

Manipulation of the frequency content of an ultrashort pulse opens the door
to one of the most powerful techniques for materials modification, still in its
infancy as applied to materials modification: coherent control. Coherent control
techniques combine the selective excitation of quantum states with control of the
spectral content of ultrashort laser pulses (Rabitz and Zhu 2000; Rabitz, et al.
2004; Warren, et al. 1993). The burgeoning literature on coherent control shows
such diverse examples as altering the angular momentum distribution of the
products of multiphoton excitation (Dudovich, et al. 2004); controlling energy
flow in light harvesting (Herek, et al. 2002); and spatiotemporal regulation of
phonons in solids (Feurer, et al. 2003). Here we present a single example of
coherent control of materials processing involving the relative yields of a liquid-
phase chemical reaction.

Coherent control experiments rely generically on methods for shaping the
spectral content, most commonly by passing the fs laser pulse through a spatial
light modulator (Weiner 2000; Weiner, et al. 1990). In the experiment (Brixner,
et al. 2001), a mixture of DCM and [Rb(dpb)3]2+ dissolved in methanol is sub-
jected to irradiation by a 80 fs, 1 mJ pulses from a Ti:sapphire laser. The ex-
cited molecules evolve into charge-separated states whose emission rates yield
the ratio of DCM to [Rb(dpb)3]2+; these rates are monitored by the photomulti-
plier tubes (PMTs) in the figure. Then, a genetic algorithm is used to modify the
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Figure 13. (Left) Experimental configuration for using a genetic algorithm together with
fs pulse shaping to control the outcome of a chemical reaction. (Right) Yield of the
[Rb(dpb)g,]2+ ions as a function of the generation number in the algorithm. Source:
(Brixner, et al, 2001).
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laser parameters in an attempt to achieve control over the relative probability for
reaching these charge-separated excited states. As shown in Fig. 13, two control
regimes are used: single-parameter control for the laser and multiparameter
control of the pulse shaper and the feedback loop. As the photomultipliers
monitor the ion yield of the chemical reaction, the genetic algorithm varies the
phase pattern superimposed on the Ti:sapphire laser pulse and seeks to optimize
the yield as specified by the experimenter.

5.3 Spectral control of desorption and ablation

Laser-induced desorption and ablation, as well as bulk materials modifica-
tion, from and on insulators has been a topic of intense debate since chirped-
pulse amplified Ti:sapphire lasers first became available. These studies gave us
the first clear evidence that there are significant changes in laser interactions
with insulators as one moves to pulse durations shorter than a few picoseconds
(Du, et al. 1994; Perry, et al. 1999; Stuart, et al. 1996; Stuart, et al. 1995). How-
ever, these studies were based on identification of bulk laser-induced damage
phenomenology on a scale of microns; the models of multiphoton excitation fol-
lowed by electron avalanche generation were able to reproduce some of the
relevant features. Nevertheless, important aspects of the microscopic mecha-
nisms could not be discerned from these relatively large spatial-scale measure-
ments, and refinements to the models are still under development (Rethfeld
2004).

It has long been known that energy localization at the atomic scale plays a
critical role in laser-induced modifications to insulators; nowhere is this more
evident than in laser-induced changes in the insulator surface. Here enhanced
metallization and defect formation have been shown to play significant roles. It
is useful to consider recent experiments (Hess, et al. 2005) demonstrating that it
is possible to use frequency-selective excitation to drive desorption in specific
directions and to alter the velocity distributions of the desorbing particles
(Henyk, et al. 2003). These experiments rely on the use of specific frequencies,
pulse durations and pulse sequences (Hess, et al. 2002) to generate specific sur-
face excitations. As a byproduct, the experiments show that specific surface
states play an important role in the desorption process; indeed, it is possible not
only to identify the precursor surface states for desorption, but also to excite
those states and produce desorption (Joly, et al. 2003). An example is shown in
Fig. 14, in which narrowband laser excitation at various energies is used to ex-
cite band-to-band transitions (at higher photon energy) and surface-state excita-
tions (at slightly lower photon energies, since the surface states are below the
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band edge). Hyperthermal Cl (Br) atoms are ejected in both cases, but the
higher photon-energy excitation yields both surface and bulk excitations produc-
ing the two-component velocity distributions observed in the figure. Similar
effects have been reported on adsorbed alkali atoms on noble-metal substrates,
(Petek and Ogawa 2002), although the mechanism of energy localization is not
nearly as well understood.

Excitation of specific vibrational excitation at the picosecond time scale has
been shown by a number of experiments using a broadly tunable free-electron
laser irradiating molecular solids. Figure 15 (a) shows resonant infrared wave-
lengths of poly(ethylene glycol) (PEG), molecular weight distribution centered
at 1500 amu, corresponding to the backbone mode (C=C stretch, 8.96 pym), C-H
sidechain mode (C-H stretch, 3.40, 3.45 um), and end-group excitation (C-O
stretch, 2.94 um); the relative absorption coefficients favor the C=C excitation
by a significant factor as indicated in the figure caption (Bubb, et al. 2002).
Nevertheless, the ablation yield due to the 2.94 pm excitation is substantially
greater than for either of the other two vibrational excitations; moreover, there is
less fragmentation of the PEG when irradiated at the O-H end-group mode.
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Figure 14. (Left) Calculated evolution of the self-trapped exciton in an electronically
excited alkali halide crystal. (Right) Two-component velocity distributions of halogen
ions desorbed from the surfaces of alkali halide crystals by narrow-band state-selective
laser pulses.
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Figure 15. (Left) Molecular structure of the PEG monomer, showing resonant vibrational
modes and relative absorption coefficients. (Right) Ablation yields for irradiation at the
specified wavelengths by a train of picosecond pulses from a free-electron laser. Source:
(Bubb, et al. 2002).

54 Coherent-control Raman microscopy

Raman spectroscopy, a third-order nonlinear optical process, is a powerful
tool for identifying molecular fingerprints. Inherently low Raman cross-sections
have driven the development of coherent tools. The development of ultrashort
pulse lasers has led to increasing use of this technique in complex, real-time
spectromicroscopy; the most common form is coherent anti-Stokes Raman scat-
tering (CARS) spectroscopy, as shown in Fig. 16a. Picosecond CARS spectros-
copy has been successfully used, for example, in ultrafast studies of shock com-
pression in polymers and biological materials (Hambir, et al. 1997; Zumbusch,
et al. 1999). However, these schemes have typically used two synchronized,
narrow-band ps laser pulses.

Recently, however, a single-pulse CARS microscope has been developed
that capitalizes on the spectral characteristics of ultrashort pulses (Dudovich, et
al. 2002). The experimental technique is shown schematically in Fig. 16. An
ultrafast pulse is sent through a computer-controlled spatial light modulator
(SLM) that controls the phase function of the output pulse, with a spectral reso-
lution of order 0.5 nm, yielding a pulse train modulated by the SLM. This pulse
train is focused onto the sample, where it populates vibrational energy levels at
frequencies in proportion to
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Figure 16. (a) CARS excitation scheme, showing the CARS signal at Q . (b) Single-

beam CARS spectroscopy experiment, showing the role of the spatial light modulator in
creating the multiple interference paths that lead to a constructive CARS signal. (c)
False-color images from single-beam CARS depth-resolved microscopy of CH,Br, con-
tained in 10-pm diameter wells in a glass capillary plate. The lower right-hand image is
the CARS resonant image. From (Dudovich, et al. 2002).
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where E(w) is the complex amplitude of the applied field. The relative phase

AD(@,Qp )= D(w)-P(w—Qg) determines whether constructive or destructive

interference occurs along the multiple possible routes to the population of the
level with energy #Qg. By modulating the spectral phase with a period, all lev-
els for which are populated by constructive interference. The non-resonant
background is suppressed by a periodic complex modulation of the phase func-
tion, leading to a nearly hundred-fold reduction in the noise from non-resonant
transitions. If the spatial light modulator is used to modulate the spectral phase
at a frequency Q such that Qp = NQ (where N is an integer), the condition for
populating the level with resonant frequency Qp is satisfied and the CARS con-
dition is reached.

By combining easily accessible imaging software now available in micro-
computers, and subtracting non-resonant from resonant signals, it is possible to
provide spatially-resolved, and even time-resolved, images of particular molecu-
lar or solid-state complexes. Because this requires only a single beam, this
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CARS technique is much easier to implement in laser processing experiments
than multiple-beam techniques previously used.

6. CONCLUSIONS

Because ultrafast lasers have pulse durations shorter than most characteristic
relaxation times of condensed phases, it has become more important than ever to
characterize their temporal, spatial, and spectral content in detail. Of increasing
importance are the broad spectral bandwidth, the enhanced probability of mul-
tiphoton electronic excitations, and the possibility of creating extremely high
spatio-temporal densities of electronic (or, in the case of picosecond infrared
free-electron lasers, vibrational) excitation. Narrow-band tunable laser sources
continue to have an important place here, because they permit state-selective
excitations. Because ultrafast lasers can be used both to control the direction of
laser-induced materials modification and to follow the temporal and spatial evo-
lution of those modifications, the kinds of techniques described here are likely to
be much more frequently used in the future. The most advanced techniques for
doing this include:

e Temporal characterization based on autocorrelation and pump-probe tech-
niques, coupled to microscopy;

¢ The spatial evolution of the laser-modified material using X-ray and electron
diffraction methods; and

e Monitoring the temporal and spatial evolution of material removed by the
laser using nonlinear time-resolved spectroscopy, such as CARS.
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PHYSICAL CHEMISTRY OF ULTRAFAST LASER
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1. INTRODUCTION

Intensive research in femtosecond pulse laser micromachining of
inorganic and biological samples has been initiated in few European
laboratories more than a decade ago (Kiiper and Stuke 1987; Kautek and
Kriiger 1994; Kautek, et al. 1994; Kriiger and Kautek 1999; Bauerle 2000;
Kriiger and Kautek 2004). The interaction of femtosecond laser pulses
results in ultimate high-precision processing not accessible with pulses in the
picosecond, nanosecond or even longer duration region.

These pioneering studies focused on polymers (Kiiper and Stuke 1987;
Kriiger and Kautek 1999, 2004), metallic materials (Kautek and Kriiger
1994; Kriiger and Kautek 1999, 2004), dielectrics (Kautek and Kriiger 1994,
Kriiger and Kautek 1999), human soft tissue (Kautek, et al. 1994), and
various other biological materials (Kautek and Kriiger 1994; Kriiger and
Kautek 1999, 2004).

Sub-picosecond pulse lasers allow an approach to the physical limits of
material science and material processing engineering. The material
interaction of near infrared ultrashort laser pulses down to durations of 5 fs
have been investigated and their processing potentials were established
(Kautek, et al. 1996; Lenzner, et al. 1998, 2000).

Top-down structuring strategies for functional microstructures were
always accompanied by regular ripple structures with submicrometer
periodicities not only on dielectrics (Kriiger and Kautek 1996; Daminelli, et
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al. 2002; Costache, et al. 2002; Reif, et al. 2002; Costatche, et al. 2003), but
also on silicon (Bonse, et al. 1999, 2000, 2002a; Jeschke, et al. 2002; Bonse,
et al. 2004; Costache, et al. 2004), indium phosphide (Bonse, et al. 2001,
2002b), and titanium nitride (Bonse, et al.1999, 2000a, 2000b).

Recent investigations on the femtosecond pulse laser interaction with
high-performance ceramics like silicon carbide, aluminium nitride, and a
composite compound SiC-TiC-TiB,, indicated that a direct correlation
between chemical composition and ripple character exists (Rudolph, et al.
2003; Rudolph and Kautek 2004). Moreover, femtosecond laser interaction
with the silicon-water interface showed that a contacting condensed phase
also has a strong physicochemical influence on these phenomena (Daminelli,
et al. 2004).

Femtosecond laser pulses are close to an industrial use. Therefore, laser
protection and safety equipment has been investigated with respect to its
resistance and protection performance for femtosecond laser illumination.
Recently, systematic studies of the beam-material interactions were
performed to specify safety equipment as e.g. protective eyewear and
protective shields (Kriiger, et al. 2003; Martin, et al. 2003a, 2003b; Hertwig,
et al. 2004a, 2004b; Mero, et al. 2005; Hertwig, et al. 2004c).

In this context, near-ablation threshold phenomena, such as the genera-
tion of nanostructures, and correlations of their morphology with the compo-
sition of the substrate and the nature of the interface are reviewed on the
basis of the physicochemical concepts such as thermodynamics and kinetics
(Kautek, et al. 2004, 2005). Thus surface energy changes and time-resolved
molecular dynamic modelling of non-thermal melting processes in the
femtosecond time regime were considered in the context of literature data of
self-assembled surfaces rearrangements (Jeschke, et al. 2002).

2. CERAMICS

The surface of irradiated TiN areas shows highly directed ripple
structures perpendicular to the electric field vector of the incident laser
pulses with two completely different periodicities in dependence on the
number of applied laser pulses N and the laser fluence (Bonse, et al. 2000,
Fig. 1). For N=100 pulses and a fluence of 0.3 Jem?, which is slightly
above the surface damage threshold, the ripples show nanoscale periodicities
of 170 nm. At an increased laser fluence (3.8 Jem™, N = 10) the ripple period
rises to ~590 nm. Fig. 2 shows the development of these coarse ripples at
constant fluence with increasing number of pulses indicating the necessity of
repeated pulsing in order to observe such self-assembled structures
(Turchanin 2002).
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Figure 2. Atomic Force Traces of TiN irradiated with 130 fs, 3.8 J/em?, varied pulse number
N=0,1,5, and 10 pulses.

Femtosecond laser irradiation in the multipulse regime of other high-tech
compound ceramic materials such as e.g. AIN and SiC, also led to periodic
nanostructures (Rudolph, et al. 2003; Rudolph and Kautek 2004). Again, two
periodicities could be discriminated, near the ablation threshold 200-300
nm, and in the ablation regime 610 nm. This phenomenon has also been
described on barium borosilicate glass (Kriiger and Kautek 1996), fused
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silica (Kriiger and Kautek 1996), wide bandgap insulators (BaF, and CaF,)
(Costache, et al. 2002; Reif, et al. 2002; Costache, et al. 2003) and on silicon
(Costache, et al. 2004) calling the classical interpretation for ripples
formation in relation to interference processes (Biuerle 2000) into question.
Actually, only these two types of structures were observed and were
correlated with the electric field of the incident beam. No transient index
gratings were created as a result of the intensity variation.

Silicon carbide plays an important role in many industrial applications
because of its hardness, high melting temperature, and chemical and thermal
resistance, combined with its low weight. A composite ceramic compound
SIC—TIC—TIBZ was demgned for trlbologlcal applications. Addition of TiC
and TiB, to the SiC matrix reduces
the wear rate. Mechanical machining
of these materials is difficult due to
their hardness up to 22 GPa. Short
and ultra-short pulse laser machining
was investigated as a solution to
avoid mechanical tool wear and
minimize thermal and mechanical
stress (Rudolph, et al. 2003). p-
Raman measurements after fs-
e n ke treatment of SiC-TiC-TiB, showed

'6' .' 'B'B. J-; r;,' rutile (TiO;) coverage of the Ti-
containing grains, whereas SiC was
Figure 3. SiC-TiC-TiB,. Detail near crater  covered by unoriented graphite and
edge, fluence near ablation threshold. 800 a reduced Si species, but negligible
nm, 130 fs, N = 100. . .
oxide. The melted regions were
converted to resolidified nanocrystalline and amorphous phases. Also XPS
analyses on SiC proved the absence of silicon oxide in contrast to
nanosecond treatment, which resulted in an oxide coverage.

These investigations on the ceramic alloy SiC-TiC-TiB, yielded the first
indication that the periodic nanostructure formation is primarily controlled
by the microscopic chemical composition of the substrate surface. Ten
pulses with 0.9 Jem? (ablation threshold 0.24 Jem™) caused widespread
ripples with a periodicity of ~500 nm, a finer type with 200 nm arranged in
clusters, and a third disk-like feature with a period of 600-650 nm (Rudolph
and Kautek 2004, Fig. 3). Energy dispersive X-ray analysis (EDX) showed
that the cluster-like ripple structures, with a periodicity of 200 nm, consisted
of SiC. The widespread ripple structures contained mainly TiC with a
periodicity of 500 nm. The disks consisted of TiB or TiB, with dimensions
of 600-650 nm. That means that the ripples with the largest periodicity were
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the one with the highest share of TiC. The other two components, SiC and
TiB,, were localized only in small regions.

Generally, there are two ripple types as a function of fluence. At higher
fluence, structures with a periodicity of 600-650 nm near to the laser
wavelength of 800 nm were observed on all investigated ceramic
compounds. At lower values near the ablation threshold, periods of 200-500
nm occurred depending on the chemical composition. In the latter case,
material-dependent parameters determine the ripple formation process. Far
above the ablation threshold fluence, the nature of the material becomes less
important and laser parameters control the morphology. The 600-650 nm
structures can be explained in the classical ripple model, which corresponds
to a nonuniform energy input into the sample, modulated by the interference
between the incident wave and an induced surface wave (Béuerle 2000).

Laser ablation can also lead to the formation of non-coherent structures
as e.g. at fluences of 0.20 Jem™ near the ablation threshold. Such features
may be due to spatio-temporal ordering requiring at least two degrees of
freedom, as e.g. the temperature and the melt film thickness. This behaviour
can be understood from the behaviour of zero isoclines of a particular
variable (e.g. melt thickness) where the time-derivative is zero.

On the other hand, transitions of fluid-vapour interfaces on heating and
cooling through the binodal and spinodal regions can involve oscillatory
instabilities that may result in self-assembled surface features. Actually,
interfacial oscillatory instabilities have also been observed in classically
heated fluid systems such as a binary metallic fluid, under the influence of
two competing forces with different time scales (Turchanin and Freyland
2004). Such phenomena are based on wetting-dewetting transitions at the
interface driven by spinodal decomposition. Surface freezing and wetting
transitions may parallel thermal melting. Surface freezing is an interfacial
phase transition where an ordered solid-like film forms at the liquid-vapour
interface at temperatures above bulk freezing. It may occur by nucleation of
a strongly undercooled liquid wetting film. In any case, the driving force of
wetting and freezing films formation is the lowering of surface free energy
(Turchanin, et al. 2002). Regular coherent interconnected structures
(labyrinth patterns) have also been observed recently with the
electrochemical metal phase formation in the underpotential and
overpotential deposition region typical for spinodal decomposition
mechanisms (Dogel, et al. 2003; Cahn 1965). The influence of chemistry,
i.e. interatomic interactions, on surface phase transitions such as surface
freezing is a widely open question so far. The regular spinodal structures
described above are formed near the thermodynamic equilibrium on long
time scales (up to minutes) dissimilar to the present phase changes in the
femtosecond and picosecond time regime (Debenedetti 1996). A spinodal
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decomposition upon laser heating of a melt phase, however, involves a
massive pressure rise. The whole volume undergoes a so-called phase
explosion under these conditions. It involves the rapid spontaneous growth
of small density fluctuations extending over large spatial scales, i.e. the
entire liquid volume (Ruf and Dausinger 2004), and nanoscale ripples cannot
be formed.

In conclusion of the so-far described experimental results, the
phenomenon of the fs-laser-induced generation of regular nanostructures can
be correlated with physicochemical processes, i.e. surface energy changes
triggered upon femtosecond pulse laser irradiation. Processes far from
equilibrium states, such as strong electron heating coupled with lattice
destabilization, may play a major role in changing the kinetic paths from the
initial to final thermodynamic state of the surface (see below) (Jeschke, et al.
2002). The high-intensity laser-triggered destabilization thus only affects the
kinetic conditions without affecting the thermodynamic final state.

The equilibrium shape of a crystalline solid's surface is correlated to the
tendency to attain a minimum surface free energy (Kautek, et al. 2005;
Herring 1951; Adamson 1976). This has to take into account that the surface
free energy for different faces is usually different. In a good approximation
the total surface enthalpy, H; and the surface energy, F, are not
distinguished:

E,~Hy =G+ TS , ¢y

with G; the surface free enthalpy and S; the surface entropy.

In this context, chemical influences can be rationalized. The surface
energy, E;, of a covalently bonded crystal, in the simplest assumption, is
one-half of the energy to rupture bonds passing through the unit area
(Harkins 1949, Harkins 1950)

Es =1/2 Ecohesion (2)

This implies that higher bonding strengths in a solid, i.e. a higher E pesions
lead to higher surface energy, E;. An analogous proportionality between E;
and lattice energy of ionic crystals exists as well (Pampuch 1991).

It could be shown that the equilibrium surface for any given plane is not
smooth (Temperley 1952). Also the total surface energy, Es, is a minimum
for a given apparent plane area, which requires an improbably ordered
arrangement, and the minimum surface free energy, G; ..x is attained for a
saw-toothed surface with teeth and waves as much as several tens of
nanometers in height, representing an optimum energy entropy balance. This
simplified "saw-tooth" structure can well be correlated with the observed
ripple structures of less than 200 nm periodicity. It also has been pointed out
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that this resulting equilibrium roughness may involve a surface-melting step
(Burton and Cabrera 1949). The total surface energy, E,, is generally larger
than the surface free energy G,. If rearrangement and relaxation is allowed
e.g. by non-thermal surface melting due to strong electronic excitation after
repetitive femtosecond laser pulses (Jeschke, et al. 2002), saw-tooth-
analogous or wavy features may be probable.

Accordingly, the probability and the rate of forming relaxed
nanostructured surfaces should depend on the value of the surface free
energy gain, AG, which always has a negative sign

AG = Gy, renx — G5 .(3)This thermodynamic
relation holds independently from the mechanistic path, even when the
kinetics is modified by far-off equilibrium states such as hot electrons which
can change the transition state of the lattice on the way to the end product.

Actually, the tendency to relax and form self-assembled nanostructures
decreased in the order SiC, TiC, TiB, (Rudolph and Kautek 2004).
Assuming a correlation between tensile strength, lattice energy, and Ej, the
relatively stronger tendency of the SiC surface to relax to a nanostructured
surface, in contrast to the TiC and TiB, surfaces exhibiting less surface
energy, could thus be rationalized. This strong chemical influence can also
be supported by a greater experimental E value of SiC than of TiC.

It is well established that the removal of atoms and clusters from an
ordered surface leading to various surface defects, rather causes the surface
energy to decrease, so that the tendency to reassemble (AG) would be
lessened. The idea that ripples may arise from relaxation more than from
interference effects as in the classical model (Costache, et al. 2000; Reif, et
al. 2002; Costache, et al. 2003, 2004) agrees with the energy reduction
picture (Eq. 3). The concept that surface (coulomb) explosion may be the
cause of instability and therefore lead to self-assembly (Costache, et al.
2000, Reif, et al. 2002, Costache, et al. 2003, Costache, et al. 2004) would
contradict the above surface energy approach.

It should be further noted that bonding of foreign ligands e.g. in a surface
conversion reaction like e.g. oxidation of the TiC or TiB, grains (see above)
(Rudolph, et al. 2003; Rudolph and Kautek 2004), or a ligand
addition/exchange to the surface atoms in fluid contact (see below) may
affect this mechanism drastically.
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3. SEMICONDUCTORS

3.1 Silicon

A single pulse on silicon results in the formation of circular substructures
(holes) within the cavities (Bonse, et al. 2002a, Fig. 4). These holes vanish
or are obscured by other morphological features when the same spot is
iltuminated with subsequent pulses. Locally enhanced carrier densities

Figure 4. AFM of silicon generated with a single laser pulse (780 nm, 5 fs, 7.7 J/cm?®). Line-
scan along the dotted white line.

generated  either by an
inhomogeneous laser beam
profile or by locally enhanced
absorption (scratches, crystal
defects, dust) could be ruled
out. An indirect two-photon
absorption with a coefficient of
only 1 cm/GW (Reintjes and
McGroddy 1973) as the
dominant  carrier-generating
mechanism may be considered,
Figure 5. Silicon irradiated in air. 0.20 Jem™, which is strongly saturated.
N =100, Enhancement of absorption in

the depth of the semiconductor
(where the light intensity already dropped one or more orders of magnitude)
could account for an evolving inhomogeneous energy deposition.
Consequently, after the strongly saturated and overheated surface layer is
removed by phase explosion, normal boiling, including inhomogeneous
nucleation of bubbles, occurs in the remaining liquid layer (Kelly and
Miotello 1999). This scenario is supported by the fact that larger bubbles are

s o o IS
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formed in regions of higher fluences, i.e. regions of higher temperature (and
therefore slower cooling).

Near-ablation threshold irradiation with repetitive pulsing then masks
these structures, and regular ripples with periodicities of ~700 nm occur near
the edges of the illuminated area (right side of Fig. 5).

3.2 Silicon-Fluid Interface

Material laser processing in the presence of water has attracted interest
due to many motivations. Higher plasma pressure and longer duration of the
shockwaves may be advantageous for laser shock processing, where changes
in the material structure and stress state result in improved surface hardness,
fatigue strength, and corrosion resistance of the material. Generation of
bubbles as well as water explosion have been employed in steam laser
cleaning for the removal of particles from surfaces (Oltra, et al. 2000).
Water convection and bubble motion contribute to the removal of debris
redeposition. The high heat capacity of water provides a better heat sink,
effectively cooling heat sensitive substrates and the ejected material.
Formation of nanoparticles by laser ablation of solids in liquids has been
achieved thanks to the confinement effects on vaporized material within the
liquid layer. A water layer during material laser processing may also allow
the coupling of electrochemical techniques for in-situ monitoring of laser
machining on differently conducting multilayers (Cortona and Kautek 2001;
Noack and Vogel 1999).

Femtosecond laser ablation of silicon in water contact has been studied
only recently (Daminelli, et al. 2004). Its behaviour in dry femtosecond laser
ablation is well known (Bonse, et al. 2002a). The plasma breakdown
threshold of water is 0.58 —1.11 Jem™ for pulse duration of 100 fs at 580 nm
(Noack and Vogel 1999), somewhat above the ablation threshold of silicon
of 0.26 Jem™ (800 nm, 130 fs). Under water confinement, near the ablation
threshold, and well below the water breakdown fluence, no regular ripples
but chaotic nanostructures occurred under fluid contact, whereas well-
oriented ripples were formed without the water phase (Daminelli, et al.
2004). In the case of maximum fluences above the threshold (near-Gauss-
shaped beam profile), one can also observe the 100 nm ripples at a
maximum fluence leading to the “large” ripples which are formed not in
correspondence with the chemical composition of the solid and the interface.

This suggests, according to the findings on ceramic samples, that
different chemical surface conditions lead to deviating relaxation features.
One can expect that fluid contact decreases the surface energy and surface
tension, respectively, so that the driving force of the surface near regions to
relax and self-organize (AG, Eq. 3) is drastically reduced. Actually, the wet
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surface did not show regular self-assembly structures in contrast to the dry
surface near the ablation threshold.

The effect of the fluid contact on the laser-treated surface bases on the
physicochemical changes due to ligand exchange versus the dry surface. If a
clean solid surface is immersed in a liquid, there generally is liberation of
heat, gium (Debenedetti 1996),

Gimm = L) - Es (4)

and the surface energy attains a smaller value Ey. In water contact, this
energy reduction is practically independent of the nature of the solid
(Debenedetti 1996). Actually, water causes an extremely high surface energy
reduction due to its high dipole moment. Water contact, therefore, releases
the need of surface rearrangement so that no self-assembled regular ripples
occur at near-threshold radiant exposures in contrast to the dry surface at
comparable fluence (Fig. 5). At higher maximum fluences above the
threshold, ablation processes do not allow interfacial chemical conditions to
control the surface relaxation characteristics so that even there self-
assembled regular ripples may occur (not shown here). This aspect is not yet
fully understood, and needs further investigation.

Single fs-pulse could yield melted silicon surfaces either generating Si
bubbles which left behind round holes after resolidification (above) (Bonse,
et al. 2002a), or heating adjacent water which then formed water bubbles
(Katayama, et al. 2003). These could oscillate and emit an acoustic wave
imposing a wavy circular ripple structure on the surface melt layer. Those
single-pulse features, however, contrasted from the observed multipulse
ripples in their size and orientation.

4. FEMTOSECOND PERTURBATION OF BONDS

Fig. 6. Ultrashort pulse laser interaction with silicon after 100 fs (right) vs. original status
(left). Pulse duration 20 fs.

The small periodic features strongly depend on the composition and the
interfacial chemistry. A possible explanation may be a self-organization
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structure formation during the relaxation of a highly non-equilibrium surface
including non-thermal melting processes. Support for this mechanism comes
from a theoretical simulation of femtosecond ablation (Jeschke, et al. 2002).
Without ablation, i.e. without bond-breaking, rapid excitation of electrons
can cause massive instability in the crystal lattice within a few 10 fs due to a
perturbation of the interatomic bonds. Below threshold fluences, however
above a modification threshold (compare study on Si modification thresholds
Bonse, et al. 2002a), this instability, then, relaxes on a several 100 fs time
scale by surface reorganization in regular, periodic structures. A typical
signature of such structures is bifurcations. Molecular dynamics (MD)
simulations on the basis of an electronic tight-binding Hamiltonian in real-
space took into account all atomic degrees of freedom. Non-equilibrium
occupation numbers for the energy levels of the system which, being time-
dependent, lead to lattice dynamics on time-dependent potential energy
surfaces, were calculated. Thus, a theoretical framework is provided for the
treatment of strong nonequilibrium situations in materials where atomic and
electronic degrees of freedom play an equally important role. Figure 6 shows
a snapshot of the lattice dynamics due to excitation with a laser pulse of
duration 20 fs. During the first 100 fs after the peak maximum a moderate
expansion of the system occurs. If sufficient energy above the ablation
threshold is delivered, strong bond-breaking and ablation starts to take place.
This may also be followed by classical thermal melting when the electron
energy has been dissipated to the lattice leading to the well-known
wavelength-scale ripples independent of the chemistry and the bond
strength. If, however, the non-thermal dilatation of the lattice is repeated,
thermodynamically driven enthalpy changes may lead to nanoscale self-
organization features in finite time periods as observed in this context.

3. POLYMERS

991412 10.0kV
Fig. 7. Femtosecond laser ablation of PMMA (left) and PC (right). 150 fs, 3.0 Jem? N=35,
800 nm.
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Fs-laser-induced cavities could be generated on polyimide (PI),
polycarbonate (PC), polyethylenterephthalate (PET), polytetrafluoroethylene
(PTFE), and polymethylmethacrylate (PMMA) with smaller diameters than
the quasi-Gaussian 1/¢* diameter of the beam (Bonse, et al. 2000; Baudach,
et al, 2001). Diameters changed significantly during the first 50-60 pulses.
The ablation rates per pulse were of the order of < 1um. The single pulse
threshold increased from 1.0 Jem™ of PI to 2.6 cm™ of PMMA. This trend
goes along with the increase of the optical bandgap, suggesting a multi-
photon absorption mechanism.

Figure 8. Femtosecond laser ablation of polyimide (PI). (Left) Linear polarization. (Right)
Circular polarization. 1.3 Jem?, N = 50, 150 fs.

Incubation effects were observed for all polymers, ie. thresholds
decreased with the number of pulses. A stronger incubation was observed for
PET, PC, and PMMA in contrast to the "inert" polymers PI and PTFE
(Bonse, et al. 2000; Baudach, et al. 2001). The ester bonds in PC, PET, and
PMMA show much less stability than e.g. the CO-N or ether bridges in PI
towards repeated laser pulsing. All polymers except PI showed melting
together with the generation of volatile substances, yielding small bubble
holes and swelling (Fig. 7). PI does not melt and swell because it only
sublimates and/or degrades. The remaining material forms periodical surface
structures (Baudach, et al. 1999, Fig. 8). Linear polarization of repeated laser
pulses caused ripples parallel to the electric field vector. Circular
polarization resulted in nanostructure arrays of the order of ~ 100nm.

6. CONCLUSIONS

Controlled chemical and morphological surface conversions may be
attractive for surface technological and nanotechnological purposes. The
remaining roughnesses are self-assembled, being not only detrimental to
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micromachining applications but also opening a range of nanotechnological
applications.

Orientation of the coarse type of ripples perpendicular or parallel
(polyimide) to the E-vector of the laser beam may suggest their relation to
surface electromagnetic waves induced by the incident laser beam in the
solid, and their interference with the incident laser beam within the
absorption layer.

Such surface electromagnetic waves exist only during the femtosecond
laser pulse, before electron-phonon relaxation occurs. Thus, complex
dielectric functions may differ from equilibrium, leading to transient sub-
picosecond interference parameters resulting in various (coarse, ~600nm)
ripple periodicities.

A ripple type with periodicities around 200 nm and less could be
generated near the ablation threshold on various ceramics and
semiconductors in air contact. This phenomenon can be correlated with
surface energy changes triggered by femtosecond-laser-induced non-thermal
melting processes on the 100 fs scale. A clear dependence on the chemical
composition of the bulk and/or the conversion layer could be detected.
Materials with high surface energy (SiC, Si) exhibited a strong tendency to
relax to the nanoripples, whereas materials with low surface energies (TiC
and TiB,) did not show this process. At higher fluences, these chemical
differences were masked and classical coarse ripples with periodicities
approaching the laser wavelength (800 nm) occurred.

Bonding of foreign ligands e.g. in a surface conversion reaction like
oxidation of the TiC or TiB, grains or a ligand addition/exchange to the
surface atoms in fluid contact, may affect this mechanism drastically. Water
contact reduces the surface energy practically independent of the nature of
the solid and releases the need of surface reatrangement so that no self-
assembled regular nanoripples occur at threshold fluences.
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1. INTRODUCTION

1.1 Cell surgery

Nonlinear absorption of short and ultrashort laser pulses focused through
microscope objectives of high numerical aperture (NA) can be used to
achieve very fine and highly localized laser effects inside of biological media
that are transparent at low irradiance (Shen, 1984; Vogel and Venugopalan,
2003; Venugopalan, et al., 2002; Konig, et al., 1999; Vogel, et al., 2005) as
well as in the bulk of photonic materials (Shaffer, et al., 2001; Minoshima, et
al., 2001).

With moderate NAs and nanosecond laser pulses, this possibility has
already been utilized already in the 1980s for intraocular surgery (Steinert
and Puliafito, 1986; Vogel, et al., 1986). After the advent of femtosecond
lasers, it was also employed for corneal intrastromal refractive surgery
(Ratkay-Traub, et al., 2003; Heisterkamp, et al., 2003) and for the creation of
corneal flaps in excimer laser refractive surgery (LASIK) (Juhasz, et al.,
1999; Ratkay-Traub, et al., 2003; Heisterkamp, et al., 2003; Han, et al,,
2004). However, with moderate NAs, the spatial distribution of the deposited
energy is influenced by nonlinear self-focusing, normal group velocity
dispersion, and plasma-defocusing leading to filamentation and streak
formation in the biological material (Shen, 1984; Vogel, et al., 1996a;
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Heisterkamp, et al., 2002; Liu, et al., 2003; Kasparian, et al., 2004; Kolesik,
et al., 2004; Amnold, et al., 2005). The nonlinear propagation effects become
ever more important when the laser pulse duration is reduced and a larger
laser power is required to produce optical breakdown. Therefore, it is not
possible to achieve highly localized energy deposition when femtosecond
pulses are focused into the bulk of transparent media at low NA. With
increasing numerical aperture the spot size becomes smaller, and thus the
power that is necessary to overcome the threshold irradiance decreases.
Beyond a certain numerical aperture, the breakdown power is smaller than
the critical power for self-focusing, and localized energy deposition on a
submicrometer scale can be achieved. For femtosecond optical breakdown in
water and glass this was found to be the case for NA = 0.9 (Schaffer, et al.,
2001).

Recent years have seen a continuous rise of interest in micro and
nanosurgery on a cellular and subcellular level. One important application is
the separation of individual cells or other small amounts of biomaterial from
heterogeneous tissue samples for subsequent genomic or proteomic analysis.
Sensitive analytical techniques such as polymerase chain reaction (PCR)
enable the analysis of very small amounts of materials, which allows for even
more specific investigations of cell constituents and their functions. Key
technologies for sample preparation are laser microdissection (LMD) (Meier-
Ruge, et al., 1976), and subsequent laser pressure catapulting (LPC) of the
dissected specimens into a vial for further analysis (Schiitze and Lahr, 1998;
Schiitze, et al., 1998; Niyaz and Sigmiiller, 2005). A related technique is
laser-induced cell lysis and catapulting of the cell content into a micropipet
for time-resolved capillary electrophoresis (Sims, et al., 1998). Laser
microbeams have also been applied to dissect chromosomes (Berns, et al.,
1981; Liang, et al., 1993; Greulich, 1999; Konig, et al., 2001), and fuse cells
(Schiitze and Clement-Sengwald, 1994). Laser-induced transient
permeabilisation of the cell membrane is of great interest for a gentle
transfection of genes and transfer of other substances into specific cell types
(Tsukakoshi, et al., 1984; Tao, et al., 1987; Krasieva, et al., 1998; Soughayer,
et al., 2000; Tirlapur and Konig, 2002; Zeira, et al., 2003; Paterson, et al.,
2005.

Laser-generated inactivation of specific proteins or cell organelles,
together with an analysis of the induced deviations from the normal
development, provides information about the function of the respective
proteins and organelles and can be utilized to study cell proliferation,
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embryonal development, or stress-induced reaction pathways. Two
complementary strategies for functional studies have been followed. In the
‘systemic’ approach, specific proteins or DNA sequences are targeted by
means of antibodies attached to metallic nanoparticles or chromophores
(Huettmann and Birngruber, 1999; Jay and Sakurai, 1999; Pitsillides, et al.,
2003; Yao, et al., 2005; Garwe, ct al., 2005). When the antibody-absorber
conjugates have bound to the target protein(s), the entire cell or group of cells
is exposed to a short-pulsed laser beam. Protein inactivation occurs through
linear absorption of the laser irradiation in the nanoparticles or
chromophores, respectively, resulting in thermomechanical or photochemical
destruction of the target proteins regardless of their localisation within the
cell. Alternatively, in the ‘local’ approach, which is investigated in the
present paper, one or a few specific target structures are irradiated by a tightly
focused laser beam. As the laser energy is deposited via non-linear
absorption, surgery can be performed at any desired location within a cell or a
small organism, regardless of its linear absorption properties.

1.2 Historical development

Historically, light inactivation of cells or cell organelles was first
attempted in 1912 by Tschachotin using 280 nm irradiation from a
magnesium spark imaged by a microscope objective on a 5 um wide spot on
the cell (Tschachotin, 1912). This type of apparatus was highly refined in the
1950s by Bessis and Nomarski (1960), and the resolution increased into the
sub-micrometer regime. However, these instruments required very long
exposure times. After the advent of the laser, a high-brightness light source
was available that enabled reduction of the exposure time into the
microsecond range (Bessis, et al., 1962). First experiments on mitochondrial
inactivation were performed using free-running ruby laser pulses with about
500 ps duration that were focused into a 5 pm spot (Amy and Storb, 1965).
Later, chromosomal dissection was demonstrated using argon laser
irradiation with 20-30 ps duration (Berns, et al., 1969, 1971). Owing to the
good quality of the argon laser beam and the shorter wavelength, it could be
focused into a much smaller spot than the multimode emission of the initial
ruby lasers. It is important to note that microsecond pulses are still ‘long’ in
the context of cell surgery because during pulses longer than about 10 ps, a
stationary temperature distribution similar to that produced by continuous
wave (cw) irradiation evolves around the laser focus (Vogel, et al., 2005).
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Soon researchers began to also use short-pulsed laser irradiation, mostly
with wavelengths in the UV region of the optical spectrum and with durations
of a few nanoseconds (Bessis, 1971; Meier-Ruge, et al., 1976; Berns, et al.,
1981; Schiitze and Clement-Sengwald, 1994; Krasieva, et al., 1998; Greulich,
1999; Colombelli, et al., 2004, 2005a, 2005b). It was found that short laser
pulses enable localized energy deposition at arbitrary locations without
external sensitizing agents, even though the ablation threshold can still be
lowered by staining of the target structures. With nanosecond pulses,
energies between 0.25 pJ and 250 pJ were required to produce the desired
ablative effect, depending on the laser wavelength, beam profile, numerical
aperture, and the quality of the optical scheme used for coupling the laser
beam into the microscope. Use of UV wavelengths that are well-absorbed by
biomolecules yielded lower ablation thresholds than the use of visible or near
IR irradiation under similar focusing conditions. Recently, it was
demonstrated that pulsed laser microdissection relies on plasma formation
supported by linear absorption, and that this is associated with violent
mechanical effects (shockwave emission and cavitation bubble formation)
reaching well beyond the region of energy deposition (Venugopalan, et al.,
2003). Pulse energies in the microjoule range typical for nanosecond laser
microbeams can therefore severely affect the cell viability.

In search for finer effects, researchers employed first picosecond pulses
that could produce intracellular dissections with energies of 70-140 nJ
(Liang, et al., 1993), and later femtosecond pulses that enabled to lower the
ablation threshold to an energy range between 0.4 nJ and a few nanojoules
(Ko&nig, et al., 1999, Yanik, et al., 2004). Due to the low energy threshoid for
plasma formation (Vogel, et al., 1999; Noack and Vogel, 1999), femtosecond
pulses can create very fine effects with a spatial extent below the optical
diffraction limit. This has been demonstrated in chromosomes (Konig, et al.,
1999; Konig, et al., 2001), various other cell organelles (Meldrum, et al,,
2003; Watanabe, et al., 2004; Heisterkamp, et al., 2005; Sacconi, et al., 2005;
Shen, et al., 2005), small organisms (Yanik, et al., 2004; Supatto, et al.,
2005a,b; Chung, et al., 2005), and tissues (K&nig, et al., 2002; Zeira, et al.,
2003; Riemann, et al., 2005). Subdiffraction limited resolution can be
achieved because the nonlinear absorption diminishes the volume into which
the laser energy is deposited. While for nanosecond pulses the optical
breakdown threshold depends strongly on the linear absorption at the laser
focus, femtosecond optical breakdown exhibits a much weaker dependence
on the absorption coefficient of the target material (Oraevsky, et al., 1996).
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This facilitates the targeting of arbitrary cellular structures. Because the
wavelength dependence of femtosecond breakdown is weak (Vogel and
Noack, 2001), IR wavelengths that can penetrate deeply into the tissue can be
used without compromising the precision of tissue effects as observed with ns
pulses (Krasieva, et al., 1998; Venugopalan, et al., 2002). Moreover, when
pulses from a femtosecond oscillator are used, it becomes possible to
combine nonlinear material modification with nonlinear imaging techniques
based on 2-photon fluorescence excitation or second harmonic generation
(Konig, et al., 2002; Tirlapur and K&nig, 2002; Yanik, et al., 2004; Kénig, et
al., 2005; Saccioni et al., 2005; Supatto, et al., 2005a,b). Additional progress
was possible through the use of modern gene fusion products such as green
fluorescent proteins (GFP) which permit the visualization and ablation of
cellular structures that are below the resolution of a light microscope
(Botvinick, et al.,, 2004; Yanik, et al., 2004; Supatto, et al., 2005a,b). The
above advances allow for an unprecedented precision of aiming, surgery, and
of the analysis of the created immediate and long-term effects. This potential
of fs and ps pulses has been utilized in a variety of functional studies to
elucidate the mechanisms of chromosome separation during cell division
(Liang, et al., 1993; Grill, et al., 2003), induce highly localized DNA damage
(Meldrum, et al., 2003), measure the biophysical properties of the
cytoskeleton and mitochondria (Shen, et al., 2005; Colombelli, et al., 2005b;
Maxwell, et al., 2005), stimulate calcium waves in living cells (Smith, et al.,
2001), demonstrate nerve regeneration after axotomy within a living C.
elegans worm (Yanik, et al., 2004), map thermosensation in C. elegans
(Chungs, et al., 2005), and to shed light on morphogenetic movements in
embryonal development (Berns, et al., 1981; Supatto, et al., 2005a,b).

1.3 Objectives of the present study

The high precision of the femtosecond laser effects is certainly related to
the fact that the energy threshold for femtosecond optical breakdown is very
low. The low breakdown threshold is, however, not sufficient to explain the
fineness of the laser effects because laser-induced breakdown is generally
associated with mechanical effects such as shockwave emission and bubble
formation that extend beyond the focal region (Vogel, et al., 1996b;
Venugopalan, et al., 2002). We found in previous theoretical studies that
plasmas with a large free electron density are produced in a fairly large
irradiance range below the breakdown threshold that was defined by a critical
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free electron density o, = 10*' cm™ (Vogel and Noack, 2001; Vogel, et al.,
2002). To understand the full potential of femtosecond pulses for highly
localized material processing and modification of biological media, one
therefore needs to include the irradiance range below the optical breakdown
threshold. Moreover, one needs to elucidate why the conversion of absorbed
laser light into mechanical energy above the breakdown threshold is much
smaller than for longer pulse durations (Vogel, et al.,, 1999; Vogel and
Venugopalan, 2003).

The present study investigates the chemical, thermal, and
thermomechanical effects arising from low-density plasmas to explain the
mechanisms underlying femtosecond-laser nanosurgery of cells and
biological tissues. One technique for nanosurgery uses long series of pulses
from fs oscillators with repetition rates in the order of 80 MHz, and pulse
energies well below the optical breakdown threshold that do not much exceed
the energies used for nonlinear imaging (Konig, et al., 1999; Konig, et al.,
2001; Tirlapur and Konig, 2002; Zeira, et al., 2003; Saccioni, et al., 2005;
Supatto, et al., 2005a,b; Konig, et al., 2005). The other approach uses
amplified pulse series at 1 kHz repetition rate with pulse energies slightly
above the threshold for transient bubble formation (Yanik, et al., 2004;
Watanabe, et al., 2004; Heisterkamp, et al., 2005; Shen, et al., 2005). To
cover both parameter regimes, we investigate plasma formation and plasma-
induced effects for an irradiance range reaching from the values used for
nonlinear imaging to those producing bubble formation. We consider
repetition rates in the kilohertz range where the mechanical and thermal
events induced by subsequent pulses are largely independent, and in the
megahertz range where accumulative effects are likely to occur.

We use a rate equation model considering multiphoton ionization, tunnel
ionization, and avalanche ionization to numerically simulate plasma
formation. The value of the energy density created by each laser pulse is then
used to calculate the temperature distribution in the focal region after
application of a single laser pulse and of series of pulses. The results of the
temperature calculations yield, finally, the starting point for calculations of
the thermoelastic stresses that are generated during the formation of the low-
density plasmas, and of stress-induced bubble formation. All calculations are
performed for a numerical aperture of NA = 1.3 and the wavelength of the
titanium sapphire laser (A = 800 nm). Where possible, the findings of the
numerical simulations are compared to experimental results.
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2. MODELING OF PLASMA FORMATION

The process of plasma formation through laser-induced breakdown in
transparent biological media is schematically depicted in Fig. 1. It essentially
consists of the formation of quasi-free electrons by an interplay of photo-
ionization and avalanche ionization.

It has been shown experimentally that the optical breakdown threshold in
water is very similar to that in ocular and other biological media (Docchio, et
al.,, 1986). For convenience, we shall therefore focus attention on plasma
formation in pure water. Whereas the optical breakdown in gases leads to the
generation of free electrons and ions, in condensed matter electrons are either
bound to a particular molecule or they are "quasi-free" if they have sufficient
kinetic energy to be able to move without being captured by local potential
energy barriers. Transitions between bound and quasi-free states are the
equivalent of ionization of molecules in gases. To describe the breakdown
process in water, Sacchi (1991) has proposed that water should be treated as
an amorphous semiconductor and the excitation energy A regarded as the
energy required for a transition from the molecular 1b; orbital into an
excitation band (band gap 6.5 e¢V) (Grand, et al., 1970; Nikogosyan, et al.,
1983). We follow this approach. For simplicity, we use the terms "free
electrons” and "ionization" as abbreviations for "quasi-free electrons” and
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Figure 1. Interplay of photoionization, inverse Bremsstrahlung absorption, and impact
ionization in the process of plasma formation. Recurring sequences of inverse
Bremsstrahlung absorption events and impact ionization lead to an avalanche growth in the
number of free electrons. The consequences of the conservation laws for energy and
momentum on the energetics of impact ionization are discussed in the text.
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"excitation into the conduction band". Nonlinear absorption processes of
liquid water actually do not only consist of ionization, but also include
dissociation of the water molecules (Nikogosyan, et al., 1983). However, in
our model dissociation is neglected to reduce the complexity of the numerical
code.

The excitation energy into the conduction band can be provided either by
photoionization (multiphoton ionization or tunneling (Keldysh, 1965;
Ammosov, et al,, 1986), or by impact ionization (Shen, 1984; Thornber,
1981; Arnold and Cartier, 1992; Ridley, 1999). In previous breakdown
models, it was often assumed that a free electron could be produced as soon
as the band gap A was exceeded either by the sum of the simultaneously
absorbed photons, or by the kinetic energy of an impacting free electron
(Kennedy, 1995; Feng, et al., 1997; Noack and Vogel, 1999; Tien, et al.,
1999). However, for very short laser pulses where breakdown occurs at large
irradiance values, the band gap energy has to be replaced by the effective
ionization potential to account for the oscillation energy of the electron due to
the electric laser field. The ionization potential of individual atoms is
(Keldysh, 1965)

A=A+e? F?/(4ma?), (H

where @ and F denote the circular frequency and amplitude of the electric
laser field, e is the electron charge, and 1/m=1/m,+1/m, is the exciton
reduced mass that is given by the effective masses m, of the quasi-free
electron in the conduction band, and m, of the hole in the valence band. The
second term in equation (1) can be neglected in nanosecond optical
breakdown but must be considered in femtosecond optical breakdown where
F is orders of magnitude larger. For condensed matter, the description of the
ionization potential is more complex than Eq. (1) (Keldysh, 1965 ; Vogel, et
al., 2005).

Multiphoton ionization (MPI) and tunneling are the mechanisms
governing photoionization for different field strengths and frequencies of the
electromagnetic field. In his classical paper, Keldysh (1965) introduced a
parameter ¥= @ /@ to distinguish tunneling and MPI regimes. Here, 1/,
stands for the tunneling time through the atomic potential barrier which is
inversely proportional to the strength of the electromagnetic field. For values
y<< 1, as obtained with low frequencies and large field strengths, tunneling
is responsible for ionization, while for values ¥ >> 1 typical for optical
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frequencies and moderate field strengths, the probability of MPI is much
higher than that of tunneling. However, femtosecond optical breakdown
requires very high field strengths for which the tunneling time through the
atomic potential barrier is extremely short, leading to values y < 1 of the
Keldysh parameter even for optical frequencies (Tien, et al, 1999).
Approximations of the Keldysh theory considering only multiphoton
ionization that were used in previous breakdown models (Kennedy, 1995;
Feng, et al., 1997; Nock and Vogel, 1999) are thus inappropriate for the
modeling of femtosecond breakdown, especially for pulse durations < 100 fs.

Once a free electron is produced in the medium, it can absorb photons in a
non-resonant process called “inverse Bremsstrahlung” in the course of
collisions with heavy charged particles (ions or atomic nuclei). A third
particle (ion/atom) is necessary for energy and momentum to be conserved
during absorption, as they cannot both be conserved if only an electron and a
photon interact. The electron gains kinetic energy during the absorption of
the photon. After a sequence of several inverse Bremsstrahlung absorption
events, the kinetic energy is sufficiently large to produce another free electron
through impact ionization (Thornber, 1981; Arnold and Cartier, 1992; Ridley,
1999; Kaiser, et al., 2000). Two free electrons with low kinetic energies are
now available which can gain energy through inverse Bremsstrahlung
absorption (Fig. 1). The recurring sequence of inverse Bremsstrahlung
absorption events and impact ionization leads to an avalanche growth in the
number of free electrons if the irradiance is high enough to overcome the
losses of free electrons through diffusion out of the focal volume, and
through recombination. The energy gain through inverse Bremsstrahlung
must, moreover, be more rapid than the energy loss by collisions with heavy
particles occurring without simultaneous absorption of a photon (the fraction
of energy lost is proportional to the ratio of the electron and ion masses). The
whole process is called “avalanche ionization”, or “cascade ionization”.

For impact ionization to occur, the kinetic energy of the impacting
electron must be larger than the effective ionization potential A to satisfy the
conservation laws for energy and momentum (Keldysh, 1960; Ridley, 1999).
According to Ridley (1999), the critical energy for bands with parabolic
energy dispersion is

E., =l0+2w/Q+w) A, with u=m_/m,. (2)
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The value of u depends on the band structure; it is 1 for a symmetric band
structure with the Fermi level at the center of the bandgap, but smaller for
semiconductors (Ridley, 1999). Kaiser, et al., (2000) assumed u =1 for
0.-Si0,, and since we did not find information on the value of u for water, we
follow their assumption. This implies that a kinetic energy of E,,;; = 1.5 is
required for impact ionization (Kaiser, et al., 2000; Rethfeld, 2004).

The excess energy of 0.5A that remains after impact ionization is distri-
buted among the collision partners. Thus, each quasi-free electron produced
by impact ionization has to gain less energy than 1.5A to reach the critical
energy. However, the average energy leading to an impact ionization event is
larger than E,; because the impact ionization rate increases with kinetic
energy (Keldysh, 1960; Arnold and Cartier, 1992; Kaiser, et al., 2000;
Rethfeld, 2004). To consider both factors, we assume that the average energy
gain required for a free electron to cause impact ionization is 1.5A, as
illustrated in Fig. 1.

While strong-field ionization is almost "instantaneous," there are time
constraints on cascade ionization because several consecutive inverse
Bremsstrahlung absorption events are necessary for a free electron to pick up
the critical energy for impact ionization. For a bandgap of 6.5 eV in water
and a Keldysh parameter y= 2, the effective ionization potential is 3 = 7.3
eV, and the average gain in kinetic energy required to enable impact
ionization is (3/2)X = 10.95 eV. When laser irradiation of A = 800 nm
wavelength with a photon energy of 1.55 eV is used to produce optical
breakdown, an electron must undergo at least n = 8 inverse Bremsstrahlung
absorption events before impact ionization can occur. As mentioned above,
inverse Bremsstrahlung absorption can only occur during collisions of the
electrons with heavy particles, In condensed matter, the time 7 between
collisions was estimated to be roughly 1 fs (Bloembergen, 1984). Recent
experimental investigations yielded a value of 7= 1.7 fs for fused silica (Sun,
et al.,, 2005). Based on this value, the minimum time for one doubling
sequence of the number of free electrons by cascade ionization is 7,,, = 7n =
13.6 fs, even if every collision involves absorption of a photon. A detailed
analysis of the time constraints in cascade ionization was presented by
Kaiser, et al., (2001) and Rethfeld (2004). They come to the conclusion that
cascade ionization plays only a minor role in femtosecond breakdown
compared to multiphoton effects — in striking contrast to Joglekar, et al.,
(2004), who present some experimental evidence for the opposite statement.
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In our study, we shall combine the complete Keldysh model for strong-
field ionization (Eq. (38) in Keldsh’s paper (1965)) with the description of
avalanche ionization used by Shen (1984), Kennedy (1995), and Stuart, et al.,
(1996), which is based on the Drude model. Since the numerical model used
by Kaiser, et al., (2000) and Rethfeld, (2004) is very complex, we consider
the time constraints in cascade ionization in a simpler way by evaluating the
contribution of cascade ionization at time ¢ using the electron density created
at the retarded time ¢, =t —1,,, (Vogel, et al., 2005).

In most theoretical investigations, the electron density

Por =W (m,. 4/ %) (3)

above which the plasma becomes both strongly reflective and absorbing is
used as breakdown criterion (Stuart, et al., 1996; Lenzner, et al., 1998; Tien,
et al., 1999; Kaiser, et al., 2000; Mao, et al., 2004). Here g, denotes the
vacuum dielectric permittivity. We use a free electron density of g, = 10*
cm™ as breakdown criterion, which is close to p, for A = 1064 nm. The
experimental threshold criterion is bubble formation. Plasma luminescence,
which is often used as threshold criterion for nanosecond breakdown, is not
(or only with great difficulties) detectable for ultrashort laser pulses
(Hammer, et al., 1996; Noack and Vogel, 1999).

Since all calculations are performed for a numerical aperture of NA = 1.3,
nonlinear propagation effects in the biologic medium can be neglected even
for pulse durations as short as 100 fs because Schaffer, et al., (2001) showed
that these nonlinear effects influence the breakdown threshold only for NA <
0.9. Self-focusing and filamentation may play a role well above the
breakdown threshold, but are not relevant for the pulse energies used in
nanosurgery on cells.

The time evolution of the electron density p, in the conduction band under
the influence of a laser pulse with Gaussian temporal shape was calculated
using a rate equation of the generic form (Noack and Vogel, 1999)

d,Oc /dt= ﬂphoto + Nease Pe — Naist Lo~ Nrec pg . C)

The first term represents the production of free electrons mediated by the
strong electric field in the laser focus (photoionization via multiphoton and
tunneling ionization), the second term represents the contribution of cascade
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ionization, and the last two terms describe the losses through diffusion of
electrons out of the focal volume, and recombination. The cascade ionization
rate s and the diffusion loss rate 74 are proportional to the number of
already produced free electrons, while the recombination rate 7., is
proportional to p2, as it involves an interaction between two charged
particles (an electron-hole pair). Even though diffusion and recombination
do not play a significant role during femtosecond laser pulses, they were
included to enable a comparison to plasma formation by nanosecond pulses.
The explicit form of the individual terms in Eq. (4) has been described in
detail by Vogel, et al., (2005).

The temporal evolution of the electron density, p(f), was calculated for
laser pulses focused into pure water at a numerical aperture of NA = 1.3. At
least one free "seed" electron produced by photoionization is required for the
start of the cascade. Therefore, the term for cascade ionization is only
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Figure 2. Top row: Evolution of the free-electron density during the laser pulse at the optical
breakdown threshold for 6 ns, 1064 nm pulses and for 100 fs, 800 nm pulses. The time ¢ is
normalized with respect to the laser pulse duration 7. The contribution of multiphoton
ionization to the total free-electron density is plotted as a dotted line. Bottom row: Maximum
free electron density pp.y achieved during the laser pulse as a function of irradiance, for the
same laser parameters. The irradiance / is normalized with respect to the threshold irradiance

ILate. The threshold I, and the corresponding value of oy, are marked by dotted lines.
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The dynamics of plasma formation is extremely different for nanosecond
and femtosecond pulses. With nanosecond pulses, no free electrons are
formed for irradiance values below the optical breakdown threshold because
the irradiance is too low to provide seed electrons by means of multiphoton
ionization (Fig. 2c). Once the irradiance is high enough to provide a seed
electron, the ionization cascade can start. It proceeds very rapidly, owing to
the high irradiance (Fig. 2a). The electron density shoots up by 9 orders of
magnitude within a small fraction of the laser pulse duration until its rise is
stopped by recombination which is proportional to p?. The breakdown
threshold is, hence, extremely sharp - either a highly ionized plasma is
produced, or no plasma at all. These numerical predictions are supported by
the experimental observation that at the threshold of nanosecond optical
breakdown with IR laser puises the transmission of the focal volume drops
abruptly to less than 50% of the value without plasma formation (Nahen and
Vogel, 1996; Noack, 1998c). The transmission loss for shorter pulse
durations is much less abrupt (Nahen and Vogel, 1996 ; Noack, et al., 1998b ;
Noack, 1998c; Vogel, et al., 1999).

With femtosecond pulses, a much higher irradiance is necessary for
optical breakdown to be completed during the laser pulse duration than with
nanosecond pulses. This favors the generation of free electrons through
photoionization because multiphoton ionization exhibits a strong irradiance
dependence o< I * (k representing the number of photons required for crossing
the ionization potential) as opposed to o I for the cascade ionization rate
(Vogel, et al., 2005). While with nanosecond pulses the total number of free
electrons generated through avalanche ionization is 10° times larger than the
number generated through multiphoton ionization (Fig. 2a), it is only 12
times larger with 100 fs pulses at 800 nm (Fig. 2b). As a consequence of the
increasing importance of multiphoton ionization with shorter pulse durations,
there is never a lack of seed electrons for avalanche ionization. An avalanche
is initiated at irradiance values considerably lower than the breakdown
threshold. The free-electron density reached at the end of the avalanche
depends on irradiance in a much smoother way (Fig. 2d) than for ns pulses
(Fig. 2¢). Therefore, one can generate any desired free-electron density by
selecting an appropriate irradiance value.

Figure 3 presents threshold values for irradiance, I, and radiant
exposure, Fue = Iye X T, required to reach a critical free electron density of
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Figure 3. Calculated optical breakdown thresholds (2, = 10*! cm™) as a function of laser pulse
duration for various wavelengths; (a) irradiance threshold, (b) radiant exposure threshold.

per = 10" cm™. The thresholds were calculated for various wavelengths and
pulse durations ranging from 10 fs to 10 ns. Two regimes can be
distinguished; for 7 < 10 ps, the threshold radiant exposure Fi,. exhibits
only a weak dependence on pulse duration. This reflects the fact that
recombination plays only a minor role during ultrashort laser pulses.
Therefore, only one set of free electrons is produced that corresponds to an
approximately constant energy density within the focal volume. This is in
accordance with the experimental threshold criterion of bubble formation that
requires a specific energy density, which varies little with laser parameters.
By contrast, for longer pulses more than one set of free electrons is produced
and recombines during the laser pulse. Here it is the threshold irradiance 7.,
that remains approximately constant, because a minimum irradiance is
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required to provide the seed electrons for the ionization cascade by
multiphoton ionization and to drive the cascade sufficiently fast to reach the
critical free-electron density within the laser pulse duration. As a
consequence, the radiant exposure threshold and plasma energy density
increase steeply with increasing pulse duration.

The predicted form of the Fp. (%) dependence qualitatively matches
experimental observations on the pulse duration dependence of single shot
damage thresholds at surfaces of transparent large bandgap dielectrics (Du, et
al., 1996, Tien, et al., 1999) and ablation thresholds of corneal tissue (Du, et
al., 1994).

2.4 Low-density plasmas in bulk media

Figure 2d indicates that femtosecond pulses focused into bulk transparent
media can create low-density plasmas in which the energy density remains
below the level that leads to cavity formation in the medium. Experimental
evidence for the existence of such low-density plasmas was provided by Mao,
et al., (2004) through measurements of the free-electron density in MgQ and
Si0;. Free electrons are produced in a fairly large irradiance range below the
optical breakdown threshold, with a deterministic relationship between free-
electron density and irradiance. Low-density plasmas thus offer the
possibility to deliberately produce chemical changes, heating, and
thermomechanical effects by varying the irradiance.

For larger irradiances, plasmas in bulk media grow beyond the region of
the beam waist, which is not possible for plasma formation at surfaces. At
surfaces, the energy deposition becomes confined to a thin layer of less than
100 nm thickness once the free electron density reaches the critical density
because the superficial plasma layer is highly absorbing and reflecting
(Stuart, et al., 1996; von der Linde and Schiiler, 1996; Joglekar, et al., 2004;
Feit, et al., 2004). By contrast, in bulk media there is no restriction for the
region of optical breakdown to spread towards the incoming laser beam with
increasing irradiance. At large irradiances, breakdown already starts to occur
before the femtosecond pulse reaches the beam waist, and both irradiance and
beam propagation are influenced by the plasma generation (Hammer, et al.,
1997, Arnold, et al., 2005). These effects shield the focal region, enlarge the
size of the breakdown region, and limit the free electron density and energy
density reached in the entire breakdown volume (Fan, et al., 2002a, 2002b;
Arnold, et al.,, 2005; Rayner, et al., 2005). Low density plasmas can,
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therefore, easily be produced in bulk media while at surfaces the self-induced
confinement of plasma formation to a thin layer leads to a rapid rise of free-
electron density with irradiance, and the irradiance range in which low-
density plasmas can be formed is very small (Stuart et al, 1996; Joglekar, et
al., 2004).

3. FOCAL IRRADIANCE AND FREE-ELECTRON
DISTRIBUTION

The temperature and stress distribution in the focal region depend on the
distribution of quasi-free electrons produced during femtosecond optical
breakdown. Therefore, we must explore the shape of the irradiance and free-
electron density distributions within the focal volume before we can
investigate the resulting temperature and stress effects. The irradiance
distribution in the focal volume of a diffraction limited microscope objective
used to focus a plane wave has an approximately ellipsoidal shape (Born and
Wolf, 1970; Ditlbacher, et al., 2004; Vogel, et al., 2005). For our numerical
simulations, the focal volume will therefore be approximated by an ellipsoid
with short axis d and long axis /. The short axis d of the ellipsoid is identified
with the diameter of the central maximum of the Airy pattern in the focal
plane

d=122A/NA. (5)

The symbol A refers to the vacuum wavelength of light., The refractive index
of the medium is contained in the value of the numerical aperture (NA) of the
microscope objective. The ratio //d of the long and short axes is

l/d = (3 - 2cosa— cos2 ) 2/(1-cos ) (6)

for optical setups with very large solid angles (Grill and Stelzer, 1999). Here
o is the half angle of the light cone such as used in the definition of the
numerical aperture NA = ng sino.. For NA = 1.3, which in water corresponds
to an angle of o = 77.8° we find I/d = 2.4. For A =800 nm, the above
considerations yield focal dimensions of d = 750 nm, and [ = 1800 nm.
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The mathematical form of the diffraction-limited irradiance distribution in
the Fraunhofer diffraction pattern of a microscope objective (Born and Wolf,
1970) is too complex for convenient computation of the temperature and
stress evolution induced by optical breakdown., We approximate the
ellipsoidal region of high irradiance in the center of the focal region by a
Gaussian function

Lo (2 2) = Poax IO exp[2 (r2 1 a® + 22 1b2)] )

where r and z are the coordinates in radial and axial direction, respectively,
and a = d/2 and b = [/2 denote the short and long axis of the ellipsoid. The
boundaries of the ellipsoid correspond to the 1/e* values of the Gaussian
irradiance distribution.

To derive the free-electron distribution p.x (r,z7) from the irradiance
distribution / (r,z), we assume that for femtosecond pulses the free-electron
density at the end of the laser pulse is approximately proportional to i*,
where k is the number of photons required for multiphoton ionization. This
simplifying assumption corresponds to the low-intensity approximation of the
Keldysh theory and neglects the weaker irradiance dependence of avalanche
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Figure 4. Normalized irradiance distribution (a) and electron density distribution (b) in the
focal region for NA = 1.3 and A = 800 nm that are assumed for the numerical calculations of
the temperature and stress evolution induced by femtosecond optical breakdown.
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Ionization that usually dominates plasma formation during the second half of
a laser pulse (Fig. 2b). For ppa < 5x10% em™, the proportionality Py o<l ©
has been confirmed by the experimental results of Mao, et al., (2004). The
spatial distribution of the free-electron density can thus be expressed as

Pmax (F+2) = Ponax 10,0 expl—2k (r* / a® + 22 /b)) . (8)

Figure 4 shows the irradiance and electron density distribution in the focal
region according to Eqgs. (7) and (8) for NA = 1.3 and A = 800 nm, for which
k =35. Due to the nonlinear absorption process underlying optical breakdown,
the free-electron distribution is much narrower than the irradiance
distribution. For A = 800 nm and breakdown in water, it is narrower by a
factor of V5 = 2.24, which corresponds to a reduction of the affected volume
by a factor of 11.2 below the diffraction limited focal volume. The diameter
of the free-electron distribution at the 1/e*- values amounts to 336 nm, the
length to 806 nm. Femtosecond-laser nanoprocessing can achieve a 2-3 fold
better precision than cell surgery using cw irradiation, and enables
manipulation at arbitrary locations.

4. CHEMICAL EFFECTS

Plasma-mediated chemical effects of low-density plasmas in biological
media can be classified into two groups: 1). Changes of the water molecules
by which reactive oxygen species (ROS) are created that affect organic
molecules, and 2). Direct changes of the organic molecules in resonant
electron-molecule scattering.

1. The creation of ROS such as OH* and H,O,, through various pathways
following ionization and dissociation of water molecules has been
investigated by Nikogosyan, et al., (1983) and recently reviewed by Garret, et
al., (2005). Both oxygen species are known to cause cell damage (Tirlapur,
et al., 2001). Heisterkamp, et al., (2002) confirmed the dissociation of water
molecules during femtosecond laser-induced plasma formation by chemical
analysis of the gas content of the bubbles.

2. Capture of electrons into an antibonding molecular orbital can initiate
fragmentation of biomolecules (Boudaiffa, et al., 2000; Hotop, 2001; Gohlke
and Illenberger, 2002; Huels, et al., 2003; Garret, et al., 2005). Such capture
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can occur when the electron possesses a "resonant” energy for which there is
sufficient overlap between the nuclear wave functions of the initial ground
state and the final anion state. For a molecule XY this process corresponds to
e + XY — XY*, where the XY* has a repulsive potential along the X-Y
bond coordinate. After a time of 107° to 10 s, the transient molecular anion
state decays either by electron autodetachment leaving a vibrationally excited
molecule (VE), or by dissociation along one, or several specific bonds such
as XY* — X * + Y " (DA). Various authors describe resonant formation of
DNA strand breaking induced by low-energy electrons (3-20 eV) (Boudaiffa,
et al., 2000, Gohlke and Illenberger, 2002, Huels, et al., 2003). Boudaiffa, et
al., (2000) found that the maximum single-strand break (SSB) and double-
strand break (DSB) yields per incident electron are roughly one or two orders
of magnitude larger than those for 10-25 eV photons. It is conceivable that
accumulative effects of this kind can lead to a dissociation/dissection of
biological structures that are exposed to femtosecond-laser-generated low-
density plasmas.

The irradiance threshold for chemical changes by low-density plasmas can
be assessed using the plot of free-electron density versus irradiance presented
in Fig. 2d. At NA = 1.3 and 800 nm wavelength, one free electron per focal
volume corresponds to a density of p= 2.1x10" cm™. Our calculations yield
the result that this value is reached at an irradiance of I = 0.26x10'* W cm?,
which is 0.04 times the irradiance threshold for breakdown defined as p,
=p = 10*' cm™, Tirlapur, et al., (2001) experimentally observed membrane
dysfunction and DNA strand breaks leading to apoptosis-like cell death after
scanning irradiation of PtK2 cells with a peak irradiance of I = 0.44x10"
W/cm? in the focal region, or 0.067 times the calculated breakdown
threshold. The observed damage pattern of membrane dysfunction and DNA
strand breaks matched the effects expected from ROS and free electrons. The
damage resembled the type of injury otherwise associated with single-photon
aborption of UV radiation (Tirlapur, et al., 2001). However, in Tirlapur's
experiments it arose through nonlinear absorption of NIR irradiation and the
exposure of cells to low-density plasmas.

The irradiance producing lethal changes when laser pulse series are
scanned over entire cells (0.067xI,.) is slightly higher than the model
prediction for the irradiance producing one free electron per pulse in the focal
volume (0.04x/I ). According to our model, about 10 free electrons in the
focal volume are produced by each laser pulse when lethal changes occur.
Considering that the cell is exposed to thousands of pulses during the
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scanning irradiation, cumulative chemical damage may easily arise from the
free electrons. By contrast, when locally confined irradiation is used to
achieve knockout of individual cell organelles or intracellular dissection, the
irradiance threshold for cell death is considerably higher, and dissection can
be performed without affecting cell viability.

5. TEMPERATURE EVOLUTION

5.1 Calculation of temperature distribution

The deposition of laser energy into the medium is mediated by the
generation and subsequent acceleration of free electrons. The energy carried
by the free electrons is transferred to the heavy particles in the interaction
volume through collisions, electron hydration, and nonradiative
recombination processes resulting in a heating of the atomic, molecular, and
ionic plasma constituents. To assess the time needed to establish an
equilibrium temperature, we need to look at the characteristic time for
electron cooling (the transfer of kinetic electron energy during collisions) and
at the time scale for recombination which in water progresses through
hydration of the free electrons. The time constant for electron cooling is in
the order of only a few picoseconds (Nolte, et al,, 1997), and the time
constant for hydration of free electrons in water is even shorter, about 300 fs
(Nikogosyan, et al., 1983). However, the hydrated states possess a relatively
long lifetime of up to 300 ns (Nikogosyan, et al., 1983). In the framework of
our model, the different steps are treated as one recombination process. As
the frequency of recombination events is proportional to p?Z, the
recombination time depends on the free-electron density. It takes about 40 ps
until the free electron density decreases by one order of magnitude from a
peak value of p, = 10%° cm™, and about 20 ps for a peak value of p, = 10* e
3 (Noack and Vogel, 1999; Vogel and Noack, 2001). For low-density
plasmas it will thus take between a few picoseconds and tens of picoseconds
until a "thermodynamic" temperature is established (Garret, et al., 2005).

The temperature rise can be determined by calculating the volumetric
energy density gained by the plasma during the laser pulse. This calculation
is particularly easy for femtosecond pulses because the pulse duration is
considerably shorter than the electron cooling and recombination times.
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Therefore, hardly any energy is transferred during the laser pulse, and the
energy density deposited into the interaction volume is simply given by the
total number density p .« of the free electrons produced during the pulse,
multiplied by the mean energy gain of each electron. The mean energy gain
of an electron is given by the sum of ionization potential A and average
kinetic energy, the latter of which is (5/4)A for free electrons produced by
cascade ionization (see Section 2 and Fig. 1). This yields the following
simple relation for the plasma energy density €at the end of the laser pulse:

£= Prax 9/ HA . )

The temperature rise in the interaction volume after a single laser pulse can
then be calculated by AT = €/ (0,C,), where C, is the heat capacity and p ¢
the mass density of the medium. The evolution of the temperature
distribution after single 100 fs pulse (A = 800 nm) during application of series
of 100 fs pulses emitted at various repetition rates was calculated by solving
the differential equation for heat diffusion as described by Vogel, et al.,
(2009).

5.2 Evolution of the temperature distribution

The spatial temperature distribution at the end of a single fs-laser pulse,
before heat diffusion sets in, reproduces the shape of the free-electron
distribution of Fig. 4. Hence, the diameter of the initial temperature
distribution (1/e* values) amounts to 336 nm, and the length to 806 nm.
Figure 5 shows the calculated temperature evolution at the center of the laser
focus when series of 800 nm, 100 fs pulses are focused into water at different
repetition rates (80 MHz and 1 MHz) and numerical apertures (NA = 1.3 and
NA =0.6). It was assumed that with each pulse an energy density of 1 J cm™
at the center of the initial temperature distribution is deposited. For other
values of the volumetric energy density, the shape of the temperature vs. time
curve will be the same but the absolute values of the temperature varies
proportional to the peak density of absorbed power. For comparison, we also
calculated the temperature evolutions during cw irradiation with the same
average power as for the pulsed irradiation. For 80 MHz repetition rate,
pulsed and continuous energy deposition differ significantly only during the
first 100 ns.
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The calculations in Fig. Sa for tightly focused irradiation with 80 MHz
repetition rate reveal that the temperature is only 6.8 times larger after a few
microseconds than the temperature increase caused by a single pulse. This
implies that only a moderate heat accumulation occurs during plasma-
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Figure 5. Temperature evolution at the center of the laser focus produced by a series of 800
nm, 100 fs pulses focused into water. a) 80 MHz repetition rate, NA = 1.3; b) 80 MHz
repetition rate, NA = 0.6; ¢) 1 MHz repetition rate, NA = 0.6. The volumetric energy density
deposited per pulse is always 1 Jem>at the focus center, The dashed lines represent the
temperature decay after a single pulse. For comparison, the temperature evolution during cw
irradiation with the same average power as for the pulsed irradiation is also shown.
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energy deposition and heat diffusion has been established. This is related to
the small size of the focal volume which allows for rapid heat diffusion in all
directions. For NA = 0.6, the temperature distribution is significantly broader
(radial FWHM = 1.5 um, axial FWHM = 2.900 um).
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Figure 6. Temperature distribution in radial direction and axial direction produced by series of
800 nm, 100 fs pulses focused into water at numerical apertures of NA = 1.3 at a pulse
repetition rate of 80 MHz. The volumetric energy density deposited at the focus center was
1 J cm™ for each pulse.

At first sight, the results of our temperature calculations might suggest
that an irradiance range below the optical breakdown threshold exists where
predominantly thermal effects in biological media can be produced.
However, one needs to consider that about 10° free electrons per pulse are
generated in the focal volume at the irradiance, which creates a temperature
difference of 11.8°C per pulse and a peak temperature of 100°C after a pulse
series of several microseconds (for NA = 1.3). Any thermal denaturation of
biomolecules will thus always be mixed with free electron-induced chemical
effects, and the latter will probably dominate.
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6. THERMOELASTIC STRESS GENERATION AND
STRESS-INDUCED BUBBLE FORMATION

6.1 Calculation of stress distribution and bubble formation

The temperature rise in the focal volume occurs during thermalization of
the energy carried by the free electrons, i. e. within a few picoseconds to tens
of picoseconds (see Section 5.1). This time interval is much shorter than the
acoustic transit time from the center of the focus to its periphery. Therefore,
no acoustic relaxation is possible during the thermalization time, and the
thermoelastic stresses caused by the temperature rise stay confined in the
focal volume, leading to a maximum pressure rise (Paltauf and Schmidt-
Kloiber, 1999; Paltauf and Dyer, 2003, Vogel and Venugopalan, 2003).
Conservation of momentum requires that the stress wave emitted from a
finite volume within an extended medium must contain both compressive and
tensile components such that the integral of the stress over time vanishes
(Sigrist and Kneubiihl, 1978; Paltauf and Schmidt-Kloiber, 1999). In water,
the tensile stress will cause the formation of a cavitation bubble when the
strength of the liquid is exceeded. For cell surgery, the threshold for bubble
formation defines the onset of disruptive mechanisms contributing to
dissection.

To determine the evolution of the thermoelastic stress distribution in the
vicinity of the laser focus, we solved the three-dimensional thermoelastic
wave equation, A starting point for the calculation of the thermoelastic stress
wave propagation is the temperature distribution at the end of a single
femtosecond laser pulse, which reproduces the free-electron distribution
described by Eq. (8). In the following calculations, this temperature
distribution is characterized by 7,,,, the temperature in °C in the center of the
focal volume. From this temperature distribution, the initial thermoelastic
pressure, before the acoustic wave has started to propagate, was calculated
using

T, (F)
p= | EDgr, (10)

7, K@)

where 77 = 20°C is the temperature before the laser pulse, and 75 (F) is the

temperature of the plasma after the laser pulse, which depends on the location
within the focal volume. The temperature dependence of the thermal
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expansion coefficient £ and the compressibility K was taken into account,
using values for metastable water reported by Skripov, et al., (1988). The
time and space-dependent pressure distribution p(7#,t), due to the relaxation
of the initial thermoelastic pressure, was calculated using a k-space (spatial
frequency) domain propagation model (Kostli, et al., 2001; Cox and Beard,
2005).

Because the heated volume is very small (=0.07 pm’) and the region
subjected to large tensile stress amplitudes is even smaller (see Fig. 14,
below), the presence of inhomogeneous nuclei that could facilitate bubble
formation is unlikely. Therefore, we have to consider the tensile strength of
pure water to estimate the bubble formation threshold in femtosecond optical
breakdown. We use the crossing of the “kinetic spinodal” as defined by
Kiselev (1999) as threshold criterion for bubble formation. In the
thermodynamic theory of phase transitions, the locus of states of infinite
compressibility (dp/déV)r =0, the spinodal, is considered as a boundary of
fluid metastable (superheated) states. Physically, however, the metastable
state becomes short-lived due to statistical fluctuations well before the
spinodal is reached (Skripov, et al., 1988; Debenedetti, 1996). The “kinetic
spinodal” is the locus in the phase diagram where the lifetime of metastable
states becomes shorter than a relaxation time to local equilibrium. If the
surface tension is known, the physical boundary of metastable states in this
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Figure 7. Peak compressive and tensile thermoelastic stresses in the focus center produced by a
800 nm, 100 fs pulse focused into water at NA = 1.3, plotted as a function of temperature
together with the binodal (B) and the kinetic spinodal (KS) of water. The kinetic spinodal was
calculated by Kiselev (1999) using the analytic equation of state of Saul and Wagner (1989).
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approach is completely determined by the equation of state only, i.e. by the
equilibrium properties of the system (Kiselev, 1999).

In Fig. 7, the kinetic spinodal is plotted together with the peak
compressive and tensile thermoelastic stresses in the focus center that is
produced when an 800 nm, 100 fs pulse is focused into water at NA = 1.3.
The temperature at which the tensile stress curve reaches the kinetic spinodal
is defined as bubble formation threshold. For larger laser pulse energies, the
kinetic spinodal will be reached in an increasingly large part of the focal
region.

To calculate the dynamics of the cavitation bubble produced after crossing
the kinetic spinodal, first the size of the bubble nucleus was determined. It
was identified with the extent of the region in which the negative pressure
exceeds the kinetic spinodal limit p(F,f) < py(¥). The initial radius of a
spherical bubble with the same volume was taken as the starting nucleus for
the cavitation bubble. The heated and stretched material within the nucleus
commences to expand instantaneously (within less than 1 ps) once the kinetic
spinodal is reached (Garrison, et al, 2003). As the driving force for the
expansion only the negative part of the time-dependent stress in the center of
the focal volume was considered, because the nucleus does not exist before
the tensile stress arrives.

After the passage of the tensile stress transient, the vapor pressure p,
inside the bubble continues to drive the bubble expansion. The initial vapor
pressure is calculated for a temperature averaged over all volume elements
within the nucleus. During bubble growth, it will drop due to the cooling of
the expanding bubble content. This cooling is counteracted by heat diffusion
into the bubble from the liquid surrounding the bubble. The temperature of
this liquid, on the other hand, drops because of heat diffusion out of the focal
volume. To quantify the temporal evolution of the driving pressure, we
consider two limiting cases defined by (1) isothermal, and (2) adiabatic
conditions for the bubble content with respect to the surrounding liquid
(Vogel, et al., 2005). In case 2, the vapor pressure in the bubble drops
considerably faster than in case 1. In both cases, the ongoing phase transition
in the bubble was neglected to obtain tractable expressions for p(f). This
simplification enabled us to use the Gilmore model to describe the cavitation
bubble dynamics (Gilmore, 1952; Knapp, et al., 1971; Paltauf and Schmidt-
Kloiber, 1996). To obtain a correct description of the bubble dynamics in a
heated and stretched liquid, we considered the temperature-dependence of the
surface tension at the bubble wall (NIST, 2005). This is a refinement of our
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previous study (Vogel, et al., 2005) in which we assumed a constant value
(surface tension at room temperature) in all calculations.

6.2 Evolution of the stress distribution

The thermalization time of the energy carried by the free electrons was
assumed to be 10 ps. For NA = 1.3, and A = 800 nm, and a sound velocity in
water of ¢y = 1500 m/s, the acoustic transit time to the periphery of the heated
region with 168 nm radius is 112 ps. Thus the dimensionless thermalization
time (thermalization time divided by acoustic relaxation time) is £,* = 0.09,
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Figure 8. Stress distribution produced by a single femtosecond pulse of 800 nm wavelength
focused into water (NA = 1.3), for various times after the release of the laser pulse; (a) in radial
direction, (b) in axial direction. The pressure amplitudes are normalized to the peak
compressive stress created in the focal volume.
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which corresponds to a very high degree of stress confinement. The
"thermalization pulse" used to calculate the temperature and pressure rise by
means of Eq. (10) was assumed to have a Gaussian temporal shape, with peak
at ¢t = 0. Figure 8 shows the spatial stress distribution in radial and axial
direction for various points in time after the release of the laser pulse,
normalized to the peak compressive stress. The compressive stress generates
a stress wave traveling into the surrounding medium. When the thermal
expansion comes to a rest, inertial forces lead to the generation of a relaxation
wave that propagates from the periphery of the focal volume towards its
center and is focused in the center of symmetry. Because of the geometrical
focusing, it turns into a tensile stress wave that achieves maximum amplitude
at the center of symmetry. The duration of the entire stress wave is = 200 ps.
The stress wave amplitudes outside the focal region have a bipolar shape as
expected for thermoelastic waves. Because of the elongated shape of the
focal volume, they are considerably larger in radial than in axial direction.

Measurements of the stress waves produced by femtosecond optical
breakdown at large NA and close to the breakdown threshold are very
challenging because of the submicrometer size of the breakdown volume, and
the sub-nanosecond duration of the stress transients. Therefore, we
performed measurements at smaller numerical aperture (NA = 0.2) to assess
the stress amplitudes arising during femtosecond optical breakdown.
Investigations for irradiances well times above the breakdown threshold were
done by means of streak photography and subsequent digital image analysis
of the streak recordings (Noack and Vogel, 1998a; Noack, et al., 1998b).
Differentiation of the stress wave propagation curves r(f) obtained from the
streak recordings yields the stress wave velocity that is related to the pressure
amplitude by the known Rankine-Hugoniot-relationship for water (Rice and
Walsh, 1957). The analysis provides the entire pressure vs. distance curve
perpendicular to the optical axis in the vicinity of the breakdown region as
shown in Fig. 9.

The determination of the shockwave pressure becomes inaccurate for
pressure amplitudes below 100 MPa where the deviation of the propagation
velocity from the sonic velocity becomes too small to be measured accurately
with the streak technique (Noack and Vogel, 1998a). Therefore, the streak
technique could only be applied for shock wave measurements at energies
15-150 times above the breakdown threshold. Stress wave amplitudes closer
to the optical breakdown threshold were determined indirectly by hydrophone
measurements at 6 mm distance from the focus (Noack, 1998c), and
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extrapolation of these data to the plasma rim. Measurement results for
energies from close to the breakdown threshold up to 80 times threshold are
shown in Fig. 10,

The results of far-field hydrophone measurements can be extrapolated to
the boundary of the focal region if the decay constant n of the pressure decay
p o< r", with increasing propagation distance r is known. The decay constant
was determined to n = 1.13 by comparing pressure values at the plasma rim
and in the
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Figure 10. Stress wave amplitude for 100 fs pulses and longer pulse durations as a function of
the dimensionless laser pulse energy E/E,, The pressure amplitudes were measured by means
of a hydrophone at 6 mm distance from the laser focus. Extrapolation of the data for 100 fs
pulses to E/Ey, = 1 yields a pressure value of = 0.008 MPa.
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far-field that were measured at larger laser pulse energies. From the data in
Fig. 10, a pressure of =0.008 MPa at 6 mm distance is deduced for the
threshold energy E = Ey;. This corresponds to a pressure value of 61 MPa at
the plasma rim when a decay constant » = 1.13 is assumed. The plasma
radius at Ey, is identified with the focal radius of 2.2 pm that was measured
using a knife edge technique (Noack, 1998c).

Our calculations of the thermoelastic stress generation predict a peak
pressure of 181 MPa at the bubble formation threshold (see Section 6.3
below). According to Fig. 8a, the stress transient that leaves the heated
region in radial direction has a peak pressure of =25% of the maximum
compressive amplitude within the focal volume. We thus obtain a theoretical
prediction of 45 MPa for the amplitude of the thermoelastic stress wave at the
plasma rim. Considering the uncertainties in the location of the plasma rim
and the differences in numerical aperture between experiment and
calculation, the agreement between experimental results (61 MPa) and
calculated data (45 MPa) is very good,

Both experiments and calculations reveal that stress confinement in
femtosecond optical breakdown results in the generation of high pressure
values even though the temperature rise is only relatively small. In a purely
thermal process starting from room temperature, a temperature rise of, for
example, 180°C would produce a saturation vapor pressure of 1.6 MPa. The
compressive pressure transient produced by the same temperature rise under
stress confinement conditions has an amplitude of 220 MPa, which is more
than two orders of magnitude larger than the vapor pressure.

The situation is different for optical breakdown at longer pulse durations
where the stress confinement condition is not fulfilled. Here, high pressures
are always associated with high temperatures and plasma energy densities.
For pulses longer than the thermalization time of the free-electron energy, a
dynamic equilibrium between generation of free electrons and thermalization
of their energy is established during the laser pulse (Noack and Vogel, 1999).
This leads to high value of the plasma energy density in the order of 30-
40 kJem™ for ns-pulses (Vogel, et al., 1996b, 1999) and temperatures of
several thousand degrees Kelvin (Stolarski, et al., 1995). The duration of the
resulting shock wave is determined by the time it takes for the high pressure
within the plasma to decrease during the plasma expansion (Vogel, et al.,
1996b). For NA = 0.9, it was found to be about 25-40 ns (Venugopalan, et
al., 2002). By contrast, the duration of the thermoelastic stress transients is
determined by the geometric dimensions of the breakdown volume which are
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in the submicrometer range. This leads to a duration of the stress transients
of less than 300 ps.

6.3 Threshold for stress-induced bubble formation

The tensile stress produced during femtosecond optical breakdown makes
it possible that a cavitation bubble can be generated by a relatively small
temperature rise in the liquid. The threshold for bubble formation is defined
by the temperature rise leading to a crossing of the kinetic spinodal, as shown
in Fig. 7. For A = 800 nm, NA = 1.3, and a room temperature of 20°C, the
critical temperature rise and the corresponding critical tensile stress are AT =
139°C, and p = -67.5 MPa, respectively. The corresponding compressive
pressure is 181 MPa.

The temperature rise of 139°C at the threshold for bubble formation
corresponds to an increase in energy density of 582 J em™ which, according
to Eq. (9), is produced by a free-electron density of p, = 0.249x10* cm>,
This electron density is less than the breakdown criterion of g, = 10! cm™
assumed in our numerical calculations and in most other theoretical studies of
plasma formation. The discrepancy between the threshold values relying on
different breakdown criteria needs to be kept in mind when comparing the
results of experimental studies, where bubble formation serves as breakdown
criterion, with those of numerical simulations.

The fact that femtosecond optical breakdown is associated with only a re-
latively small temperature rise explains why plasma luminescence is no
longer visible for pulse durations shorter than about 10 ps (Kennedy, et al.,
1997; Noack, et al.,, 1998b). For pulse durations longer than the
thermalization time, large amounts of energy are transferred from the free
electrons to the heavy particles during the laser pulse (Noack and Vogel,
1999), resulting in a temperature of several thousand degrees Kelvin, bubble
formation, and a bright plasma luminescence (Barnes and Rieckhoff, 1968;
Stolarski, et al., 1995; Chapyak, et al.,, 1997). By contrast, a peak
temperature of 159°C reached at the threshold for bubble formation with 100
fs pulses is too low to produce blackbody radiation in the visible range of the
optical spectrum. Moreover, the recombination radiation of femtosecond-
laser-produced plasmas is weak because only one “set” of free electrons is
produced that recombines after the end of the laser pulse. Therefore, bubble
formation is a more practical breakdown criterion for ultrashort laser pulses
than plasma luminescence.
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A comparison between experimental threshold data from various
researchers and threshold values predicted by our model (Fig. 3) has been
compiled by Vogel, et al., (2005). Our numerical predictions lie within the
range of experimental data for all pulse durations. However, the experimental
data scatter within a range of one order of magnitude for femtosecond and
nanosecond pulses, and only slightly less for picosecond pulses. These large
variations reflect the difficulty of performing precise threshold measurements
in the bulk of water. The measurements were influenced either by
aberrations in the focusing optics, mode beating of longitudinal resonator
modes resulting in picosecond intensity peaks during nanosecond pulses, or
nonlinear beam propagation. A numerical aperture NA = 0.9 is required for a
pulse duration of 100 fs excluding a diminution of the spot size by self-
focusing and the corresponding apparent reduction of the breakdown
threshold (Schaffer, et al., 2001). Future measurements with aberration-free
temporally Gaussian laser pulses focused at large NA will have to provide a
reliable database.

In addition, a better adjustment of the numerical breakdown criterion to
the experimental criterion of bubble formation is needed to enable a
meaningful comparison of experimental data with model predictions. While
bubble formation requires an approximately constant energy density within
the focal volume for all laser pulse durations and wavelengths, the energy
density associated with a fixed value of the free electron density, such as p, =
10* em™, varies considerably with pulse duration. Thus the assumption of a
constant free-electron density as breakdown criterion is quite arbitrary,
especially for cases where the threshold is smooth, i.e. where p,,, increases
continuously with irradiance. In these cases it seems more reasonable to
relate the critical free-electron density to the energy density within the
medium that leads to bubble formation. Equation (9) provides the required
link between electron and energy density, and an analysis of Pnax (Wlae)
curves such as in Fig. 2, then yields the corresponding threshold irradiance.

6.4 Cavitation bubble dynamics

Figure 11 shows a 2D representation of the evolution of the thermoelastic
stress wave and of the region in which the kinetic spinodal is surpassed
(bubble nucleus) for a peak temperature of 200°C, slightly above the
threshold for bubble formation. The subsequent bubble dynamics are shown
in Fig. 12, and the dependence between maximum bubble radius and peak
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Figure 11. 2D Plots of thermoelastic stress evolution (left), and of the region in which the
kinetic spinodal limit is exceeded (right). This region demarcates the size of the bubble nucleus
that is then expanded by the thermoelastic tensile stress wave. The calculations were
performed for a peak temperature of 200°C.
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Figure 12. Radius time curve of the cavitation bubble produced by a single femtosecond laser
pulse focused at NA = 1.3 that leads to a peak temperature of T« = 200 °C at the focus center.
For the calculations, isothermal conditions for the bubble content with respect to the
surrounding liquid were assumed.

temperature is presented in Fig. 13. We see that very similar bubble sizes are
predicted for cases 1 and 2, respectively (isothermal and adiabatic conditions
for the bubble content with respect to the surrounding liquid). Moreover, the
bubble motion in case 2 (adiabatic conditions) is almost identical to that in a
third case where the vapor pressure is not at all taken into account and only
the negative pressure pulse drives the bubble expansion (not shown). This
implies that the thermoelastic stress is more important for driving the bubble
expansion than the vapor pressure.

The most prominent feature of the transient bubbles produced close to the
threshold of femtosecond optical breakdown is their small size and short
lifetime. The bubble radius amounts to only about 200 nm in water, and will
be even smaller in a viscoelastic medium such as the cytoplasm. This makes
a dissection mechanism associated with bubble formation compatible with
intracellular nanosurgery, in contrast to nanosecond optical breakdown (6 ns,
1064 nm) where the smallest bubble radius in water observed detected for
NA = 0.9 was Ry« = 45 pm (Venugopalan, et al., 2002). The small bubble
size corresponds to a small energy

Ep=(4m/3) (Do — P,)+ Do) Rinax (11)
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of the expanded bubble. Here p,= 0/2R denotes the pressure exerted by the
surface tension at the bubble wall. For the sake of simplicity, we neglect the
time dependence of the bubble radius and use the value ps(Rua). For the
case presented in Fig. 12, Ez amounts to 1.1 x 10™ J (11 femtojoule). The
smallness of the bubble energy is partly explained by the small energy
content of the stress transient creating the bubble. This energy equals the
energy stored in thermoelastic compression of the heated fluid volume
(Paltauf and Dyer, 2003),

Epg =1/(2pyc§) {p§ dv (12)

where p; is the thermoelastic pressure and the integration encompasses the
entire volume heated by the laser pulse. For a temperature rise in the center of
the focal volume of 180°C (Fig. 12) that leads to a maximum pressure p, of
221 MPa, E7r amounts to 7.8 x 10 J. The total heat content of the plasma is

E, = poCp [AT AV, (13)

giving E,=1.66x10""J under the same conditions. The energetic
conversion efficiency from heat into the thermoelastic wave is thus
Erg/E,, = 0.46%, and the conversion from thermoelastic energy into bubble
energy is 14.1%.
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Figure 13. Maximum bubble radius R,,,, as a function of the peak temperature in the center of
the focal volume, together with the radius of the nucleus, Ry, Cases 1 and 2 stand for isothermal
and adiabatic conditions for the bubble content with respect to the surrounding liquid.
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This result of a low conversion efficiency from absorbed laser energy
into mechanical energy for femtosecond pulses (0.065% ) is supported by
experimental results (Noack, et al., 1998b; Vogel, et al., 1999). By contrast,
for nanosecond optical breakdown with NA = 0.9, the conversion efficiency
was experimentally found to be 12.7 % for A = 1064 nm, and 3.3% for A =
532 nm at the breakdown threshold, and it reached values of 53% and 33.5
%, respectively, for energies 10-fold above threshold (Venugopalan, et al.,
2002).

6.4.1 Experimental data on cavitation bubble dynamics

Results of time-resolved investigations of the effects of transient
femtosecond laser-induced bubbles on cells are not yet available. However,
Dayton, et al., (2001) investigated the oscillations of 1.5-pm radius bubbles
that were phagocytosed by leukocytes and stimulated by a rarefaction-first
one-cycle acoustic pulse with 440 ns duration. By means of streak
photography and high-speed photography with 100 Mill. f/s, they observed
that phagocytosed bubbles expanded about 20-45% less than free
microbubbles in response to a single acoustic pulse of the same intensity.
The difference is due to the viscosity of the cytoplasm and the elastic
modulus of the cytoskeleton. Bubbles subjected to a tensile stress amplitude
of 0.9 MPa expanded to a radius of 6 um without rupturing the cell
membrane. Larger oscillations caused immediate cell lysis. The viability of
the non-lysed cells after insonation was not tested, but it is evident that the
bubble oscillations strain the cell membrane and deform or even rupture the
cytoskeleton. In the case of femtosecond optical breakdown, the radius of the
bubble nucleus is much smaller (= 90 nm compared to 1.5 pm), and the
tensile stress transient acting on the bubbles is much shorter than in the case
investigated by Dayton (= 100 ps compared to 220 ns). Therefore, the
resulting bubbles cause little structural damage within a cell and do not affect
cell viability.

Lin, et al, (1999) and Leszczynski, et al., (2001) investigated the
thresholds for cell death produced by cavitation induced around absorbing
microparticles irradiated by nanosecond laser pulses. They observed that an
energy of 3 nJ absorbed by a single particle of 1 pm diameter produced
sufficiently strong cavitation to kill a trabecular meshwork cell after
irradiation with a single laser pulse. Pulses with 1 nJ absorbed energy
produced lethality after several exposures (Lin, et al., 1999). Viability was
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lost even when no morphologic damage was apparent immediately after the
collapse of the transient bubble with less than 1 ps lifetime, corresponding to
Ruax £ 5.5 um). Nuclear staining of nonviable cells by ethidium bromide
confirmed that cell death was associated with membrane damage. According
to Neumann and Brinkmann (2005b), a bubble radius of 3 pm within a cell of
7.5 pm radius is sufficient to cause an enlargement of the membrane by 4%
that will result in membrane rupture (Needham and Nunn, 1990; Boal, 2002).
The results of our calculations in Fig. 20 demonstrate that the radius of fs-
laser-produced transient bubbles remains well below this damage threshold.
This applies even for laser pulse energies of a few nanojoule because for p, =
10* ¢cm™ and 1 pm plasma length about 99% of the incident energy is
transmitted through the focal region (Noack and Vogel, 1999). The heated
volume is much smaller than the volume of the microparticles investigated by
Lin, et al,, (1999), and the deposited heat energy corresponding to a peak
temperature of Ty, = 200°C or 300 °C is only 16.6 or 25.8 pl, respectively,
much less than in Lin’s case.

Bubbles around gold nanoparticles are of interest in the context of
nanoparticle cell surgery (Section 1.1). When particles with 4.5 nm radius
were irradiated by 400 nm, 50 fs pulses, bubbles of up to 20 nm radius were
observed by X-ray scattering (Kotaidis and Plech, 2005). The small size of
these bubbles, which is one order of magnitude less than for those produced
by focused fs pulses, is consistent with the fact that the collective action of a
large number of nanoparticles is required to produce the desired surgical
effect.

The transient bubbles produced by single laser pulses can only be detected
by very fast measurement schemes. However, during high-repetition rate
pulse series accumulative thermal effects and chemical dissociation of
biomolecules come into play (Sections 4 and 5.2) that can produce long-
lasting bubbles, which are easily observable under the microscope (Konig, et
al., 2002; Supatto, et al., 2005a,b; Riemann, et al., 2005). Even though
thermoelastic forces may still support the bubble growth, it is mainly driven
by chemical or thermal decomposition of biomolecules into small volatile
fragments and by boiling of cell water. After the end of the fs pulse train, the
vapor will rapidly condense, but the volatile decomposition products will
disappear only by dissolution into the surrounding liquid and thus form a
longer-lasting bubble.
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7. IMPLICATIONS FOR LASER EFFECTS ON
BIOLOGICAL CELLS AND TISSUES

Two parameter regimes have been established for femtosecond laser
nanosurgery. One technique uses long pulse series from fs oscillators with
repetition rates in the order of 80 MHz and pulse energies well below the
optical breakdown threshold (Konig, et al., 1999, 2001; Smith, et al., 2001;
Tirlapur and Kénig, 2002; Zeira, et al., 2003; Saccioni, et al., 2005; Supatto,
et al.,, 2005a,b; Riemann, et al., 2005; Konig, et al., 2005). From 40000
pulses (Konig, et al., 1999) to several million pulses (Tirlapur, et al., 2002;
Saccioni, et al., 2005) have been applied at one specific location to achieve
the desired dissection or membrane permeabilisation. The other approach
uses amplified pulse series at 1 kHz repetition rate with pulse energies
slightly above the threshold for transient bubble formation (Yanik, et al.,
2004; Watanabe, et al., 2004; Watanabe, et al., 2005; Heisterkamp, et al.,
2005; Maxwell, et al., 2005). Here the number of pulses applied at one
location varied between thirty (Watanabe, et al., 2004) and several hundred
(Yanik, et al., 2004, Heisterkamp, et al., 2005, Maxwell, et al., 2005).

Based on the discussion of the physical effects associated with
femtosecond laser-induced plasma formation in the previous sections, we
now proceed to explain the working mechanisms of both modalities for cell
surgery. For this purpose, the different low-density plasma effects and
physical breakdown phenomena are summarized in Fig. 14, together with
experimental damage, transfection and dissection thresholds on cells. The
different effects are scaled by the corresponding values of free-electron
density and irradiance.

Chemical cell damage (2) refers to membrane dysfunction and DNA
strand breaks leading to apoptosis-like cell death observed after scanning
irradiation of PtK2 cells with 800 nm pulses at 80 MHz repetition rate
(Tirlapur, et al., 2001). Chromosome dissection (3) relates to the intranuclear
chromosome dissection (Konig, et al., 1999), and (4) to cell transfection by
transient membrane permeabilisation (Konig and Tirlapur, 2002), both
performed using 80 MHz pulse trains from a femtosecond oscillator.
Mitochondrion ablation (8) refers to the ablation of a single mitochondrion in
a living cell using 1 kHz pulse trains (Shen, et al., 2005), and axon dissection
(9) applies to axotomy in life C-elegans worms carried out with sequences of
pulses emitted at 1 kHz repetition rate from a regenerative amplifier (Yanik,
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et al., 2004). Points (1), (5), (6) and (7) stand for physical events or threshold
criteria.

7.1 Pulse trains at MHz repetition rates with energies below the
threshold for bubble formation

The irradiance threshold (2) for cell death induced by laser pulse series of
80 MHz repetition rate scanned over the entire cell volume (0.067x1,.) is
lower than the irradiance threshold for intracellular dissection (3). However,
this does not imply that intracellular dissection with 80 MHz pulse series
must lead to severe cell damage, because locally confined irradiation does not
affect cell viability in the same way as scanning irradiation.

The threshold for intranuclear chromosome dissection with 80 MHz pulse
series (3) is almost 4 times as large as the irradiance (1) producing one free
electron per pulse in the focal volume (0.15X/ e vs. 0.04X1 ). In fact, about
1000 free electrons per pulse are produced with the parameters used for

i Free-electron ’ Iradiance
| density (cm'a) Low-density plasma effects (/ |m)
: 1'[)13 4+ - (1) One free electron per pulse = 9
| 4 0.05
2 (2) Cell damage after scanning irradiation ]
10" :
3- (3) Intracellular dissection @ 80 MHz 5
107 |
4 (4) Cell transfection @ 80 MHz >
1Cl19 + (5) T = 100°C reached after
Ly pulse series (80 MHz) s 1 0.5
- (6) Bubble formation by 1 pulse 5 ]
10" 4 (7)p=10" em*® 1 10
Vi (8) Mitochondrion ablation @ 1 kHz 5 v

(9) Axon dissection @ 1 kHz
9

Figure 14. Overall view of physical breakdown phenomena induced by femtosecond laser
pulses, together with experimental damage, transfection, and dissection thresholds on cells,
scaled by free-electron density and irradiance. The irradiance values are normalized to the
optical breakdown threshold /, defined by p, = 10% cm®, All data refer to plasma formation in
water with femtosecond pulses of about 100 fs pulses and 800 nm wavelength.
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dissection. Therefore, it is very likely that the intracellular ablation produced
by long trains of femtosecond pulses in the low-density plasma regime relies
on cumulative free electron-mediated chemical effects. This hypothesis is
supported by the facts that the individual pulses produce a thermoelastic
tensile stress of only = 0.014 MPa, and a pulse series of 100 ps duration
results in a temperature rise of only = 0.076°C. These values for tensile stress
and temperature rise are by far too small to cause any cutting effect or other
types of cell injury. The breaking of chemical bonds, as described in Section
4, may first lead to a disintegration of the structural integrity of biomolecules
and finally to a dissection of subcellular structures. Bond-breaking may be
initiated both by resonant interactions with low-energy electrons, and by
multiphoton processes of lower order that do not yet create free electrons
(Konig, et al., 1999; Koester, et al., 1999; Hopt, et al., 2001; Eggeling, et al.,
2005).

Interestingly, transient membrane permeabilisation for gene transfer (4)
requires a considerably larger laser dose than chromosome dissection. Not
only is the irradiance larger, but the number of applied pulses (= 10%) also
exceeds by far the quantity necessary for chromosome dissection (= 4x10%),
Chromosome dissection may be facilitated by the DNA absorption around
260 nm enabling nonlinear absorption through lower-order multiphoton
processes. Moreover, while breakage of relatively few bonds is sufficient for
chromosome dissection, the creation of a relatively large opening is required
for diffusion of a DNA plasmid through the cell membrane. The
corresponding laser parameters are still within the regime of free electron-
mediated chemical effects but already quite close to the range where
cumulative heat effects start to play a role (5).

At larger laser powers, bubbles with a lifetime in the order of a few
seconds were observed that probably arise from dissociation of biomolecules
into volatile, non-condensable fragments (Kénig, et al., 2002; Masters, et al.,
2004; Supatto, et al., 2005a,b; Riemann, et al., 2005). As discussed in
Section 6.4, this dissociation of relatively large amounts of biomaterials can
be attributed both to free electron-chemical and photochemical bond-breaking
as well as to accumulative thermal effects. The appearance of the bubbles is
an indication of severe cell damage or cell death within the targeted region
and defines an upper limit for the laser power suitable for nanosurgery. A
criterion for successful intratissue dissection at lower energy levels is the
appearance of intense autofluorescence in perinuclear cell regions (Kénig, et
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al., 2002; Supatto, et al., 2005a,b) that is likely due to the destruction of
mitochondria at the rim of the laser cut (Oehring, et al., 2000).

7.2 Pulses at kHz repetition rates with energies above the bubble
formation threshold

When pulse trains of 1 kHz repetition rate are employed for nanosurgery,
pulse energies ranging from 2-40 nJ are used (Yanik, et al., 2004; Watanabe,
et al., 2004; Shen, et al., 2005; Heisterkamp, et al., 2005). Examples are the
ablation of single mitochondria (8) by several hundred 2-nJ pulses (Shen, et
al., 2005), and the severing of axons in a live C-elegans worm (9) with a
similar number of 10-nJ pulses (Yanik, et al.,, 2004). These energies are
above the threshold for thermoelastically induced formation of minute
transient cavitation bubbles (6), and are thus associated with mechanical
disruption effects. The tensile thermoelastic stress waves enable dissection of
cellular structures at low volumetric energy densities, and the small size of
the heated volume (Fig. 8) correlates with a radius of the expanded bubble in
the order of only 120-300 nm (Fig. 20). This explains why fs-laser-induced
bubble formation does not necessarily lead to cell damage whereas ns-laser-
induced bubble generation is usually associated with cell death (Lin, et al.,
1999; Leszczynski, et al., 2001; Pitsillides, et al., 2003; Roegener, et al.,
2004; Neumann and Brinkmann, 2005b).

Due to the contribution of mechanical effects to dissection, the total
energy required for nanosurgery with kHz pulse series is less than necessary
with MHz pulse trains. For example, ablation of a mitochondrion using
1 kHz pulses required a total energy of less than 1 puJ (Shen, et al., 2005),
while for intranuclear chromosome dissection with 80 MHz pulses an energy
of 15 uJ was needed (Konig, et al., 1999).

For sufficiently large pulse energies, bubble expansion and shockwave
pressure can cause effects far beyond the focal volume which lead to cell
death (Watanabe, et al., 2004; Watanabe, 2005; Zohdy, et al., 2005). To
avoid unwanted side effects, irradiances should be used that are only slightly
above the bubble formation threshold. Useful techniques for an online
monitoring of the ablation threshold during laser surgery are to detect the
onset of photobleaching, or of light scattering by bubbles generated at the
laser focus. Heisterkamp, et al,, (2005) found that the threshold for
photobleaching is just below the ablation threshold.  Neumann and
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Brinkmann (2005a) described a light scattering technique for an online
detection of micrometer-sized bubbles produced by pulsed laser irradiation.

We conclude that, depending on the repetition rate of the fs-laser pulses,
nanosurgery relies on two very different mechanisms. With MHz repetition
rates, dissection is due to accumulative chemical effects in low-density
plasmas. In this regime, no transient bubbles with submicrosecond lifetime
are produced, and the formation of long-lived bubbles by accumulative
chemical and thermal effects must be avoided. With pulse trains at kHz
repetition rate, the accumulative creation of chemical effects would take too
long to be practical. Therefore, pulse energies are raised to a level where the
thermoelastic generation of minute transient bubbles enables nanosurgery.
Due to their short lifetime of less than 100 ns and the long time intervals
between the laser pulses, no cumulative bubble growth occurs as long as
pulse energies close to the bubble formation threshold are used. Both modes
of femtosecond-laser nanoprocessing can achieve a 2-3 fold better precision
than cell surgery using cw irradiation, and enable manipulation at arbitrary
locations,

Acknowledgement

This work was sponsored by the US Air Force Office of Scientific Re-
search through its European Office of Aerospace Research and Development
under grant number FA8655-02-1-3047, and, in parts, by the German
Bundesministerium fiir Bildung und Forschung, under grant number
13N8461.

REFERENCES

Ammosov, M.V., Delone, N. B., and Krainov, V. P., 1986, Tunnel ionization of complex
atoms and of atomic ions in an alternating electromagnetic field, Sov. Phys. JETP 64, 1191-
1194.

Amy, R. L., and Storb, R., 1965, Selective mitochondrial damage by a ruby laser microbeam:
an electron microscopic study, Science 150, 756-758.

Arnold, C. L., Heisterkamp, A., Ertmer, W. and Lubatschowski, H., 2005, Streak formation as
side effect od optical breakdown during processing the bulk of transparent Kerr media with
ultrashort laser pulses, Appl. Phys. B 80, 247-253.

Arnold, D., and Cartier, E., 1992, Theory of laser-induced free-electron heating and impact
ionization in wide-band-gap solids, Phys. Rev. B 46, 15102-15115.



10. Femtosecond Plasma-Mediated Nanosurgery on Cells and Tissues 273

Barnes, P. A., and Rieckhoff, K. E., 1968, Laser induced underwater sparks. Appl. Phys. Lett.
13, 282-284.

Berns, M. W, Olson, R. S., and Rounds, D. E.,, 1969, In vitro production of chromosomal
lesions with an argon laser microbeam, Nature 221, 74-75.

Berns, M. W., Cheng, W. K., Floyd, A. D. and Ohnuki, Y., 1971, Chromosome lesions
produced with an argon laser microbeam without dye sensitization, Science 171, 903-905.

Berns, M. W., Aist, J., Edwards, J., Strahs, K., Girton, J., McNeil, P., Kitzes, J. B., Hammer-
Wilson, M., Liaw, L.-H., Siemens, A., Koonce, M., Peterson, S., Brenner, S., Burt, J.,
Walter, R., Bryant, P. J., van Dyk, D., Coulombe, J., Cahill, T. and Berns, G. S., 1981,
Laser Microsurgery in cell and developmental biclogy, Science 213, 505-513.

Bessis, M., and Nomarski, G., 1960, Irradiation ultra-violette des organites cellulaires avec
observation continue en contraste en phase, J. Biophys. Biochem. Cytol. 8, 777-792.

Bessis, M., Gires, F., Mayer, G., and Nomarski, G., 1962, Irradiation des organites cellulaires &
I’aide d’un laser a rubis, C. R. Acad. Sci.lll - Vie 255, 1010.

Bessis, M., 1971, Selective destruction of cell organelles by laser beam. Theory and practical
applications, Adv. Biol. Med. Phys. 13, 209-213.

Bloembergen, N., 1974, Laser-induced electric breakdown in solids, IEEE J. Quantum Electr.
QE-10, 375-386.

Boal, D., 2002, Mechanics of the cell, Cambridge Univ. Press, Cambridge, UK.

Born, M., and Wolf, E., 1970, Principles of Optics, Pergamon Press, Oxford, 1970.

Botvinick, E. L., Venugopalan, V., Shah, J. V., Liaw, L. H,, and Berns, M., 2004, Controlled
ablation of microtubules using a picosecond laser, Biophys. J. 87, 4203-4212.

Boudaiffa, B., Cloutier, P., Hunting, D., Huels, M. A., and Sanche, L., 2000, Resonant
formation of DNA strand breaks by low-energy (3 to 20 eV) electrons, Science 287, 1658-
1660.

Chapyak, E. J., Godwin, R. P,, and Vogel, A., 1997, A comparison of numerical simulations
and laboratory studies of shock waves and cavitation bubble growth produced by optical
breakdown in water, Proc. SPIE 2975, 335-342.

Chung, S. H., Clark, D. A., Gabel, C. V., Mazur, E., and Samuel, A. D. T., 2005, Mapping
thermosensation to a dendrite in C. elegans using femtosecond laser dissetion, J. Neurosci.
25 (at press)

Colombelli, J., Grill, S. W., and Stelzer, E. H. K., 2004, Ultraviolett diffraction limited
nanosurgery of live biological tissues, Rev. Sci. Instrum. 75, 472-478.

Colombelli, J., Reynaud, and Stelzer, E. H. K., 2005a, Subcellular nanosurgery with a pulsed
subnanosecond UV-A laser, Med. Laser Appl. 20, 217-222.

Colombelli, J., Reynaud, E. G., Rietdorf, J., Pepperkork, R., and Stelzer, E. H. K., 2005b,
Pulsed UV laser nanosurgery: retrieving the cytoskeleton dynamics in vivo, Traffic 6,
1093-1102.

Cox, B. T., and Beard, P. C., 2005, Fast calculation of pulsed photoacoustic fields in fluids
using k-space methods, J. Acoust. Soc. Am. 117, 3616-3627.

Dayton, P. A., Chomas, J. E,, Lunn, A. F. H,, Allen, J. S., Lindner, J. R., Simon, S. I, and
Ferrara, K. W., 2001, Optical and acoustical dynamics of microbubble contrast agents
inside neutrophils, Biophys. J. 80, 1547-1556.

Debenedetti, P. G., 1996, Metastable Liquids: Concepts and Principles, Princeton University
Press, Princeton.

Ditlbacher, H., Krenn, J. R,, Leitner, A., and Aussenegg, F. R., 2004, Surface plasmon
polariton based optical beam profiler, Opt. Lett. 29, 1408-1410.



274 Laser Ablation and its Applications

Docchio, F., Sachhi, C. A., and Marshall, J., 1986, Experimental investigation of optical
breakdown thresholds in ocular media under single pulse irradiation with different pulse
durations, Lasers Ophthalmol. 1, 83-93,

Du, D., Squier, J., Kurtz, R., Elner, V., Liu, X., Giittmann, G., and Mourou, G., 1994, Damage
threshold as a function of pulse duration in biological tissue, in P. F. Barbara, W. H. Knox,
G. A. Mourou, and A. H. Zewail Ultrafast Phenomena IX, Springer, New York, pp. 254-
255.

Du, D, Liu, X., and Mourou, G., 1996, Reduction of multi-photon ionization in dielectrics due
to collisions, Appl. Phys. B 63, 617-621.

Eggeling, C., Volkmer, A., and Seidel, C. A. M., 2005, Molecular photobleaching kinetics of
Rhodamine 6G by one- and two-photon induced confocal fluorescence microscopy, Chem.
Phys. Chem. 6, 791-804.

Fan, C. H., Sun, J., and Longtin, J. P., 2002a, Breakdown threshold and localized electron
density in water induced by ultrashort laser pulses, J. Appl. Phys. 91, 2530-2536.

Fan, C. H., Sun, J., and Longtin, J. P., 2002b, Plasma absorption of femtosecond laser pulses in
dielectrics, J. Heat Transf, — T. ASME 124, 275-283.

Feit, M. D., Komashko, A. M., and Rubenchik, A. M., 2004, Ultra-short pulse laser interaction
with transparent dielectrics, Appl. Phys. A 79, 1657-1661.

Feng, Q., Moloney, J. V., Newell, A. C., Wright, E. M., Cook, K., Kennedy, P. K., Hammer,
D. X., Rockwell, B. A, and Thompson, C. R., 1997, Theory and simulation on the
threshold of water breakdown induced by focused ultrashort laser pulses, IEEE J. Quantum
Electron. 33, 127-137.

Garret, B. C,, et al., 2005, Role of water in electron-initiated processes and radical chemistry;
issues and scientific advances, Chem Rev. 105, 355-389.

Garrison, B., Itina, T. E., and Zhigilei, L. V., 2003, Limit of overheating and the threshold
behavior in laser ablation, Phys. Rev. E 68, 041501.

Garwe, F., Csdki, A., Maubach, G., Steinbriick, A., Weise, A., Konig, K., Fritsche, W., 2005,
Laser pulse energy conversion on sequence-specifically bound metal nanoparticles and its
application for DNA manipulation, Med. Laser Appl. 20, 201-206.

Gilmore, F. R., 1952, Calif. Inst. Techn. Rep. 26-4.

Gohlke, S., and Illenberger, E., 2002, Probing biomolecules: Gas phase experiments and
biological relevance, Europhys. News 33, 207-209.

Grand, D., Bernas, A., and Amouyal, E., 1979, Photoionization of aqueous indole; conduction
band edge and energy gap in liquid water, Chem. Phys. 44, 73-79.

Greulich, K. 0., 1999, Micromanipulation by Light in Biology and Medicine, Birkhduser,
Basel, Boston, Berlin, 300pp.

Grill, S, W., Howard, J., Schiffer, E., Stelzer, E. H. K. and Hyman, A. A., 2003, The
distribution of active force generators controls mitotic spindle position, Science 301, 518-
521.

Grill, S., and Stelzer, E. H. K., 1999, Method to calculate lateral and axial gain factors of
optical setups with a large solid angle, J. Opt. Soc. Am. A 16, 2658-2665.

Hammer, D. X., Thomas, R. J., Noojin, G. D., Rockwell, B. A,, Kennedy, P. A., and Roach,
W. P., 1996, Experimental investigation of uvitrashort pulse laser-induced breakdown
thresholds in aqueous media, [EEE J. Quantum Electr. QE-3, 670-678.

Hammer, D. X, Jansen, E. D., Frenz, M., Noojin, G. D., Thomas, R. J., Noack, J., Vogel, A,,
Rockwell, B, A, and Welch, A. J., 1997, Shielding properties of laser-induced breakdown
in water for pulse durations from 5 ns to 125 fs, Appl. Opt. 36, 5630-5640.



10. Femtosecond Plasma-Mediated Nanosurgery on Cells and Tissues 275

Han, M., Zickler, L., Giese, G., Walter, M., Loesel, F. H., and Bille, J. F., 2004, Second-
harmonic imaging of cornea after intrastromal femtosecond laser ablation, J. Biomed. Opt.
9, 760-766.

Heisterkamp, A., Ripken, T., Lubatschowski, H., Mamom, T., Drommer, W., Welling, H., and
Ertmer, W., 2002, Nonlinear side-effects of fs-pulses inside corneal tissue during
photodisruption, Appl. Phys. B 74, 419-425.

Heisterkamp, A., Mamom, T., Kermani, O., Drommer, W., Welling, H., Ertmer, W., and
Lubatschowski, H., 2003, Intrastromal refractive surgery with ultrashort laser pulses: in
vivo study on the rabbit eye, Graefes Arch. Clin. Exp. Ophthalmol. 241, 511-517.

Heisterkamp, A., Maxwell, 1. Z., Mazur, E., Underwood, J. M., Nickerson, J. A., Kumar, S.
and Ingber, D. E., 2005, Pulse energy dependence of subcellular dissection by femtosecond
laser pulses, Opt. Expr. 13, 3690-3696.

Hopt, A., and Neher, E., 2001, Highly nonlinear photodamage in two-photon fluorescence
microscopy, Biophys. J. 80, 2029-2036.

Hotop, H., 2001, Dynamics of low energy electron collisions with molecules and clusters, in:
L.G. Christophorou, J.K. Olthoff (eds.): Proc. Int. Symp. on Gaseous Dielectrics IX 22-25
May 2001, Ellicott City, MD, USA, Kluwer Academic/Plenum Press, New York, pp. 3-14.

Huels, M. A, Boudaiffa, B., Cloutier, P., Hunting, D., and Sanche, L., 2003, Single, double,
and multiple double strand breaks induced in DNA by 3-100 eV electrons, J. Am. Chem.
Soc. 125, 4467-4477.

Huettmann, G. and Birngruber, R., 1999, On the possibility of high-precision photothermal
microeffects and the measurement of fast thermal denaturation of proteins, JEEE J. Sel.
Topics Quantum Electron. S, 954-962,

Jay, D. G., and Sakurai, T., 1999, Chromophore-assisted laser inactivation (CALI) to elucidate
cellular mechanisms of cancer, Biochim. Biophys. Acta 1424, M39-M48,

Joglekar, A, P., Liu, H., Meyhdéfer, E., Mourou, G., and L. Hunt, A., 2004, Optics at critical
intensity. Applications to nanomorphing, Proc. Nat. Acad. Sci. 101, 5856-5861.

Juhasz, T., Loesel, F. H., Kurtz, R. M., Horvath, C., Bille, J. F., and Mourou, G., 1999,
Corneal refractive surgery with femtosecond lasers, IEEE J. Sel. Topics Quantum Electron.
5, 902-910.

Kaiser, A., Rethfeld, B., Vicanek, M., and Simon, G., 2000, Microscopic processes in
dielectrics under irradiation by subpicosecond pulses, Phys. Rev. B 61, 11437-11450.

Kasparian, J., Solle, J., Richard, M., and Wolf, J.-P., 2004, Ray-tracing simulation of
ionization-free filamentation, Appl. Phys. B. 79, 947-951.

Keldysh, L. V., 1960, Kinetic theory of impact ionization in semiconductors, Sov. Phys. JETP
11, 509-518.

Keldysh, L. V., 1965, lonization in the field of a strong electromagnetic wave, Sov. Phys.
JETP 20, 1307-1314.

Kennedy, P. K., 1995, A first-order model for computation of laser-induced breakdown
thresholds in ocular and aqueous media: Part I — Theory, IEEE J. Quantum Electron. QE-
31, 2241-2249.

Kennedy, P. K., Hammer, D. X., and Rockwell, B. A., 1997, Laser-induced breakdown in
aqueous media, Progr. Quantum Electron. 21, 155-248.

Kiselev, S. B., 1999, Kinetic boundary of metastable states in superheated and stretched
liquids, Physica A 269, 252-268.

Knapp, R. T., Daily, J. W., and Hammitt, F. G., 1971, Cavitation, McGraw-Hill, New York,
1971, pp. 117-131.



276 Laser Ablation and its Applications

Koester, H. J., Baur, D., Uhl, R., and Hell, 8. W., 1999, Ca®* fluorescence imaging with pico-
and femtosecond two-photon excitation: signal and photodamage, Biophys. J. 77, 2226~
2236.

Kolesik, M., Wright, E. M., and Moloney, J. V., 2004, Dynamic nonlinear X-waves for
femtosecond pulse propagation in water, Phys. Rev. Lett. 92, 253901,

Konig, K., Riemann, 1., Fischer, P., and Halbhuber, K., 1999, Intracellular nanosurgery with
near infrared femtosecond laser pulses, Cell. Mol. Biol. 45, 195-201.

Konig, K., Riemann, 1., and Fritsche, W., 2001, Nanodissection of human chromosomes with
near-infrared femtosecond laser pulses, Opt. Lett. 26, 819-821.

Konig, K., Krauss, O., and Riemann, I, 2002, Intratissue surgery with 80 MHz nanojoule
femtosecond laser pulses in the near infrared, Opr. Express 10, 171-176.

Konig, K., Riemann, 1., Stracke, F., and Le Harzic, R., 2005, Nanoprocessing with nanojoule
near-infrared femtosecond laser pulses, Med. Laser Appl. 20, 169-184.

Kostli, K. P., Frenz, M., Bebie, H., and Weber, H. P., 2001, Temporal Backward Projection of
Optoacoustic Pressure Transients Using Fourier Transform Methods, Physics in Medicine
and Biology 46, 1863-1872.

Kotaidis, V., and Plech, A., 2005, Cavitation dynamics on the nanoscale, Appl. Phys. Lett. 87,
213102.

Krasieva, T. B., Chapman, C. F., LaMorte, V. J., Venugopalan, V., Berns, M. W. and
Tromberg, B. J., 1998, Cell permeabilization and molecular transport by laser
microirradiation, Proc. SPIE 3260, 38-44.

Lenzner, M., Kriiger, J., Sartania, S., Cheng, Z., Spielmann, Ch., Mourou, G., Kautek, W., and
Krausz, F., 1998, Femtosecond optical breakdown in dielectrica, Phys. Rev. Lett. 80, 4076-
4079.

Leszczynski, D., Pitsillides, C. M., Pastila, R. K., Anderson, R. R., and Lin, C. P., 2001, Laser-
beam triggered microcavitation : a novel method for selective cell destruction, Radiat. Res.
156, 399-407.

Liang, H., Wright, W. H., Cheng, S., He, W., and Berns, M. W., 1993, Micromanipulation of
chromosomes in PTK2 cells using laser microsurgery (optical scalpel) in combination with
laser-induced optical force (optical tweezers), Exp. Cell Res. 204, 110-120.

Lin, C. P, Kelly, M. W., Sibayan, S. A. B, Latina, M. A, and Anderson, R. R., 1999,
Selective cell killing by microparticle absorption of pulsed laser radiation, IEEE J. Sel. Top.
Quantum Electron. 5, 963-968.

Liu, W, Kosareva, O., Golubtsov, L. S., Iwasaki, A., Becker, A., Kandidov, V. P. and Chin, S.
L., 2003, Femtosecond laser pulse fiolamentation versus optical breakdown in H,0, Appl.
Phys. B76,215-229.

Mao, S. S., Quéré, F., Guizard, S., Mao, X. Russo, R, E., Petite, G., and Martin, P., 2004,
Dynamics of femtosecond laser interactions with dielectrics, Appl. Phys. A'79, 1695-1709.

Masters, B. R, So, P. T. C., Buehler, C., Barry, N., Sutin, J. D., Mantulin, W. W., and Gratton,
E., 2004, Mitigating thermal mechanical damage potential during two-photon dermal
imaging, J. Biomed. Opt. 9, 1265-1270.

Maxwell, 1., Chung, S., and Mazur, E., 2005, Nanoprocessing of subcellular targets using
femtosecond laser pulses, Med. Laser Appl. 20, 193-200,

Meier-Ruge, W., Bielser, W., Remy, E., Hillenkamp, F., Nitsche, R., and Unséld, R., 1976,
The laser in the Lowry technique for microdissection of freeze-dried tissue slices,
Histochem J. 8, 387-401.



10. Femtosecond Plasma-Mediated Nanosurgery on Cells and Tissues 277

Meldrum, R. A,, Botchway, S. W., Wharton, C. W., and Hirst, G. J., 2003, Nanoscale spatial
induction of ultraviolet photoproducts in cellular DNA by three-photon near-infrared
absorption, EMBO Rep. 12, 1144-1149.

Minoshima, K., Kowalevicz, A. M., Hartl, I, Ippen, E., and Fujimoto, J. G., 2001, Photonic
device fabrication in glass by use of nonlinear materials processing with a femtosecond
laser oscillator, Opt. Lett. 26, 1516-1518.

Nahen, K., and Vogel, A., 1996, Plasma formation in water by picosecond and nanosecond
Nd:YAG laser pulses - Part II: Transmission, scattering, and reflection, /EEE J. Selected
Topics Quantum Electron. 2, 861-871.

Needham, D., and Nunn, R. S., 1990, Elastic deformation and failure of liquid bilayer
membranes containing cholesterol, Biophys. J. 58, 997-1009.

Neumann, J., and Brinkmann, R., 2005a, Boiling nucleation on melanosomes and microbeads
transiently heated by nanosecond and microsecond laser pulses, J. Biomed. Opt. 10,
024001.

Neumann, J. and Brinkmann, R., 2005b, Nucleation and dynamics of bubbles forming around
laser heated microabsorbers, Proc. SPIE 5863, 586307, 1-9.

NIST, 2005, National Institute of Standards Chemistry Web Book, Thermophysical Properties
of Fluid Systems, http://webbook.nist.gov/chemistry/fluid/

Niyaz, Y., and Ségmiiller, B., 2005, Non-contact laser microdissection and pressure
catapulting: Automation via object-oriented image processing, Med. Laser Appl. 20, 223-
232,

Nikogosyan, D. N., Oraevsky, A. A., and Rupasov, V., 1983, Two-photon ionization and
dissociation of liquid water by powerful laser UV radiation, Chem. Phys. 77, 131-143.

Noack, J., and Vogel, A., 1998a, Single shot spatially resolved characterization of laser-
induced shock waves in water, Appl. Opt. 37, 4092-4099.

Noack, J., Hammer, D. X., Noojin, G. D., Rockwell, B, A., and Vogel, A., 1998b, Influence of
pulse duration on mechanical effects after laser-induced breakdown in water, J. Appl. Phys.
83, 7488-7495.

Noack, J., 1998c, Optischer Durchbruch in Wasser mit Laserpulsen zwischen 100 ns und
100 fs, PhD Dissertation, University of Liibeck, Liibeck, 237 pp..

Noack, J., and Vogel, A., 1999, Laser-induced plasma formation in water at nanosecond to
femtosecond time scales: Calculation of thresholds, absorption coefficients, and energy
density, IEEE J. Quantum Electron. 35, 1156-1167.

Nolte, S., Momma, C., Jacobs, H., Tlinnermann, A., Chikov, B. N., Wellegehausen, B., and
Welling, H., 1997, Ablation of metals by ultrashort laser pulses, J. Opt. Soc. Am. B 14,
2716-2722.

Oehring, H., Riemann, 1, Fischer, P., Halbhuber, K. J., and Konig, K., 2000, Ultrastructure
and reproduction behavior of single CHO-K1 cells exposed to near-infrared femtosecond
laser pulses, Scanning 22, 263-270.

Oraevsky, A. A., Da Silva, L. B, Rubenchik, A, M., Feit, M. D, Glinsky, M. E., Perry, M. D,
Mammini, B. M., Small IV, W., and Stuart, B., 1996, Plasma mediated ablation of
biological tissues with nanosecond-to-femtosecond laser pulses: relative role of linear and
nonlinear absorption, IEEE J, Sel. Top. Quantum Electron. 2, 801-809,

Paltauf, G., and Schmidt-Kloiber, H., 1996, Microcavity dynamics during laser-induced
spallation of liquids and gels, Appl. Phys. A 62, 303-311.

Paltauf, G. and Schmidt-Kloiber, H., 1999, Photoacoustic cavitation in spherical and
cylindrical absorbers, Appl. Phys. A 68, 525-531.



278 Laser Ablation and its Applications

Paltauf, G. and Dyer, P., 2003, Photomechanical processes and effects in ablation, Chem Rev.
103, 487-518.

Paterson, L., Agate, B., Comrie, M., Ferguson, R., Lake, T. K., Morris, J. E., Carruthers, A. E.,
Brown, C. T. A, Sibbett, W., Bryant, P. E., Gunn-Moore, F., Riches, A. C. and Dholakia,
K., 2005, Photoporation and cell transfection using a violet diode laser, Opt. Express 13,
595-600.

Pitsillides, C. M., Joe, E. K., Wei, X., Anderson, R. R., and Lin, C. P., 2003, Selective cell
targeting with light absorbing microparticles and nanoparticles, Biophys. J. 84, 4023-4032.

Ratkay-Traub, 1., Ferincz, 1. E., Juhasz, T., Kurtz, R. M., and Krueger, R. R., 2003, First
clinical results with the femtosecond neodymium-glass laser in refractive surgery, J.
Refract. Surg. 19, 94-103,

Rayner, D. M., Naumov, A, and Corkum, P, B., 2005, Ultrashort pulse non-linear optical
absorption in transparent media, Opt. Expr. 13, 3208-3217.

Rethfeld, B., 2004, Unified model for the free-electron avalanche in laser-irradiated dielectrics,
Phys. Rev. Lett. 92, 187401.

Rice, M. H., and Walsh, J. M., 1957, Equation of state of water to 250 kilobars, J. Chem. Phys.
26, 824-830.

Ridley, B. K., 1999, Quantum Processes in Semiconductors, Oxford University Press, Oxford,
436 pp..

Riemann, I, Anhut, T., Stracke, F., Le Harzic, R., and Koénig, K., 2005, Multiphoton
nanosurgery in cells and tissues. Proc. SPIE 5695, 216-224.

Roegener, J., Brinkmann, R., and Lin, C. P., 2004, Pump-probe detection of laser-induced
microbubble formation in retinal pigment epithelium cells, J. Biomed. Opt. 9, 367-371.

Sacchi, C. A., 1991, Laser-induced electric breakdown in water, J. Opt. Soc. Am. B. 8, 337-
345.

Sacconi, L., Tolic-Norrelyke, I M., Antolini, R., and F. S. Pavone, 2005, Combined
intracellular three-dimensional imaging and selective nanosurgery by a nonlinear
microscope, J. Biomed. Opt. 10, 014002,

Saul, A., and Wagner, W., 1989, A fundamental equation for water covering the range from
the melting line to 1273 K at pressures up to 25 000 MPa, J. Phys. Chem. Ref. Data 18,
1537-1564.

Schaffer, C. B., Brodeur, A,, Garcfa, J. F., and Mazur, E., 2001, Micromachining bulk glass by
use of femtosecond laser pulses with nanojoule energy, Opt. Lett. 26, 93-95.

Schiitze, K., and Clement-Sengewald, A., 1994, Catch and move — cut or fuse, Nature 368,
667-668.

Schiitze, K., and Lahr, G., 1998, Identification of expressed genes by laser-mediated
manipulation of single cells, Nat Biotechnol. 16, 737-742.

Schiitze, K., Posl, H., and Lahr, G., 1998, Laser micromanipulation systems as universal tools
in molecular biology and medicine, Cell. Mol. Biol. 44, 735-746.

Shen, N, Datta, D., Schaffer, C. B., LeDuc, P., Ingber, D. E., and Mazur, E., 2005, Ablation of
cytoskeletal filaments and mitochondria in live cells using a femtosecond laser nanocissor,
MCB Mech. Chem. Biosystems 2, 17-25.

Shen, Y. R., 1984, The Principles of Nonlinear Optics, Wiley, New York, 563 pp.

Sigrist, M. W., and Kneubiihl, F. K., 1978, Laser-genecrated stress waves in liquids, J. Acoust.
Soc. Am. 64, 1652-1663.

Sims, C. E., Meredith, G. D., Krasieva, T. B., Berns, M. W., Tromberg, B. J., and Allbritton,
N. L., 1998, Laser-micropipet combination for single-cell analysis, Anal. Chem. 700, 4570-
4577.



10. Femtosecond Plasma-Mediated Nanosurgery on Cells and Tissues 279

Skripov, V. P., Sinitsin, E. N, Pavlov, P. A,, Ermakov, G. V., Muratov, G. N., Bulanov N, V,
and Baidakov, V. G., 1988, Thermophysical properties of liquids in the metastable
(superheated) state, Gordon and Breach, New York, 1988.

Smith, N. L, Fujita, K., Kaneko, T., Katoh, K., Nakamura, O., Kawata, S., and S.Takamatsu, S.
Generation of calcium waves in living cells by pulsed laser-induced photodisruption, Appl.
Phys. Lett. 79, 1208-1210.

Soughayer, J. S., Krasieva, T., Jacobson, S. C,, Ramsey, J. M., Tromberg, B. C. and Albritton,
N. L., 2000, Caracterization of cellular optoporation with distance, Anal. Chem. 72, 1342-
1347.

Steinert, R. F., and Puliafito, C. A., 1986, The Nd:YAG Laser in Ophthalmology, W. B,
Saunders, Philadelphia, 154 pp.

Stolarski, J., Hardman, J., Bramlette, C. G., Noojin, G. D., Thomas, R. J., Rockwell, B. A., and
Roach, W. P.,1995, Integrated light spectroscopy of laser-induced breakdown in aqueous
media, Proc. SPIE 2391, 100-109.

Stuart, B. C,, Feit, M. D.,, Hermann, S., Rubenchik, A, M., Shore, B. W., and Perry, M. D.,
1996, Nanosecond to femtosecond laser-induced breakdown in dielectrics, Phys. Rev. B 53,
1749-1761.

Sun, Q., Jiang, H., Liv, Y., Wu, Z,, Yang, H,, and Gong, Q., 2005, Measurement of the
collision time of dense electronic plasma induced by a femtosecond laser in fused silica,
Opt. Lett. 30, 320-322.

Supatto, W., Debarre, D., Moulia, B., Brouzés, E., Martin, J.-L., Farge, E., and Beaurepaire,
E., 2005a, In vivo modulation of morphogenetic movements in Drosophila embryos with
femtosecond laser pulses, Proc. Nat. Acad. Sci. USA 102, 1047-1052.

Supatto, W., Débarre, D., Farge, E., and Beaurepaire, E., 2005b, Femtosecond pulse-induced
microprocessing of live Drosophila embryos, Med. Laser Appl. 20, 207-216.

Tao, W., Wilkinson, J., Stanbridge, E., and Berns, M. W., 1987, Direct gene transfer into
human cultured cells facilitated by laser micropuncture of the cell membrane, Proc. Natl.
Acad. Sci. USA 84, 4180-4184.

Thornber, K. K., 1981, Applications of scaling to problems in high-field electronic transport, J.
Appl. Phys. 52, 279-290.

Tien, A. C., Backus, S., Kapteyn, H., Murnane, M., and Mourou, G., 1999, Short-pulse laser
damage in transparent materials as a function of pulse duration, Phys. Rev. Lett. 82, 3883-
3886.

Tirlapur, U. K., Konig, K., Peuckert, C., Krieg, R., and Halbhuber, K.-J., 2001, Femtosecond
near-infrared laser pulses elicit generation of reactive oxygen species in mammalian cells
leading to apoptosis-like death, Exp. Cell Res. 263, 88-97.

Tirlapur, U. K., and Konig, K., 2002, Targeted transfection by femtosecond laser, Nature 418,
290-291,

Tschachotin, S., 1912, Die mikroskopische Strahlenstichmethode, eine Zelloperationsmethode,
Biol. Zentralbl. 32, 623-630.

Tsukakoshi, M., Kurata, S., Nomiya, Y., Ikawa, Y., and Kasuya, T., 1984, A novel method of
DNA tranfection by laser-microbeam cell surgery, Appl. Phys. B 35, 135-140.

Venugopalan, V., Guerra, A., Nahen, K., and A. Vogel, 2002, The role of laser-induced plasma
formation in pulsed cellular microsurgery and micromanipulation, Phys. Rev. Lett. 88,
078103, 1-4.

Vogel, A., Hentschel, W., Holzfuss, J., and W. Lauterborn, 1986, Cavitation buble dynamics
and acoustic transient generation in ocular surgery with pulsed neodymium:YAG lasers,
Ophthalmology 93, 1259-1269,



280 Laser Ablation and its Applications

Vogel, A., Nahen, K., and Theisen, D., 1996a, Plasma formation in water by picosecond and
nanosecond Nd:YAG laser pulses - Part I Optical breakdown at threshold and
superthreshold irradiance, IEEE J. Selected Topics Quantum Electron. 2, 847-860.

Vogel, A., Busch, S., and Parlitz, U., 1996b, Shock wave emission and cavitation bubble
generation by picosecond and nanosecond optical breakdown in water, J. Acoust. Soc. Am.
100, 148-165.

Vogel, A., Noack, J., Nahen, K., Theisen, D., Busch, S., Parlitz, U., Hammer, D. X., Nojin, G.
D., Rockwell, B. A,, and Birngruber, R., 1999, Energy balance of optical breakdown in
water at nanosecond to femtosecond time scales. Appl. Phys. B 68, 271-280.

Vogel, A., and Noack, J., 2001, Numerical simulation of optical breakdown for cellular
surgery at nanosecond to femtosecond time scales, Proc. SPIE 4260, 83-93.

Vogel, A., Noack, J., Hiittmann, G., and Paltauf, G., 2002, Femtosecond-laser-produced low-
density plasmas in transparent biological media: A tool for the creation of chemical,
thermal and thermomechanical effects below the optical breakdown threshold, Proc. SPIE
4633, 23-37.

Vogel, A., and Venugopalan V, 2003, Mechanisms of pulsed laser ablation of biological
tissues, Chem Rev. 103, 577-644.

Vogel, A., Noack, J., Hiittmann, G., and Paltauf, G., 2005, Mechanisms of femtosecond laser
nanosurgery of cells and tissues, Appl. Phys. B 81, 1015-1046.

von der Linde, D., and Schiiler, H., 1996, Breakdown threshold and plasma formation in
femtosecond laser-solid interaction, J. Opt. Soc. Am. B 13, 216-222,

Watanabe, W., Arakawa, N., Matsunaga, S., Higashi, T., Fukui, K., Isobe, K. and Itoh, K.,
2004, Femtosecond laser disruption of subcellular organelles in a living cell, Opt. Express
12, 4203-4213.

Watanabe, W., 2005, Femtosecond laser disruption of mitochondria in living cells, Med. Laser
Appl.30, 185-192,

Yanik, M. F., Cinar, H., Cinar, H. N., Chisholm, A. D,, Jin, Y., and Ben-Yakar, A., 2004,
Functional regeneration after laser axotomy, Nature 432, 822,

Yao, C. P, Rahmanzadeh, R., Endl, E,, Zhang, Z., Gerdes, J., and Hiittmann, G., 2005,
Elevation of plasma membrane permeability by laser irradiation of selectively bound
nanoparticles, J. Biomed. Optics 10, 064012,

Zeira, E., Manevitch, A., Khatchatouriants, A., Pappo, O., Hyam, E., Darash-Yahana, M.,
Tavor, E., Honigman, A., Lewis, A., and Galun, E,, 2003, Femtosecond infrared laser — an
afficient and safe in vivo gene delivery system for prolonged expression, Mol. Ther. 8, 342-
350.

Zohdy, M. 1., Tse, C., Ye, I. Y., and O’Donnell, M., 2005, Optical and acoustic detection of
laser-generated microbubbles in single cells, IEEE Trans. Ultrason. Ferr. 52 (at press).



Chapter 11
DESIGNED POLYMERS FOR ABLATION

Lukas Urech & Thomas Lippert
General Energy Research Department, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland,
thomas.lippert@psi.ch

1. INTRODUCTION

Since laser ablation of polymers was first reported by Srinivasan, et al.,
(Srinivasan and Mayne-Banton 1982) and Kawamura, et al., (Kawamura, et
al., 1982) in 1982, numerous reviews on laser ablation of a large variety of
polymers and the according ablation mechanisms have been published
(Lazare and Granier, 1989; Srinivasan and Braren, 1989; Biuerle, 2000;
Lippert and Dickinson, 2003; Lippert, 2004). There is still ongoing
discussion about the ablation mechanism, e.g. whether it is dominated by
photothermal or photochemical processes. In many studies, a photothermal
process was favored for commercially available polymers such as Kapton™
(Arnold and Bityurin, 1999; Bityurin, et al., 2003). However, polymers that
show a photochemical ablation behavior at the irradiation wavelength are
preferable for structuring, as damage to the surrounding material via thermal
processes is minimized. In addition, a conversion of the polymer into
gaseous product is advantageous, as minimal amounts of ablation products
are redeposited on the structured surface, and additional cleaning procedures
are not necessary. One approach to test for photochemical features in the
ablation process is the design of polymers that contain photochemically
active groups. An irradiation with the appropriate wavelength can then lead
to photochemical decomposition or bond-breaking in the polymer.

Even though polymer ablation has been a research field for over 20
years, its potential has not yet been fully explored. One possible reason for
this is because commercially available polymers such as polyimide (PI),
polymethylmethacrylate (PMMA), and polycarbonate (PC), etc. (Suzuki, et
al,, 1997) that are applied in many ablation studies have several
characteristics which make them unsuitable for high quality structuring.
These include low sensitivity, carbonization upon irradiation, and
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redeposition of ablation products on the polymer surface (Lippert, et al.,
2003). Therefore, novel photopolymers for laser ablation have been
designed. The most important criteria for these polymers are;

1. High absorption coefficients (> 20000 cm™) at the irradiation
wavelength.

2. Exothermic decomposition at well-defined positions of the polymer
backbone.

3. Decomposition of the polymer into gaseous products, which do not
contaminate the polymer surface (Bennett, et al., 1996; Lippert, et al.,
1999a).

The applications for polymers in laser ablation can be separated into two
main fields. In the first one, a structure is produced in the polymer, whereas
in the second field, it is the ablation products, which are of specific interest.
Structuring of polymers today is used industrially for the production of
nozzles for inkjet printers (Aoki, 1998) and to prepare via holes in multichip
modules through polyimide by IBM (Patel and Wassick, 1997), and for
many other applications, e.g. fabrication of microoptical devices.

Examples for the second group are polymers as fuel in the micro laser
plasma thruster (u-LPT), pulsed laser deposition (PLD) of polymers, or
matrix assisted pulsed laser evaporation (MAPLE), which is a deposition
technique that can be used to deposit highly uniform thin-films (Pique, et al.,
2002).

POLYMER ABLATION
In the context of comparing ablation data it is important to clearly
establish the method by which the usual ablation parameters (ablation rate,
threshold fluence, and effective absorption coefficient) are defined as these
values can vary considerably depending on the approach taken.
The ablation process is often described by the following equation
(Andrew, et al., 1983; Srinivasan and Braren, 1984):

1 F
= =, 1
) Oy lr{FmJ M

where d(F) represents the ablation rate per pulse, ¢,y is the effective
absorption coefficient, and F is the irradiation fluence. Fy, is the ablation
threshold fluence and is defined as the minimum fluence where the onset of
ablation can be observed.

It is important to specify how the ablation rate is defined, either as the
ablation depth after one pulse at a given fluence, or as the slope of a plot of
the ablation depth versus the pulse number for a given fluence. These two
different analytical methods can result in very different ablation rates,
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especially in the case of polymers where ablation does not start with the first
pulse, but after multiple pulses. This phenomena is known as “incubation”
and is related to a chemical or physical modification of the polymer by the
first few laser pulses, which increases the absorption at the irradiation
wavelength (Kiiper and Stuke, 1989; Srinivasan, et al., 1990), e.g. the
formation of double bonds in poly(methylmethacrylate) (PMMA).
Incubation is normally only observed for polymers with low absorption
coefficients at the irradiation wavelength.

Nevertheless, even taking into account these approaches, it is often the
case that this dependence of the ablation rate cannot be described by a single
set of parameters. In Fig. 1 the ablation rate versus irradiation fluence is
schematically shown. Fig. 1 is a generic representation of polymer ablation
rates indicating three fluence regions, which can be categorized as follows:

e Low fluence range, from which Fy can be defined. Incubation
phenomena are also observed at these low fluences.

e Intermediate fluence range in which an increase of the slope of the
ablation rate is often observed, which may be due to additional or more
effective decomposition of the polymer by energy that has been gained
from decomposing the polymer.

e High fluence range where the ablation rates of many polymers are
similar, as the incident laser light is screened by ablation products and
the plasma which are created during the ablation process (I.azare and
Granier, 1989).

\

\

ablafion rate
low fluence
range
medium fluence
range
high fluence
range

\
\

T
fluence

Figure 1. Schematic view of the three fluence regimes observed for most polymers.

It is worth mentioning in this context that “polyimide” (PI) is probably
the most studied polymer in laser ablation and is also the material for which
most ablation models are applied, but great care has to be taken for which
type of polyimide the data has been obtained. Polyimide is not a single
polymer, but describes a class of polymers, which contain at least one cyclic
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imide group per repetition unit. PI ranges from soluble polymers, to films
and even photosensitive polymers which can all have very different
properties (Lippert, 2005). Even products with the same name, such as
Kapton™ are not one polymer, but there are also many different types of
Kapton™ which are defined with additional letters, e.g. HN.

DOPED POLYMERS

In order to investigate the ablation mechanism on PMMA, various
dopants have been added to the polymer ranging from polyaromatic
compounds to compounds that contained photochemical active groups
(Lippert, et al., 1997). Dopants based on the triazene group (-N=N-N<) have
been tested, as they are photochemically well studied (Stasko, et al., 1993;
Lippert, et al., 1994; Nuyken, et al., 1995a) and release a large amount of
nitrogen during photochemical decomposition. The formation of gaseous
products by photolabile dopants has been confirmed with a SEM analysis of
the ablation craters of doped PMMA, which showed a pronounced swelling
at low fluences. This swelling is caused by the decomposition of the dopants
into gaseous products (Lippert and Dickinson, 2003). These authors have
suggested that the released nitrogen and other gaseous ablation products act
as carriers for larger ablation fragments.

At higher fluence an ablation rate of up to 80 um can be achieved, but
pronounced signs of surface melting are always visible (Lippert, et al.,
1993), indicating the presence of a photothermal mechanism. One reason for
this could be the limited amount of dopant (maximum of =10 %) that can be
added to the polymer.

DESIGNED POLYMERS

In order to improve the quality of the ablation process, new polymers
have been developed, where the triazene group was incorporated into the
polymer main chain. One of the unique features of these polymers is the
possibility to tune the absorption maximum to certain wavelengths by
varying the “X” component in Fig. 2 (Nuyken, et al., 1995b). The absorption
maximum of these triazene polymers (TP) can be tuned from 290 to 360 nm
with a maximum linear absorption coefficient of up to almost 200000 cm’™.

Figure 2. Chemical structure of the triazene polymers.

In Fig. 3, the chemical structure and the absorption spectra of a selected
TP are shown. Two absorption maxima can clearly be distinguished in the
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absorption spectra, one around 200 nm which can be assigned to the
aromatic system, and one around 330 nm, corresponding to the triazene unit.
This allows excitation of different chromophores and the possibility to test
their influence on the ablation behavior by using different irradiation
wavelengths such as 193, 248, and 308 nm. A clear and well-defined Fy, of
25 mJ cm? (+ 5 mJ cm) is observed for TP1 at an irradiation wavelength of
308 nm, while for irradiation with 248 nm a much broader range for Fy, of
16 — 28 mJ cm’? has been measured (Lippert, et al., 1996). The ablation rates
measured for different wavelengths ranging from 193 to 351 nm also
showed much higher ablation rates for the wavelengths that excite the
triazene system, i.e. 266, 308, and also 351 nm (Lippert and Dickinson,
2003).

Another indication for different ablation mechanisms is the detection of
carbonization for 248 nm irradiation, whereas the chemical composition
remained unchanged after several pulses with 308 nm.
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Figure 3. Chemical structure and linear absorption coefficient of TP1.

The ablation products have been studied by mass spectrometry to gain
an insight into the ablation mechanism (Lippert, et al., 1999a; Lippert, et al.,
1999b; Lippert, et al., 2001a). With the time-resolved mass spectrometry
measurements at 248 and 308 nm irradiation wavelengths, all decomposition
products for the decomposition of TP1 were identified (shown in Fig. 4 for
irradiation with 308 nm), but for a thermal decomposition similar products
were also observed (Nuyken, et al., 1995a). An important observation is the
presence of three different species of nitrogen in the TOF (time-of-flight)
signal, i.e. a very fast ground state neutral with up to 6 eV of kinetic energy,
a slower neutral ground state species with a broad energy distribution, which
is probably a thermal product, and possibly a metastable (excited) neutral N,
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species, that can only be created by an electronic excitation (Hauer, et al,,

2002).
CHJ CH;
e ON_MM Fom

MW 168 MW 28 MW142
T”’
N —(CHy)~N

MW 76

{ )

Figure 4. Decomposition pathway for TP1 measured by TOF-MS after irradiation with
308 nm.

The photochemical activity of the triazene group was also confirmed by
irradiation with excimer lamps at low fluences, where linear photochemistry
is expected (Lippert, et al., 2001a). At irradiation wavelengths of 308 nm
and 222 nm, decomposition of the triazene chromophore was observed
below Fy,. In the case of the irradiation with 222 nm, a decomposition of the
aromatic chrompohores has also been detected (Lippert, et al., 2002b)
suggesting that decomposition of the aromatic part is related to
carbonization. This indicates that the triazene group is clearly the most
sensitive unit in the triazene polymer and that a photochemical part in the
ablation mechanism is likely.

Another method to determine the present ablation mechanisms is ns-
interferometry. It has been shown that thermal/photothermal ablation first
results in pronounced swelling of the polymer surface, followed by etching
(Furutani, et al., 1996; Furutani, et al., 1998). The etching takes place on
time scales much longer than the pulse length of the excimer laser (up to the
us range).

However, for a photochemical process, as was observed for TP (see Fig.
5), etching starts and ends with the excitation pulse of the excimer laser
(Lippert, et al., 2002b; Hauer, et al., 2003).

The triazene polymers were also tested for 157 nm irradiation and mass
spectrometry measurements showed a higher fragmentation of the polymer
than for 308 or 248 nm. At this shorter wavelength, even fragmentation of
the aromatic groups was observed (Kuhnke, et al., 2003).
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Figure 5. Interference measurement for TP1 during irradiation with 308 nm. The gray curve
represents the laser pulse, while the black line corresponds to the phase shift, which is related
to the ablation depth.

Irradiation with pulses in the pico and femtosecond range were
performed in the near-IR at 800 nm. A lower ablation threshold fluence was
found for the femtosecond pulse than for picosecond pulse indicating the
presence of a thermal mechanism (Bonse, et al., 2005a). A clean removal of
a thin TP film from a glass substrate was impossible with a 100 fs pulse.
Therefore the structuring of TP with ultrashort pulses in the near-IR range is
not an alternative to UV ablation (Bonse, et al., 2005b).

Compared to other designed polymers like polyesters or commercially
available polymers such as polyimides, TP showed the highest ablation rate
and lowest threshold fluence for selected irradiation wavelengths.
Furthermore, structures obtained in TP (example in Fig. 6 (left)) are much
sharper than in Kapton™ (see Fig. 6 (right)) and no redeposited carbon
material is visible in the case of TP irradiated at 308 nm (Lippert, et al.,
2002b). For comparison, Kapton™ was selected as a commercially available
reference with a similar oy, at 308 nm.

With ns-shadowgraphy measurements, it was shown that no solid
products are produced for 308 nm irradiation of TP, which correlates well
with the absence of redeposited material (Hauer, et al., 2003).

To summarize, the data obtained for the photochemical active TP
strongly suggest that photochemical mechanisms play a significant role
during laser ablation of polymers, but it is also clear that photothermal
processes also take place. This is, for example, confirmed by the presence of
a thermal N, product in the TOF curves. Photothermal processes will also
always be present if the polymer decomposes exothermically during a
photochemical decomposition and if the quantum yields of the
photochemical reaction is not equal to one.
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15

Figure 6. SEM of Siemens Stars in TP (left) and Kapton™ (right), both produced with five
laser pulses at 308 nm.

Therefore, the ablation of polymers will always be a mixture of
photochemical and photothermal reactions, where the ratio between the two
is a function of the polymer and the irradiation wavelength.

Finally, from a material structuring point of view, it is worth noting that
a photochemical mechanism leads to a more uniform decomposition of the
polymer into small fragments. Furthermore, greater quantities of gaseous
product are produced in the ablation plume and less material is redeposited.
Therefore, the designed polymers of the TP group show clear advantages
over commercially available polymers.
Selected novel applications

One of the novel applications for the designed polymers is the
production of microoptical elements.

Figure 7. Fresnel lens array in photosensitive PI
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Complicated structures such as a Fresnel lens array (shown in Fig. 7) can
be created with only a few pulses (Lippert, et al., 2001b), by using a
specially designed diffractive gray tone phase mask that modulates the laser
beam intensity (David, et al., 2001). The high sensitivity and etch rate of the
TP or photosensitive PI allows the application of larger phase masks
compared to other polymers such as polyimide. Alternatively, less pulses are
necessary to fabricate an optical element with a given depth of the structure.

uel tape
O

A
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Figure 8. Scheme of the laser plasma thruster.

Another quite different application utilizes near-IR irradiation from
diode lasers. The plasma created by laser ablation of the polymer acts as a
micro thruster for small satellites (operating principle and setup are
described in detail elsewhere (Lippert, et al., 2001b; Phipps, et al., 2002)).

The micro laser plasma thruster (u-LPT) is a micropropulsion device
designed for the steering and propelling of small satellites (1 to 10 kg)
(scheme shown in Fig. 8). A laser is focused on to a polymer layer on a
substrate to form a plasma. The thrust produced by this plasma is used to
control the satellite motion (Phipps, et al., 2003; Phipps, et al., 2004a). Due
to the specific demands (weight and power), the u-LPT is driven by small
powerful diode lasers, which emit in the near-IR (920-980 nm) with an
available power of 1 to 15W, and a pulse length from 100 ps to the
millisecond range (Phipps, et al., 2004b). This pulse duration and
wavelength require the utilization of materials for the fuel with low thermal
conductivity, i.e. polymers (Lippert, et al., 2002a; Lippert, et al., 2003).

As most polymers are not absorbing in the near-IR range, it was
necessary to add dopants, such as carbon or IR-dyes. Carbon nanopearls
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were selected as they showed the best results in thrust experiments, even
though they tend to agglomerate in suspensions to form particles of 10 to 20
pm diameter (Richner, 2001). The IR-dye, on the other hand, is distributed
on a molecular level. A different concentration for both dopants was selected
to reach the same linear absorption coefficient at the irradiation wavelength
of 1064 nm.

TP’s also revealed good properties for this application, but the
photochemical properties are only of minor importance, since exothermic
decomposition, gas formation, and a well-defined decomposition
temperature are more important for the LPT application. As exothermic
decomposition seems to be a key element in generation of thrust, new higher
energetic polymers were developed. Absorption of the polymer at the
irradiation wavelength is less important, as the dopants are the primary
absorbers.

To understand the influence of the specific properties of the fuel
polymers, four different “high” and “low”’energetic polymers were tested:

® Poly(vinyl chloride) (PVC) as a low-energetic reference polymer that
showed the best properties among commercial polymers (Phipps and
Luke, 2002),

® A triazene polymer (TP1), that was designed for laser ablation in the UV
range, and

® Glycidyl azide polymer (GAP) and Poly(vinyl nitrate) (PVN) as high-
energetic polymers (chemical structure in Fig. 9).

H2 H H2 H r Hz H 7
Cl CIJH2 (l)
Nj NO,
n n - Jn
Poly(vinyl chloride) Glycidyl azide polymer Poly(vinyl nitrate)
(PVC) (GAP) (PVN)

Figure 9. Chemical structure of PVC, GAP, and PVN.

GAP was originally developed as binder for solid propellant rockets
(Frankel, et al., 1992; Kohler and Meyer, 1998) but it meets the demands for
the LPT, such as easy handling, exothermic decomposition and well defined
decomposition temperature. PVN is a thermoplastic polymer with a similar
decomposition temperature but a much higher decomposition enthalpy than
PVC, TP1, and GAP (see Table 1).
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Table 1. Properties of polymers (Urech, et al., 2004)

Polymer Decomposition temperature Decomposition Enthalpy
[°C] /g

PVC 241, 288, 383 -418

TP1 227 -700

GAP 249 -2053

PVN 204 -3829

All polymers were doped with carbon (nanoparticles) and, in the case of
GAP, also with an IR-dye (Epolight 2057), to achieve absorption in the near-
IR (A=1064 nm). In this section polymers will be referred to with the
abbreviation of the polymer, and by indicating the dopant by “+ C” for
carbon and “+ IR” for IR-dye.

Figure 10. SEM images of the ablation spots of GAP + C (left) and GAP + IR (right).

The different dopants for GAP seem to have only a small influence on
the ablation properties, such as ablation rate and threshold fluence (Urech, et
al., 2004). The most pronounced differences are observed in the ejected
fragments detected in the shadowgraphy measurements and the ablation
crater appearance. An SEM investigation of the ablation crater confirmed
these results, by showing an ablation crater with steep, smooth walls for
GAP + IR, whereas the crater of GAP + C is quite rough, with deep holes
and a very uneven bottom (see Fig. 10). Large fragments of solid and liquid
ablation products are observed for GAP + C in the ns-shadowgraphy image
(see Fig. 11 (left)), while almost no solid fragments are ejected by GAP + IR
(see Fig. 11 (right)). It seems that the ablated material is transformed
completely into gaseous products. This is a desired effect, as more energy is
gained by decomposing more polymer.

The more homogeneous and non-agglomerating IR-dye leads to a more
homogeneous decomposition, whereas the big carbon clusters produce local
hotspots (Wen, et al., 1994). In the near surrounding of these clusters, the
material is decomposed. This decomposition leads to the formation of
gaseous products and the ejection of polymer fragments between the ablation
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spots. Energy gained by decomposing the polymer is lost by the ejection of
solid or liquid polymer fragments.

Figure 11. Shadowgraphy images of carbon (left) and IR-dye (right) doped GAP. The image
was taken 1 us after the laser pulse.

A pronounced difference has been observed in the shockwave and
ejected products for the different polymers. In all cases, large polymer
fragments are ejected. The largest fragments are observed when using PVC
+ C and PVN + C (see Fig. 12). The trajectory of these fragments is strongly
directed towards the normal to the polymer surface, much more so than in
the case of GAP + C and TP1 + C. The fragments also overtake the
shockwave after ~500 ns in the case of PVN, and after 3 ps in the case of
PVC. For GAP + C and TP + C, the product plume can be separated into two
parts. The first part consists of small (gaseous) products, whereas the second
part is formed by much larger polymer fragments. The particle plume in both
cases expands almost hemispherical and is slower than the shockwave.

TP1+C

Figure 12. Ns-shadowgraphy images for carbon doped PVC, TP1, and PVN. The images
were taken 1 p s after the laser pulse.
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The fastest shockwave was observed for PVN, followed by GAP, where
only a small difference between the two dopants could be observed, and then
TP and PVC (Hauver, et al., 2004; Urech, et al., 2004) (shown in Fig. 13).
The slowest shockwave velocity was measured for PVC. This order
correlates well with the decomposition enthalpy of the polymers, where the
largest amount of chemically stored energy leads to the highest shockwave
velocity.
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Figure 13. Shockwave front propagation versus time for GAP, PNV, TP1, and PVC doped
with carbon, and for GAP doped with IR-dye

To analyze the performance of the polymers as fuel for the LPT, the
target momentum was measured on a torsion balance as described in (Phipps
and Luke, 2002). The target momentum was then used to calculate the
momentum coupling coefficient Cy;:

Cm:mAv:_Ii , )
w P

where m Av is the target momentum produced during the ejection of laser
ablated material. W is the incident laser pulse energy, F is the thrust, and P
the incident power. The second important parameter for thrusters is the
specific impulse I, which is defined as:

1,8=v;=C,0" . 3)

Q" is the specific ablation energy (incident power/mass ablation rate), vy is
the exhaust velocity, and g is the acceleration due to gravity.

As Eq. (3) demonstrates, Iy, and C,, are not independent. If, for example,
a significant amount of incident energy is absorbed as heat in the target
rather than producing material ejection, Q" will be higher and C,, will be
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proportionally lower. This results in the same exhaust velocity and I, for
both cases.

The thrust measurements revealed the highest I, for PVN + C (2320 s),
whereas the other polymers showed much lower values (200 to 650 s) (dark
grey in Fig. 14). The highest values for C,, were obtained for GAP + IR
(2000 uN/W), followed by GAP + C, PVN + C, TP + C, and PVC + C (1170
to 120 uN/W) (light gray in Fig. 14). The high C,, value for the IR-doped
polymer indicates a high transformation of polymer into the gaseous state, as
also observed in the shadowgraphy and SEM measurements.
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Figure 14. Coupling momentum coefficient (light grey) and the specific impulse (dark gray)
for PVC, TP1, PVN, and GAP doped with carbon, and for GAP doped with IR-dye.

Surprisingly, the same order for the performance was observed for thrust
and shadowgraphy measurements, even though the measurements were
performed under totally different conditions, i.e. ambient conditions and low
fluences for the shadowgraphy measurements and vacuum and high fluences
for the thrust measurements. This allows evaluation of polymers under
ambient conditions instead of vacuum.

For energetic polymers, a transformation of induced laser energy to
measured thrust of more than 100% was observed. This indicates that energy
gained from decomposing the polymer can be transferred into thrust, and
that the ablation mechanism plays only a minor role.

These experiments demonstrate that the main demand on polymers as
fuel for the p-LPT is a high decomposition enthalpy. Furthermore, a high
transition rate of the polymer into gaseous products is favorable, as more
energy can be gained. As the influence of the dopant also needs to be
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considered, future developments may have to concentrate on polymer-
dopant systems, not just on polymers.
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1. INTRODUCTION

Rapidly growing photonic network technologies have placed demands on
the development of a variety of functional optical waveguides, such as large
bandwidth amplifiers, optical switches, wavelength converters, and narrow
line-width lasers, based on thin-film or diffusion technologies. The diffusion
techniques, including ion-implantation, thermal diffusion, and ion-exchange,
are able to cause refractive index modification on the bulk surface, so that
the optical waveguides are obtained (see for example, Field, et al., 1992;
Suche, et al., 1999; Florea and Winick, 1999). In this these methods, the
presented optical waveguide losses are very low (less than 1 dB cm™).
However, the waveguiding material is inevitably limited by the substrate
used, and the monolithic integration with other materials is difficult.

Thin-film optical waveguiding structure has great advantages over the
diffusion processes in terms of flexibility for both waveguide and substrate
materials. Thin-film optical waveguides can be grown by various methods
like liquid phase epitaxy (LPE), chemical vapor deposition (CVD),
molecular beam epitaxy (MBE) (see for example, Gawith, et al., 1999;
Guldberg-Kjaer, et al., 1999; Daran, et al., 1999), and pulsed-laser
deposition (PLD). Table 1 shows a summary of recent optical waveguiding
films grown by PLD method. More overview of the optical waveguiding
films can be found elsewhere (Jelinek, 2003). As can be seen in Table 1,
PLD of optical waveguides has been applied for wide-ranging device
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materials. But, note that the optical waveguide on Si has not yet been
extensively studied.

Table 1. Overview of optical waveguiding films grown by PLD (published in 2004).

! deposition conditions characterization
M?lenal/ substrate T E P(O,) loss author
e laser deg. | Jem? | mbar | dBcem’ other
Ti:sapphire { sapphire KrF 975 4 3x10* 1.6 lasing Grivas
Nd:GGG YAG KrF 650 2 0.02 0.1 lasing | Maysmith
LiNbO; sapphire KrF 400 12 0.13 3.1 SHG Nakata
PbTiO; MgO Nd:YAG | 700 0.7 0.3 <1 n Roemer
PZT BMT/Si KrF 350 2-3 0.18 2.86 n Chu
PLZT ITO/glass KrF 550 1.5 0.013 - E/O Gaidi
Eu:Y,0; Si0, KrF 730 0.5 104 ~1 PL Lancok
Er,Yb:Y,0; Si0, XeCl 500 2.0 0.1 CL Dikovska
Nd:KGW CeO,/Si See in text.

[GGG: Gd3GasOy;, YAG: Y;3AlsOyp, PLZT: (Pb,La,Zr, Ti)O;, PZT: Pb(Zr,Ti)Os, BMT: Ba(Mg,Ta)Os,
KGW: KGd(WO.), SHG: second harmonic generation, E/O: Electro-optic property, PL:
photoluminescence, CL: cathode luminescence, n: refractive index]

In PLD method, thin-films are typically grown inside a stainless steel
vacuum chamber. A target placed inside the chamber is irradiated by high
peak intensity laser pulses. After laser irradiation, the ablation plume
consisting of ionic atoms/molecules is generated. Later, thin-film is
deposited on the substrate placed at the opposite side. Among the well
known film growth methods, PLD is known as the most rapid and efficient
technique for fabrication of multicomponent thin-films and hetero structures
with an atomic control of the composition and thickness. However, some of
the disadvantages of this method, such as nonexact stoichiometric transfer of
the light elements from the target to the films and micrometer-sized
droplets/clusters on the surfaces, are observed. Here, we will demonstrate
three important issues for PLD of optical waveguides by focusing on the
deposition of Nd:KGW [Nd:KGd(WO,),] waveguides on Si substrates. First,
Si does not allow for a waveguide structure on it by direct growth because of
its high refractive index. To overcome this problem, we introduced a buffer
layer between the waveguide and substrate. Second, KGW contains a light
alkali metal, potassium (K). We studied the compensation of the non-
stoichiometric transfer effect. Third, we demonstrated a method to reduce
the clusters on the film surface through a nozzle-gas-assist. In Section 2 of
this Chapter, we review recent researches and developments of the
waveguide lasers grown by PLD. In Section 3, we present the growth of the
highly crystallized Nd:KGW waveguides on Si substrate with CeO, buffer
layer using conventional PLD (C-PLD). It is followed by the demonstration
of a reduction of the surface roughness by use of a newly-developed nozzle-
gas-assisted PLLD (NGA-PLD) in Section 4. Section 5 is the summary.
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2. WAVEGUIDE LASERS FABRICATED BY PLD

One of the attractive applications of optical waveguide is waveguide laser,
because not only will the optical confinement lead to a lower laser
oscillation threshold and higher gain as an amplifier, but it also has many
important applications, such as integrated optics and optoelectronics for
optical communications, human soft tissue spectroscopy/treatment,
environmental sensing, spectroscopy, etc. Ezaki, et al., for the first time,
reported the fabrication of Nd:YAG films on various substrates using PLD
(Ezaki, et al., 1995). Subsequently, many papers have focused on the PLD
of (active layer)/(dielectric substrate) structure waveguide lasers, e.g.,
Nd:GGG/YAG (Anderson, et al., 1997), Nd,Cr:GGG/YAG (Fukaya, et al.,
2001), Yb:YAG/YAG (Shimoda, et al, 2001), Ti:sapphire/sapphire
(Anderson, et al., 1997), and so forth. Recently, the deposition of Nd:KGW
films on sapphire, YAG, YAP, and MgO substrates has been reported
(Atanasov, et al., 2000; Jelinek, et al., 2002).

Rare earth doped GGG on YAG structure has a good lattice matching
with a numerical aperture of 0.75, which is suitable for low-loss and high
optical confinement waveguides. High optical confinement is useful for low-
gain or quasi-three-level transition Yb lasers. Nd and Cr codoped film is
expected as a self-Q-switched laser, which is applicable to medical
processing, remote sensing, and optical circuit integration with SHG crystal
waveguides. Among the commercially available Nd ion doped laser crystals,
KGW demonstrates the highest stimulated emission performance (Mochalov,
1995; Findeisen, et al., 1999). Furthermore, it has large nonlinear optical
susceptibilities %, and the first Stokes emission at 1.53 pum wavelength is
the result of the fundamental *Fs, — *I;3, channel stimulated emission field.
These points show that Nd:KGW optical waveguide has huge possibilities
for industrial applications. However, the difficulty of preserving the
chemical composition between the ablation target and thin-film makes it
difficult to demonstrate Nd:KGW waveguides by PLD method to date.

Very recently, focuses are not only on the crystal growth, but also other
new processing technologies. Grivas, et al. have reported Ti:sapphire single-
mode rib waveguides which have yielded strong optical confinement,
together with sufficient levels of fluorescence output. This makes the
Ti:sapphire rib waveguides a very interesting candidate as a fluorescence
source for optical coherence tomography (Grivas, et al., 2004). May-Smith,
et al. reported the epitaxial single-crystal Nd:GGG films on YAG substrates
with thicknesses up to 135 um through a multiple deposition process,
resulting in a low propagation loss of 0.1 dB cm™ (May-Smith, et al., 2004).
At the same time, technologies for optical integration are emerging. For
example, surface relief type gratings for input laser coupling were fabricated
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by femtosecond laser interferometric processing for Nd:GGG thin-film
grown by PLD (Oi, et al., 2003).

3. Nd:KGW WAVEGUIDE FABRICATION ON
SILICON SUBSTRATE

In Section 3, we demonstrate the Nd:KGW optical waveguide on Si
substrate. Because Si devices and their applications are technically matured
and widely used in the industries, the crystal growth on Si can also be
applicable to magnetic, ferroelectric, semiconducting, and superconducting
materials for device and conductor applications, not only to monolithic
optical waveguide integration. We first show a scheme to realize an optical
waveguide on Si substrate. Then, we show the compensation of the non-
stoichiometric transfer effect during PLD to obtain Nd:KGW films.

31 Waveguide structure design

The physical and optical properties of Nd:KGW, CeO,, and Si are
summarized in Table 2 (Mochalov, 1995; Hayashi, et al., 2000; Hartridge, et
al., 1998). As can be seen in Table 2, Si particularly has a high refractive
index which does not allow for an optical waveguide structure on it by direct
growth. We introduced a CeQO, buffer layer between Nd:KGW optical
waveguide and Si substrate, so that the waveguiding mode was allowed
within the waveguide layer. However, we should note that the propagation
light is absorbed by the Si substrate, unless the buffer layer has a sufficient
thickness. If the evanescent waves, which decay exponentially with distance
from the interface, reach the under layer, they are not confined inside the
waveguide region anymore. This is an evanescent wave coupling alike. On
the other hand, a too thick layer preparation is a time consuming work. In
this study, beam propagation method was used to simulate the waveguide
loss caused by evanescent waves. Calculation was performed in 2D based on
the unconditionally stable finite difference method. The TE polarized
waveguide mode was propagated under the Crank-Nicolson scheme without
Padé approximant. The boundary was a transparent boundary condition.

Fig. 1 shows the calculated waveguide loss as a function of CeO, buffer
layer thickness, where the light wavelength is 1.07 um, refractive index and
thickness of each layer is nxgw = 2.0 (1.0 um), nceop = 1.7, and ng; = 3.5 (50
um), respectively. The Si thickness has enough margin to reduce the effect
of reflected light from the bottom of the substrate. This result suggests that
the waveguide on Si substrate is realized with the sub-pum-thick buffer layer.
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Table 2. Comparative properties of KGW, Ce0,, and Si.

formula KGd(WO,); CeO, Si
lattice monoclinic cubic cubic
a=8.10,b=10235, _ _
cell c=7.55; f=9443" a=543 a=541
thermal expansion 4.0[100],3.6[010], 7 ~32
for 100 °C [/K"! x10%] 8.5[001} '
refractive indices for  n,=1.978, n,=2.014,
1.07 ym e = 2.049 1.68 332
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Figure 1. Calculated waveguide losses as a function of CeQ, layer thickness

3.2 CeO, buffer layer preparation

Epitaxial growth during the KrF excimer PLD is very sensitive to the
deposition conditions such as substrate temperature Ty, OXygen pressure
P(0,), laser fluence E, and target-substrate distance Dr.s (Wu, et al., 1991),
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Figure 2. XRD scan - (a) AFM image - (b) of (100) CeO, thin film deposited on (100) Si
substrate: E =4 J cm®;, P(O,) = 0.012 mbar; Tow = 500 °C, and D15 =50 mm.

Also, it strongly depends on the quality of the amorphous SiO; layer formed
on the (100)Si substrate. Beyond the exact optimal growth conditions, a
preferential (111)CeQ, is formed.
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X-ray diffraction (XRD) scan and atomic force microscopy (AFM) image
of as-grown (100)CeO, buffer layer is presented in Fig. 2 (a) and (b). The
thickness of the CeO, layer is more than 200 nm, so as to prevent the light
leaking out of the waveguide layer. In addition, a small amount of Gd is
added to the target to prevent cracking (Atanasov, et al., 2004). The typical
value of Aw= 0.20° at FWHM for (100)CeO, suggests that the film has
good crystallinity. The RMS surface roughness measured is less than 1 nm.

3.3 Compensation of non-stoichiometric transfer effect

After the laser ablation of a multicomponent target, collisions among
ablated particles are significant, and the heavy atoms or ionic molecules
accelerate or scatter the light atoms. Subsequently, the lighter atoms which
are subject to scatterings forward off-axis direction, while the heavier atoms
tend to reach the substrate along on-axis direction. If there is a significant
difference in the atomic weight, this effect produces a non-stoichiometric
film from a stoichiometric ablation target. Such an unfavorable process is
one of the problems of PLD, which is avoidable by adjusting the target
composition and ambient pressure as described below.

In the case of KGW [KGd(WQ,),], the lightest atomic weight is 39.098
of potassium (K), and the heaviest is 183.84 of tungsten (W). Therefore, it is
expected that the preferential K-scattering in the ablation plume causes K-
deficiencies in the films, if a single crystal KGW target is used for ablation.
The K-deficiency results in the unfavorable Gd,WOs crystalline phase
growth, exclusively. Better crystallinity and lower optical loss waveguides
can be achieved by use of K-rich ceramic targets, which are precisely
described elsewhere (Okato, et al., 2003a; Okato, et al., 2003b).
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Figure 3. Plots of the Ng/Ny, ratio of the as-grown films as a function of P(O,): E= 12 Jcm’
2 P(O,) = 0.005 - 0.1 mbar, Tow = 700 °C, and Dr.g = 40 mm. The dashed line corresponds to
the stoichiometric ratio.
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Here, we show the evaluation of the K content in the films as a function of
P(O,) in Fig. 3, where a K-rich target (Nx/Nw = 1.16) has been used. The
films were deposited on the (100)CeO,/(100)Si substrates. As can be seen in
Fig. 3, the K content is very little at a low pressure regime. However, it is
also observed that the ratio increases as the P(O,) increases, and it
approaches the stoichiometric value (Nx/Nw = 0.5) between 0.05 and 0.08
mbar.

The increment of Nx/Ny may be explained by two physics. First, the K
atoms are prevented from going outside of the plume due to the high ambient
pressure. Second, the increased plasma density inside the ablation plume
promotes chemical reactions between respective species. The increased
concentration of ionic complexes or molecules between K, Gd, W, and O
may reduce the difference between heavier and lighter elements, which
equalize the scattering yields.

34 Optical properties of Nd:KGW waveguides

Photoluminescence (PL) strongly depends on the crystallinity of the films,
so that the film quality can be tested by the PL measurement. At the
optimized growth conditions, Nd:KGW films preferentially grow (110)-
orientation on CeQ,/Si substrates, The PL spectrum of the as-grown film and
Nd:KGW single crystal is shown in Fig. 4. The intensity of the emission
peaks of the films is an order of magnitude lower than those of the single
crystal; however, as the film is only about 0.82 um thick, its lower emission
intensity is due to the excited active volume. The emission spectra of film
have similar features with the exception of difference in the fluorescence
intensity for each Nd transition.
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Figure 4. Photoluminescence spectra of Nd:KGW film and single crystal: (a) as-grown at
P(0,) = 0.08 mbar, T, = 700 °C; (b) Nd:KGW single crystal. The PL. measurements were
performed at room temperature using an 810 nm laser diode for pumping.
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This is caused by large lattice mismatches between KGW film and CeO,
substrate, which induce stresses and distortions into the KGW crystal and
subsequently to the incorporated Nd. The optical waveguide loss was
measured by recording the attenuation of the scattered light along with the
propagation path. A rutile prism was used to couple the s-polarized He-Ne
laser into the film. The incident angle of the laser light can be determined
with the following refractive indices of CeO, and KGW films at 633 nm,
being 1.68 and 1.9, respectively. The incident angle was determined to be &
= 33.8 using the following equations:

8, = sin'l(neff/ np) and nesin(@ - 45°) = nysin( 4, - 45°),

where & and @, are the incident angles of the prism and of the film, neg is
the film effective refractive index determined by mode dispersion curve, and
n, and n, are the refractive indices of the prism and air, respectively. The
recorded attenuation of the scattered light is shown in Fig. S (a). The optical
waveguide loss is evaluated to be about 3.53 dB cm™ at 633 nm.

field intensity-
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Figure 5. (a) Experimental observation of He-Ne laser propagation properties of Nd:KGW
film (0.82 pm-thick) grown on CeO,/Si substrate. (b) Simulated spatial TE field distribution
of KGW/CeO,/Si structure (A = 633 nm), where the thicknesses of waveguide and buffer are
0.82 pm and 0.5 um, respectively.

Fig. 5 (b) shows the simulated 2D TE mode intensity profile along the
propagation path. The observed waveguide propagation property is in good
agreement with the simulated one, i.e. peaks and troughs spacing is several
hundred pm in both cases, giving the positive evidence of waveguide
structure realization. The relatively high waveguide loss obtained from the
film is due to the large mismatch between the film and substrate. In addition,
we have high density of particles and droplets on the film surface, which are
discussed in Section 4.
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4. IMPROVEMENT OF SURFACE SMOOTHNESS

The background pressure during conventional PLD (C-PLD) is adjusted
to oxidize growing films properly. However, high background pressure
sometimes deteriorates the film surface morphology. Conversely, under
extremely low background pressures, the ablated particles are deposited on a
substrate as the state near single atoms, which enables MBE-like epitaxial
growth at the expense of film oxidation. In Section 4, a nozzle-gas-assisted
PLD (NGA-PLD) is demonstrated to achieve low-loss waveguide using only
a simple oxygen gas nozzle, which enables effective film oxidation under
lower ambient pressures.

4.1 Nozzle-gas-assisted PLD system

Despite the fact that PLD has been known as a powerful tool for the film
growth of a variety of materials, especially for the multicomponent oxides,
the films usually have a high optical waveguide loss. To date, great efforts
have been devoted to produce high quality crystalline thin-films by PLD. For
example, in-situ pulsed-laser annealing (Ito, et al., 1997), off-axis PLD
(Strikovsky, et al., 1993), plasma-assisted PLD (Giacomol and Pascale,
2004), and so forth have been reported. In-situ pulsed-laser annealing is a
scheme for film crystallization resulting from the thermal annealing effect
due to energy transformation from photons to heat. The off-axis PLD
technique successfully prevents droplets from depositing on the substrate,
because only light ions or atoms can reach the substrate placed at the off-axis
position, while heavy particles pass through without changing their direction.
Plasma-assisted PLD is a technique which enhances the chemical reactivity
between materials and the RF plasma gas source. The oxygen plasma gas
source allows effective film oxidation, resulting in a higher crystallinity and
better surface morphology.

Here, a nozzle-gas-assisted PLD (NGA-PLD) is demonstrated to meet the
specific requirements of efficient film oxidization at low P(O,) using only a
simple oxygen gas nozzle. A gas nozzle is placed near the substrate surface
to accelerate film oxidation and to avoid the use of unnecessary high
pressure. Oxygen gas is introduced into the process chamber via the gas
nozzle, incident at 45°, placed near the substrate surface, as shown in Fig. 6.
The nozzle diameter ¢ is 2 mm. By changing the nozzle-to-substrate distance
Dy s and mass flow rate, we have optimized the NGA-PLD system.
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Figure 6. Schematic illustration of the NGA-PLD system for pumping O, gas onto the film
surface: (a) side view; (b) top view.

4.1.1 DSMC simulation

To design a NGA-PLD system, it is necessary to consider where to set
the nozzle and how to pump the gas. Before placing a gas nozzle inside the
chamber, we have estimated the gas density profile of the ejected gas using
the Direct Simulation Monte Carlo (DSMC) method (Usami and Teshima,
1999). Here, supersonic jets through a thin orifice are assumed. The
molecules are a VHS (variable hard sphere) for a monatomic gas of Ar;
however, we believe the results are still effective, because calculated results
are not strongly influenced unless one assumes a mixed gas. Plus, the atomic
weight of O, and Ar are close. Fig. 7 (a) shows the simulated supersonic
expansion of room temperature Ar gas from an orifice, where the original
point corresponds to the center of the orifice; z-axis and contour indicate the
pressure ratio of upstream and downstream; and the represented contour
interval is 0.005. The calculation is performed under the following
conditions: stagnation pressure at the orifice P, = 1 mbar; the background
pressure Py = 0.01 mbar; the orifice diameter ¢ = 2 mm; and the Knudsen
number K, = 1/30. K, is obtained by dividing the mean free path by the
orifice diameter. Kn is calculated to be ~ 1/30 by taking account of the mean
free path of the 1 mbar Ar gas at room temperature. From Fig. 7 (a), we can
estimate that the gas density in the upstream drops suddenly as the jet
expands and a sufficient and uniform pressure distribution is achieved when
the nozzle (¢ = 2 mm) is set 5 mm distant from the substrate surface,
provided that the background pressure is maintained at 0.01 mbar.

4.1.2 Effect of nozzle-gas on the film oxidation

Shown in Fig. 7 (b) is the dependence of applied conditions of the nozzle-
to-substrate distance Dy.s and the mass flow rate. The middle of the left edge
in the substrates corresponds to Dy.s = 0 mm. Thin-films grown under
different Dy_s of 0 and 5 mm are shown in Fig. 7 (b) i) and ii) at the fixed
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mass flow rate of 200 sccm. As can be clearly seen in Fig. 7 (b) i), the film
shows interference pattern and color non-uniformity, in the case where the
nozzle is very close to the substrate. The interference pattern is caused by the
gradient of the film thickness. As is shown in Fig. 7 (a), the gas density in
the upstream is extremely high. Therefore, deposition rate around the orifice
may be distorted by the ejected species. The non-uniformity in color is likely
due to the rearrangement of the ejected gas pressure distribution affected by
the scatterings against the substrate surface and the ablation plume created
by successive laser pulses, which are not assumed in the simulation. By
taking account of them, the Dy_s applied in this study is determined to be 5
mm. The thin-films grown under different mass flow rates of 0, 50, and 200
sccm at the fixed nozzle separation of
Dy.s = 5 mm are shown in Fig. 7 (b) iii), iv), and ii). Here, O sccm is
equivalent to C-PLD system. The thin-film is colored without nozzle-gas-
assist, as shown in Fig. 7 (b) iii). By increasing the mass flow rate, the film
colors changed from dark brown to transparent. The colored film is due to
the oxygen deficiency, because the transparent film is synthesized with
increasing the O, mass flow rate. The film coloring caused by oxygen
deficiency was also noticed by Belloto, et al., (Bellotto, et al., 1993). As can
clearly be seen, its oxygen deficiency fully disappeared in Fig. 7 (b) ii), i.e.
mass flow rate is 200 sccm, as compared to the thin-films deposited with C-
PLD technique. The ablated materials diffuse with repetitive collisions and
make an elliptical cloud. It has the lowest collision probability onto the
vertical direction to the laser spot, where the reactions with ambient gas are
most unlikely to occur. Therefore, it is reasonable that the film has the color
gradation from the center to the edge, as shown in Fig. 7 (b) iv).

Figure 7. (a) Calculated 3-D ejected gas density profile. (b) Observation of films grown on r-
cut sapphire substrate by NGA-PLD method under several deposition conditions: (i) Dy.s =0
mm, 200 sccm; (ii) 5 mm, 200 scem; (iii) S mm, 0 sccm; (iv) 5 mm, 50 scem. All are grown at
E=~101J cm? P(O,) = 0.01 mbar, Ty, = 700 °C, and Dr.5 = 40 mm. A target with Ng/Ny
= 1.20 was used. The direction of O, flow is indicated by the arrow.
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4.2 Characterization of the film properties

At the optimized experimental conditions: P(O,) = 0.01; Ty, = 700 °C;
mbar; Dy.s = 5 mm; and mass flow rate of 200 sccm, Nd:KGW films on r-
cut sapphire and CeQ,/Si substrates are obtainable. By using this technique,
the optical waveguide loss was reduced to 2.70 dB cm™. We note that if the
film is deposited at lower oxygen pressures and the oxygen deficient phase is
predominant, the thin-film is not crystallized (Collongues, 1993). Indeed,
the colored film shown in Fig. 7 (b} iii) does not indicate any XRD peaks.

The film surface morphology of the Nd:KGW film is compared to the
one made by the C-PLD method. The C-PLD is performed using a Nx/Ny =
0.94 targetat E=~ 107/ cm?, P(O,) = 0.05 mbar, and Ty, = 700 °C. The
KGW diffraction peaks are confirmed by the XRD. Fig. 8 shows the SEM
images of the thin-films grown by the NGA-PLD and C-PLD. As can be
seen in Fig. 8, the surface morphology is considerably improved by use of
the NGA-PLD method. The film surface fabricated by the C-PLD method
consists of many grains. The mechanism for the grain formation is described
as follows. After initial free expansion from the target surface, the mean free
path of the ablated particles is reduced in the presence of a buffer gas. More
specifically, at higher ambient pressures, the more collisions and scatterings
occur. Then the particles lose energy to the level adequate for forming ionic
complexes or molecules (Martin, et al., 1997). If these clusters reach the
substrate surface, small grains start to grow as they become the nucleus. On
the other hand, most of the ablated particles can reach the substrate in the
state near the single atoms if the ambient pressure is extremely low.
However, the improvement of the film morphology is too drastic to explain
only by the reduction of mean free path. In the pressure range applied in this
study (between 0.01 and 0.05 mbar), these two phenomena may occur
simultaneously. Further explanation may be made by taking into
consideration the dynamics of laser ablation in the diluted gas.

In the presence of a buffer gas and after the initial free expansion region,
it is suggested that the plasma expansion occurs in the two consecutive
stages: (i) Desorption and initial expansion when the ablated particle
collisions among themselves are appreciable and the influence of the
ambient gas can be neglected; and (ii) The expansion of the gas cloud in the
ambient gas when the collisions between the ablated particles and ambient
gas are significant. Dyer, et al., observed the oxide formations in the
boundary of these two stages (Dyer, et al., 1990). They estimated the plume
length of the first stage L, within the model of adiabatic expansion as:

Lp =A [(}‘_1) E]l/3}’ P~l/3 ‘/(}41)37’ (1)
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where A is a geometrical factor related to the shape of the laser spot at the
target surface; yis the ratio of specific heats (Cp /C,); E is the laser energy
per pulse; P is the gas pressure; and V is the initial volume of the plasma (V
= ¥y X T X spot size, vy being the initial species velocity, and 7 the laser pulse
duration). Taking into account the experimental parameters used in this work,
A = 1.6, 7= 27 ns, and a spot size of approximately 3 mm?, together with the
expansion velocities of the ejected species measured by Gonzalo, et al., (vo =
0.8 x 10* m/s) (Gonzalo, et al., 1997) and a value of ¥ = 1.3, the above
formula leads to plume length L,. Here, the L, indicates the distance that the
ablated particles can fly before oxide forms. From this formula, L, becomes
~ 40 mm at P(O;) = 0.01 mbar, corresponding to the target-to-substrate
distance Dy, while it is much shorter than Dy at P(O,) = 0.05 mbar. In
other words, the ablated particles reach the substrate after the formation of
many oxide clusters in the latter case. It is then concluded that the derivation
of the many grains on the film surface is due to the oxide clusters generated
in the ablation plume and their growth on the surface.

Figure 8. SEM images of Nd:KGW films grown on sapphire substrates: (a) deposited by
NGA-PLD at P(O,) = 0.01 mbar; (b) deposited by C-PLD at P(O,) = 0.05 mbar.

3. SUMMARY

We presented the growth of Nd:KGW waveguides on Si substrates. The
waveguide structure was realized by the CeO, buffer layer, and the as-grown
Nd:KGW films were optically active. We also demonstrated the nozzle-gas-
assisted PLD (NGA-PLD) method for efficient film oxidation. These results
are applicable to the general problems of PLD, and are of great interest.
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Chapter 13

PULSED LASER DEPOSITION FOR FUNCTIONAL
OPTICAL FILMS
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1. MAIN FEATURES OF PULSED LASER
DEPOSITION

The widespread use of laser ablation for thin-film deposition, referred to
from now on as pulsed laser deposition (PLD), has experienced an enormous
growth in the 90’s. The reason for this growth is twofold. On the one hand,
there have been many works reporting fundamental studies that have
contributed to understanding its physical basis and optimising the deposition
process [Chrisey and Hubler, 1994; Miller and Haglund, 1998]. On the other
hand, films of materials for which more standard techniques have shown
limited success have successfully been produced by PLD and some optical
devices based on heterostructures produced by PLD have been proposed in
the literature [Yilmaz, et al., 1994; Wu, et al., 1998; Koinuma, et al., 2000].
Today, commercial systems are available and several device prototypes
using layers fabricated by PLD have been demonstrated.

From the conceptual point of view, the PLD technique is very simple and
only requires a pulsed laser, preferentially delivering nanosecond pulses or
shorter in the UV, a target with no electrical, geometrical or thermal
constraints, and a substrate. The basic setup of the conventional
configuration has been sketched in Fig. 1a. The laser beam is focused to the
target typically at an angle of incidence of 45° with respect to its
perpendicular direction. The ablation of the target produces a visible plasma
(commonly known as “plume”) that expands from the target. In order to
avoid its fast deterioration and keep its surface under approximately constant
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conditions, the target is typically rotated. The substrate is located in front of
the target at a distance in the range 30-100 mm. Both the substrate and the
target are usually placed inside a chamber that can be evacuated. One of the
advantages of PLD is that the process can be performed at any pressure
ranging from ultra high vacuum to high pressures (typically up to 10 mbar)
and that any kind of atmosphere either inert or reactive can be used.

substrate

gas inlet
laser beam

Figure 1. (a) Schematics of a standard PLD experimental setup. (b) Optical photograph of a ~
1 cm® LiNbO; film deposited by PLD on Si. The fringes are associated to the material
thickness distribution.

The nature of the target in itself can have an important impact on the final
quality of the films. One of the main drawbacks of the PLD technique
addressed in the literature is the generation of particulates of sizes up to a
few pum that are deposited on the growing film, leading to rough and thus
low quality films [Chen, 1994; Willmott and Huber, 2000]. One way to
overcome this problem is through the use of very dense or single crystalline
materials as targets, together with selection of appropriate experimental
conditions.

The plasma is forward directed over a relatively small angular
distribution and thus, film thickness is not homogeneous as shown in Fig.1b,
where a photograph of a transparent oxide film grown on a Si substrate is
shown. A series of dark and bright regions are observed that relate to
interference fringes produced as a consequence of the decrease of thickness
from the center to the edges. Only a reduced central region of the film has
homogeneous thickness. To increase its size, one possible alternative would
be to expand the beam at the target site. However, this solution would
require pulse energies not available in most of the commonly used lasers.
Solutions widely used to overcome this problem are either to rotate the
substrate or to use complex deposition geometries. Homogenous films up to
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3 inches in diameter have been reported [Prins, et al., 1996; Pignolet, et al.,
1998].

PLD has several characteristics of interest for the production of
functional optical thin-films. Table 1 shows average values for the kinetic
energy of the species and the deposition rate in PLD, and in two standard
physical vapour deposition processes: thermal evaporation and sputtering.
The species involved in PLD are the ones having the highest kinetic energy,
the values being typically one order of magnitude higher than in the case of
sputtering. This feature is essential for achieving films with very high
density and good adherence to the substrate, both features being required for
high performance coatings [Voevodin, et al., 1997; Lackner, et al., 2004].
Table 1 also shows that the time averaged deposition rate in PLLD is small
and close to the smaller values that are achieved in thermal evaporation. If
the amount of material deposited per pulse (low energy density regime) is
low enough (10" at. cm™), an excellent control of the growth process at
submonolayer level can be achieved [Blank, et al., 2000; Koinuma and
Takeuchi, 2004]. However, PLD is in itself a pulsed process since most
deposition takes place over several tens of microseconds after each
nanosecond laser pulse. This leads to the “instantaneous” high deposition
rate per pulse included in brackets in Table 1. This is a conservative
minimum value correlated to the rate of energy transfer from the gas phase
to the substrate that eventually determines the quenching rate at the
substrate. This high deposition rate or arrival flux of species to the substrate
is responsible for favouring the production of metastable phases or materials
[Krebs, et al., 1996; Gonzalo, et al., 2003].

Table 1. Kinetic energy of species and typical average deposition rates for PLD and two
standard film deposition techniques. The “instantaneous” or per pulse deposition rate is also
included within brackets for the case of PLD.

Deposition technique Kinetic energy (eV) Deposition rate (nm.s'l)

Pulsed laser deposition  10-100 0.1/ (>10%)
Thermal evaporation <1 0.01-0.1
Sputtering 5-10 0.1-1.0

Another advantage of PLD is its flexibility to use several targets in a
single film growth process. The laser beam can easily be focused
alternatively to two or more targets, leading to a sequential ablation process.
The firing of the laser and the movement of the targets can then be
controlled in order to define a tailored film profile in depth. This
configuration referred to from now on as alternate PLD, is ideal for
producing complex structures such as multilayers [Koinuma and Takeuchi,
2004] or nanostructured [Afonso, et al., 2006] films. An example of the
latter is shown in Fig. 2 that includes both a Rutherford Backscattering
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spectrum and a cross-section transmission electron microscopy (TEM)
image of a nanocomposite film containing 10 layers of Cu nanoparticles
(NPs) embedded in amorphous Al,O; [Serna, et al., 2000]. The films have
been produced by alternate PLD of the metal and the matrix targets. Whereas
the former evidences the presence of Cu rich layers, the latter shows that the
layers are indeed formed by NPs that are of approximately 3 nm in diameter
and are separated by amorphous Al,O;. The deposition sequence was
designed in order to have the NPs layers equally spaced with a separation of
20 nm. Fig. 2 evidences the excellent control that PLD offers for organising
nanostructures in depth with nanometer resolution.
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Figure 2. (a) High energy region of the Rutherford Backscattering spectrum (Cu profile) of a
nanocomposite film containing 10 layers of Cu NPs. (b) Cross-section TEM image
corresponding to the same film in (a), where dark and bright areas correspond respectively to
the Cu NPs and the amorphous Al,O5 host. [Adapted from Serna, et al., 2000].

2. CRITICAL DEPOSITION PARAMETERS FOR
THE PRODUCTION OF OXIDES

PLD of complex oxides usually requires the presence of a gas
background in order to reproduce the oxygen stoichiometry of the target in
the films. Although the use of gases such as NO,, N,O, or Ar has been
reported to lead to good composition and crystallinity, O, is the most widely
used gas [Gupta, 1994; Blank, et al., 2000]. The presence of a gas
background and its possible reactive character influences the kinetic energy,
the spatial distribution and even the nature of the species present in the
plasma. It thus determines not only the plasma expansion dynamics but also
the morphology, composition, and structure of the films [Geohegan, 1994;
Saenger, 1994; Gonzalo, et al., 1996]. Related experimental parameters that
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also have a relevant role in the production of oxides by PLD are the laser
energy density that modifies the kinetic energy and density of the ejected
species, and thus influences the expansion dynamics, as well as the target-
substrate distance since the plasma features drastically change with distance
in the presence of a gas background [Xu, et al., 1994; Gonzalo, et al., 1996;
Gottmann and Kreutz, 2000].

Shortly after the laser pulse, the visible plasma is limited to a region close
to the target. Subsequently, the plasma expands increasing its size and
decreasing its density while the expansion velocity remains constant. The
basic features of the expansion in vacuum have successfully been described
by theoretical models that generally consider that the plasma expands
adiabatically [Singh and Narayan, 1990; Anisimov, et al., 1993]. Typical
plasma expansion velocities are 10°-10° cm s that lead to the characteristic
kinetic energies shown in Table 1.

The presence of a gas background has a strong influence on the plasma
expansion dynamics for gas pressures higher than 107 mbar, the main
difference being its confinement. If the gas pressure is high enough, the
plasma remains confined to a region close to the target surface. Common
models used in the literature to describe the plasma expansion in the
presence of gases have been the “drag force” and the “shockwave” models
for pressures respectively below and above a few mbar [Dyer, et al., 1990;
Geohegan, 1994].

Qualitatively, the plasma expansion in a gas background can be described
in three consecutive steps. Initially, the density of the plasma is much higher
than that of the gas leading to initial velocities similar to the ones when
expanding in vacuum. As the plasma expands, the mass of gas displaced
increases and the plasma slows down its velocity. Once the latter have lost
most of its kinetic energy by collisions with the gas, the species moves by
diffusion into the background gas. The distance from the target at which this
happens (L), referred to in the literature as plasma length, plasma range, or
stopping distance, among other terms [Dyer, et al., 1990; Geohegan, 1994;
Strikovski and Miller, 1998; Amoruso, et al.,, 2003], is an important
parameter when growing oxide films. It has experimentally been observed
that the composition and structure of the films depend on the target-substrate
distance, the best quality films being produced when placing the substrate at
distances D =~ L from the target. This is illustrated in Fig. 3, which shows the
XRD spectra corresponding to two LiNbO; films grown at target-substrate
distances either D > L or D = L [Chaos, et al., 2001]. Whereas the former
film exhibits several diffraction peaks indicating it is polycrystalline, the
latter shows only one peak evidencing its textured growth. There have been
different approaches to estimating the plasma length by considering it is the
distance from the target at which the rate of thermal decomposition of the
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ensemble of species dominates over its forward movement [Strikovski and
Miller, 1998], the plasma pressure equals the gas pressure [Dyer, et al.,
1990; Geohegan, 1994] or the expansion velocity reaches a certain optimum
value [Kim and Kwok, 1992]. All models lead to lengths that are in the 100
mm to 10 mm range for the gas pressures typically used in PLD (107 to 10
mbar).
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Figure 3. X-ray diffraction patterns of LiNbO; films deposited on Si at 650° C and target-
substrate distances (D) of (a) 35 mm > L and (b) 23 mm = L. The plasma length (L) has been
estimated to be L = 27+5 mm according to [Dyer, et al., 1990]. The rest of the deposition
parameters (Pressure = 1 mbar of O,, Laser energy density = 1.2 J cm? and cooling down gas
environment = 100 mbar of O,) were kept constant. All the peaks correspond to LiNbO;
(Adapted from Chaos, et al., 2001).

An additional issue to be considered when producing films in a gas
background is the modification of the angular distribution of ejected species;
it broadens and there is a preferential dispersion of the lighter elements with
respect to the heavier ones. This effect becomes significantly important for
gas pressures > 10”2 mbar at the usual laser energy density values (a few J
cm'z) [Lichtenwalner, et al., 1993; Gonzalo, et al., 1996]. This effect has
been reported for the case of complex oxides composed of cations having
very different masses as it is the case of high Tc superconductors or heavy
metal oxide glasses [Saenger, 1994; Gonzalo, et al.,, 1996, Sanz, et al,,
2004]. Under these conditions, films produced using the standard PLD
configuration, shown in Fig. 1a tends to be enriched in the heavier elements.
However, this situation can be reversed since the opposite effect (plasma
narrowing) has been reported to occur when using laser energy densities well
above the ablation threshold or very high pressures [Saenger, 1994;
Lichtenwalner, et al., 1993].

Finally, if the gas background is reactive, chemical reactions between the
ejected species and the gas species, or surface oxidation, may enhance the
incorporation of oxygen to the films, There is broad experimental evidence
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for the former processes when they are energetically favorable (exothermic)
such as the formation of YO or BaO when ablating Y;Ba,Cu;0;, in O,.
However, evidences have been scarce and restricted to a limited range of gas
pressures when these reactions are endothermic [Gupta, 1994].

The laser energy density (£) has a strong influence on the initial density
and kinetic energy of the ejected species as well as on the ionization fraction
of the plasma. Its effect can be related to that of the gas pressure (P) and the
target-substrate distance (D) in the frame of the “shockwave” model if it is
assumed that the optimum growth conditions can be expressed in terms of an
optimum arrival speed of the species to the substrate. Then, it is possible to
correlate these parameters in the form [Kim and Kwok, 1992; Xu, et al,,
1994]:

ESn
1 1-n

pPsnp

=C , ey

where C is a constant and n depends on the symmetry of the shockwave
front. According to this expression, an increase of the gas pressure requires
an increase of either the laser energy density or a reduction of the target-
substrate distance in order to achieve the optimum growth conditions. A
similar reasoning can be made when modifying the laser energy density.
This qualitative reasoning has been proven experimentally in different
materials such as LiNbO; or high Tc superconductors, among others [Kim
and Kwok, 1992; Xu, et al., 1994; Chaos, et al., 2001].

The impact that the kinetic energy of the ejected species has on the
nucleation and growth of oxide films for optical applications depends on its
actual values [Kools, et al., 1994; Willmott and Huber, 2000]. For kinetic
energies lower than the displacement threshold energy or the bond strength
(£ 30-50 eV), the arrival of the species has no significant impact on the
surface quality of the growing film. However, these values are high enough
to enhance the surface mobility and reactivity at the substrate, features that
are essential to promote the growth of films with preferential crystalline
orientation or with improved optical density [Afonso, 1995; Gottmann and
Kreutz, 2000]. For kinetic energies above these values, phenomena such as
implantation or surface sputtering may appear. Implantation phenomena in
PLD have unambiguously been evidenced when depositing high mass
species such as Bi [Barnes, et al., 2003] or Au [Gonzalo, et al., 2005} on
Al,O; substrates. Resputtering of a fraction of the material already deposited
induced by the bombardment of highly energetic incoming species has also
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been reported in the literature for the case of metals [Fihler, et al., 1999] and
complex oxides [Frantti and Lantto, 1994; Hau, et al., 1995]. Both processes
can have a high impact on the quality of deposited films since they can lead
to damage of the film surface or its structure, or they can even alter the
composition of the film due to the different sputtering yield of the elements
forming the films.

3. PULSED LASER DEPOSITION OF OXIDES OF
INTEREST FOR OPTICAL APPLICATIONS

Pulsed laser deposition has proven to be an excellent method for
producing high quality oxide films. This is particularly true for the case of
crystalline multicomponent oxides for optical applications such as LiNbO;,
PZT, BaTiO;, and more recently to ZnO and related materials. Since these
types of materials are the ones to which PLD has first been applied, there are
a number of comprehensive reviews describing the key aspects and features
[Chrisey and Hubler, 1994; Afonso, 1995; Willmott and Hubler, 2000;
Ohtomo and Tsukazaki, 2005]. In the limited space of this chapter, we will
thus focus on other materials for which PLD is emerging as a promising
production route, namely glassy films and films structured in the nanometer
scale. These films can be produced at room temperature and in a single step
process, features that are not easily achievable by direct competing
technologies. Although this selection has been made on the basis of their
interest for optical applications, some of the materials or approaches referred
to also have a high potential for other fields of applications.

Glasses are very attractive for photonics applications such as ultralow-
loss optical waveguides and efficient gain or nonlinear optical devices. In
spite of the success of PLD in producing complex oxide films, it has seldom
been applied to the production of glassy oxide films. The reasons for this
limited use of PLD are most likely related to difficulties in producing films
with good surface quality and to the fact that more conventional deposition
procedures such as sol-gel, plasma or laser enhanced CVD, or sputtering
lead, in general, to satisfactory results [La Serra, et al., 1990; Mazzoldi and
Righini, 1995; Ay, et al., 2003]. However, the inherent capabilities of PLD
for producing conditions far from thermodynamical equilibrium, the ability
to reproduce the target stoichiometry, and finally, the possibility of
designing the films at the nanoscale while having complex oxides as host,
are additional features that make PLD an attractive technique for the
synthesis of oxide glasses.

Nanostructured materials are to be understood as materials artificially
designed in the nanometer scale to achieve certain physical properties. In
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this section, we will focus on the modification of the optical properties of
dielectric (oxide) thin-films by embedding either metal NPs or rare-earth
(RE) ions, an approach that has sometimes been referred to as “optical”
doping. Metal NPs embedded in dielectric hosts are interesting for several
applications ranging from passive optical elements such as polarizers and
filters, to active functions based on their nonlinear optical properties such as
ultrafast all-optical switches or optical power limiters [Kreibig and Vollmer,
1995; Hirao, et al., 2001]. The interest on RE doping of dielectrics has been
developed as a result of its success for the production of lasers (i.e.
Nd:YAG) or amplifiers (i.e. the Er-doped fiber amplifier in long distance
fiber communications). Integrated gain devices are foreseen as key
components for the development of integrated photonic circuits [Miniscalco,
1993; Polman, 1997; Hirao, et al., 2001].

3.1 Glassy films

After the pioneering work of Vogel and coworkers on PLD of gallate and
titanium-niobium silicate and borosilicate glasses, [Vogel, et al., 1989] the
activity on PLD for producing glassy films has been limited to a few simple
glasses such as silica [Ford, et al., 2003] and lead oxide {Luo, et al., 2004],
or complex oxide glasses such as phosphate [Afonso, et al., 1996], lead-
germanate [Mailis, et al., 1999], lead-niobium germanate [Gonzalo, et al.,
2003], tellurite [Martino, et al., 2003] and bioactive [Serra, et al., 2004]
glasses.

Surface roughness is one of the main concerns when preparing complex
oxide glassy films by PLD. The appearance of particulates with sizes in the
range of 0.1 um to a few um has often been observed when producing glassy
films and is related to the laser parameters. For instance, the use of a
wavelength of 193 nm has been found to lead to smooth transparent
phosphate glasses, while the same glass was hardly produced by using 248
nm [Mailis, et al., 1999]. Moreover, even when the appropriate wavelength
is used, the laser energy density must be carefully selected in order to
achieve smooth films. Energy density values that are either very high or
close to the ablation threshold lead to rough surfaces, mainly due to the
generation of particulates in the ablation process. At high energy densities,
subsurface boiling or recoil ejection induce the ejection of molten
particulates that eventually reach the substrate. At low energy densities, the
increase of the ablation time required to deposit films leads to the
degradation of the target surface and favors the ejection of solid particulates
[Chen, 1994; Willmott and Huber, 2000]. These results suggest that
intermediate energy densities have to be used in order to achieve smooth
films [Serra, et al., 2004].
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Another important issue is the transparency of the films in the
wavelength range of interest for optical applications (visible and near
infrared). Oxygen is the main constituent of glasses and can enter in the
glass network either as a bridging or non-bridging ion [Lines, 1991;
Clement, et al., 1995]. Oxygen deficiency modifies the glass structure and
can even prevent its formation if it is too high, this generally leading to
absorbing films [Mailis, et al., 1999; Sanz, et al., 2004]. Fig. 4a shows the
evolution of the relative oxygen content in glassy films produced by PLD in
O, gas from a lead niobium germanate (LNG) glass [Sanz, et al., 2004]. At
low pressures, the films are clearly oxygen deficient, which is a typical result
when producing films of complex oxides having cations much heavier than
oxygen [Gupta, 1994; Chaos, et al., 2001]. The oxygen content remains low
for pressures up to 10> mbar and it increases significantly for pressures
above 10 mbar to become close to that of the target for pressures in the
range 0.5-1.0 x 10™" mbar. For these pressures, at least 25% of the oxygen in
the film comes from the gas environment as demonstrated by comparing the
oxygen content of films grown in O, and Ar under the same conditions.

a
2.0_(__) _____________________ +
w
° 1.5 +
S g
1.0/ ]
[ [
1X1051x10° 10°  10% 10" Pb™ 25 B0 75 Ge

Pressure (mbar)

Figure 4. (a) Relative oxygen content (No/Ng) of LNG glassy films as a function of the
oxygen pressure, where Ng and Nc, are respectively the number of oxygen atoms and cations.
The dashed line corresponds to the relative oxygen content of the target. (b) Relative cation
composition of LNG bulk targets (A) and the corresponding films (O), produced by PLD in
an O, pressure of 5 x10"2 mbar (Adapted from Gonzalo, et al., 2003; and Sanz, et al., 2004).

Although the use of an O, background gas is necessary for the production
of glassy oxide films by PLD, it is important to bear in mind that it can
modify the relative cation content. The presence of a gas in the optimum
pressure range leads to an enrichment of the heavier elements with respect to
the lighter ones as described in Section 2. This effect is illustrated in Fig. 4b,
where the composition of both LNG targets and films produced at 5x107
mbar of O, is shown [Gonzalo, et al., 2003]. A general slight deficiency of
Ge (lightest element) and excess of Pb (heaviest element) is observed in the
films, while the Nb content remains approximately constant.
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Fig. 4b also shows that only targets having compositions in the region
within the dashed line are vitreous and thus transparent. Instead, all films
produced are vitreous and transparent. This result further illustrates the
interest of PLD for the synthesis of complex multicomponent oxide glasses
as it enables the production of transparent films in an extended composition
range when compared to the bulk material. This result is related to the high
instantaneous deposition and quenching rates achievable by PLD as shown
in Table 1 and described in Section 1, that lead to synthesis conditions far
from thermodynamical equilibrium.

The refractive index of a glass is generally influenced by the bond
polarizabilities of its constituents. In the case of conventional glasses, it has
been observed that both the linear (n) and nonlinear (n;) refractive indices
increase with the concentration of non-bridging oxygen bonds that are
induced by the addition of network modifiers to the glass composition
[Vogel, et al., 1991]. However, this is not the case for glasses with a
significant fraction of heavy metal cations with ns? electron pairs (Pb**, Bi**,
Te*) or d° ions (Ti* and Nb*>*, among others) [Lines, 1991; Santran, et al.,
2004]. In this case, the concentration of heavy metal cations, and in
particular their high polarizability, is the factor determining the high values
of the refractive index. This behaviour is illustrated in Fig. 5, which shows
the evolution of n and the energy gap E, in LNG glassy films with the
[Pb]+[Nb] content [Gonzalo, et al., 2003]. It is seen that n increases linearly
up to a maximum value that is clearly higher than that achievable for bulk
transparent glasses. Instead, E, shows a more complex behavior that is
related to the different role played by Pb and Nb in the glass network.
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Figure 5. (a) Real part of the refractive index (n) at A= 630 nm and (b) Optical energy gap
(Eg) as a function of lead and niobium fraction ([PbJ+[Nb]) in LNG glassy films produced by
PLD in an O, pressure of 5x102 mbar. Results corresponding to series of films with constant
lead (A) or niobium (M) contents are highlighted. The dashed lines are linear fits of the
dependence of (a) n and (b) E, on ({Pb]+[Nb]), for the series of films with constant lead or
niobium contents. The composition range in which transparent bulk targets are produced is
indicated in (a) as a grey rectangle (Adapted from Gonzalo, et al., 2003).
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Semi-empirical models used for the development of new glass
compositions of interest for nonlinear applications [Vogel, et al., 1991;
Lines, 1991; Santran, et al., 2004] predict an increase of the nonlinear
refractive index n, with the increase of n and the decrease of E,,.

This prediction has recently been confirmed for glassy films of the LNG
system with large heavy metal content. Values of n,, more than 10° times
higher than that of Si0O,, have recently been measured [Gonzalo, et al.,
submitted] at A= 800 nm.

3.2 Nanostructured films

Nanostructuring is a powerful tool to artificially design materials and is
becoming a common approach in current nanotechnology. This section
illustrates the use of PLD for this purpose through examples of materials
“optically” doped either with metal NPs or RE ions. In the former case, the
dimensions, shape, and distribution of the NPs are essential to achieve the
desired optical response both in wavelength and intensity; the control of the
RE ion concentration and distribution is essential for achieving an optimized
photoluminescence intensity and lifetime in the latter one. The optimization
of these features usually starts from a common approach that is based on the
control of laser parameters and the deposition sequence. This is well
documented for the case of films containing metal NPs through images such
as that shown in Fig. 2, which illustrates the nanostructuring process and the
good degree of control that can be achieved.

Most of the examples that are discussed in this section relate to films in
which the host or dielectric is amorphous aluminium oxide (Al,Os). This
host has first been chosen because high-quality low-loss waveguides of this
material on silica-on-silicon substrates have been produced [van den Hoven,
et al., 1993}. The high contrast between its refractive index and that of the
Si0, cladding layer (~0.2) leads to a high confinement of the guided light,
making the design of small device structures possible. An additional aspect
that makes this host attractive is the fact that, unlike most oxides, the
production by PLD of this type of films can be performed in vacuum, thus
making the process simpler. However, the approach described in this Section
can easily be extended to other dopants or hosts such as the glassy films
described in the previous section or the perovskite-type oxides successfully
produced by PLD. To illustrate this potential, a comparison of the results
achieved in doping with Er amorphous Al,O; and epitaxial LiNbO; films
will finally be discussed.
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3.2.1 Nanocompeosite films

The control of the features of NPs embedded in a solid host has been a
challenge for long time and, in fact, the lack of production methods with the
required degree of control has been one of the major drawbacks for the
development of technological applications based on this type of materials. A
strong experimental effort has been made in recent years to develop methods
with the required level of control, the most widely used ones being ion
implantation and thin-film technologies, in some cases combined with
lithography techniques. While the former produces or segregates the NPs
into the bulk or previously deposited host, the latter are based on the
production of both the host and the NPs using the same technique.

Two main approaches have been reported in the literature for producing
NPs by PLD, the main difference being the place where the NPs nucleate: in
the gas phase by ablating the material at high pressures (10’s of mbar) of an
inert gas, typically Ar [Yoshida, et al., 1996; Geohegan, et al., 1998; Marine,
et al., 2000]; or at the substrate surface by taking advantage of the Vollmer-
Weber island growth, Whereas the former approach has mainly been used to
produce semiconductor NPs that are addressed in a different Chapter of this
book, the latter has been the preferred route for producing metal ones due to
the low adsorption energy of metals on most oxides and insulating substrates
that favor the island growth [Henry, 1998]. In this section, we will
summarize the features and possibilities of the latter approach. For a more
detailed description, we refer the reader to a recent comprehensive review on
the production of metal nanocomposite films by PLD [Afonso, et al., 2006].

Fig. 6 shows transmission electron microscopy (TEM) images of Ag and
Cu metal NPs (dark contrast regions) produced by PLD. The NPs have a
round shape for low metal contents (Fig. 6a) and become larger and irregular
as the metal content increases due to coalescence and coarsening (Fig. 6b).

Similar shape and dimension evolution has been reported for NPs
produced by PLD of other metals like Au, Bi, and Fe [Serna, et al., 1998a;
Serna, et al., 1999; Dempsey, et al., 2001; Barnes, et al., 2002; Gonzalo, et
al., 2005]. However, noble metals (Au and Ag) tend to form larger NPs than
other metals since it is well-known that the higher the interface energy, the
lower the nucleation probability. This effect can be appreciated by
comparing the dimensions and number density of Ag and Cu NPs in Figs. 6b
and 6¢ in specimens containing the same overall metal content,

The most widely studied optical feature of metal-dielectric
nanocomposite materials is the appearance of an enhanced absorption band
at the so-called surface plasmon resonance (SPR) due to classical
confinement effects. This resonance appears whenever the condition g,+ 2 &
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= 0 is satisfied, where &, and & are the real parts of the dielectric constant
of the metal and the dielectric host, respectively.

Figure 6. Plan view TEM images of nanocomposite films containing Ag or Cu NPs
embedded in amorphous Al,0; with increasing Ag areal density per layer (a) 3.5 x10'* at/cm?,
(b) 12 x 10" at/cm?, and (c) a Cu areal density of 12 x 10% at/ cm®.

Fig. 7a shows the real (n) and imaginary (k) parts of the refractive index
of a nanocomposite film containing Ag NPs as a function of wavelength,
together with the n values of a reference host film with no NPs. The
corresponding curve for k in the latter case is not included since its
absorption is negligible. For the nanocomposite film, whereas k shows a
broad band peaking around the SPR wavelength (~400 nm), » instead shows
anomalous dispersion behaviour in the same spectral region. It becomes
clear that neither the real part nor the imaginary part of the refractive index
of nanocomposite materials can be approximated by that of the host [Serna,
et al., 2001a]. Nevertheless, as the real part of the refractive index has
seldom been measured in nanocomposite systems, this approximation has
been a common practice especially for determining the nonlinear optical
properties of these materials, something that can lead to serious inaccuracies
{del Coso and Solis, 2004a].

The control of the overall light transmission of metal-dielectric
nanocomposite films in the neighbourhood of the SPR wavelength is an
important issue, since an excessive optical density can prevent their use in
some applications. A possible way to tailor its value to the application
envisaged is the design of the in-depth distribution of the NPs [Suarez-
Garcia, et al., 2003]. This approach has successfully been proved for the case
of Cu NPs embedded in amorphous AL,Os. It uses two photonic units formed
by three NPs layers spaced 7 nm, as building blocks for the nanocomposite
film. This is illustrated in Fig. 7b, which shows a reduction of the effective
extinction larger than 30 % in the neighborhood of the SPR for a film having
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two photonic units separated L, = 154 nm with respect to the nanocomposite
film, having the Cu NPs layers homogeneously distributed in-depth.

The local field enhancement effect associated to the presence of metal
NPs in a dielectric matrix is mirrored by the presence of strong third-order
optical nonlinearities [Vogel, et al.,, 1991]. In the particular case of the
nanocomposite films produced by PLD and containing Cu NPs, a nonlinear
refractive index n, as high as 10® cm® W™ has been measured at wavelengths
close to the SPR with a buildup time of a few picoseconds [del Coso, et al.,
2004b].
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Figure 7. (a) Real (n) and imaginary (k) parts of the refractive index of a nanocomposite film
containing Ag NPs embedded in amorphous Al,O;. The n value for a host reference film is
included for comparison. (b) Extinction of films having six equally spaced Cu NPs layers
(---) at the center of the film, and with NPs layers distributed forming a photonic structure
described by the scheme shown in the inset (—) with L,;=77 nm and L,=2L, (Adapted from
de Sande, et al., 2002; and Suarez-Garcia, et al., 2003).

3.2.2 Rare-earth doped films

There have been a relatively large number of reports on the preparation
of RE ions doped thin-films by PLD [Serna, et al., 1998b; Lanzerstorfer, et
al., 1998; Komuro, et al., 2000; Bir, et al., 2003; Lancok, et al., 2004]. In
these works, a single RE-doped target was used, and thus varying the dopant
concentration required the use of different targets. This is the normal
approach followed when using sputtering [Yan, et al., 1997; Lazarouk, et al.,
1998], and no straightforward means to control the RE concentration or
distribution is feasible. Alternate PLD offers the possibility to control the
features of the host and the dopant independently. This section will illustrate
the impact of these features on the photoluminescence (PL) performance of
the films. Most of the examples will be given for Er as RE dopant and
amorphous Al,O; as host. To further illustrate the importance of
nanostructuring and its potential for other materials, examples of co-doping
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with another RE (Yb) or doping with Er another host (LiNbO;) will finally
be given.

The characteristic spectrum of the Er doped films shows an emission
band with a maximum at around 1.53 pm, corresponding to the transition
between the “I;3, and *I,s;, states of Er’* that makes Er an attractive dopant
for amplifying optical signals in fibers [Polman, 1997]. One of the key issues
in developing materials suitable for gain devices is to achieve large RE
concentrations (>1O20 jons cm™®) [Polman, 1997]. In PLD, the concentration
can be varied using two approaches. The most straightforward one is by
changing the number of pulses on the RE target, which is the same method
used for varying the metal content per layer in nanocomposite films (Figs. 6a
and b). The other approach is by varying the laser energy density on the RE
target. Both approaches lead indeed to an increase of the PL intensity as the
Er concentration is increased, consistently with an effective increase of the
number density of active Er* ions [Serna, et al., 2001b]. The PL lifetime
follows instead a different behavior depending on the approach used to
increase the RE concentration as seen in Fig. 8a; it decreases when
increasing the number of pulses, while it increases up to a saturation value
when increasing the laser energy density. The decrease of the intensity in the
former case can easily be understood in terms of concentration quenching
associated to the in-plane concentration increase. Note that for the film
having the largest areal density, the average in-plane distance is about 0.8
nm and thus, concentration quenching of the PL. may occur most likely by
excitation energy migration [Miniscalco, 1993]. When varying the laser
energy density, in spite that the in-plane average nominal distance is similar
(1.0 nm), the lifetime increases and reaches much higher values. The most
likely explanation for this different behavior relates to the importance of
low-depth implantation when increasing the laser energy density as
described in Section 2. Taking into account the high mass of Er, the
estimated kinetic energy of the species arriving at the substrate can be as
large as 175 eV. They can thus reach a depth of 1 nm similarly to what has
been observed when producing NPs of high mass metals such as Bi [Barnes,
et al, 2003] or Au [Gonzalo, et al., 2005]. Er’* are thus no longer
exclusively deposited on the surface, this shallow implantation leading to a
higher average ion separation that prevents clustering and coupling of Er’*
ions [Serna, et al., 2001b].

The importance of nanostructuring the films is further illustrated in Fig.
8b where the PL lifetime is plotted as a function of Er**-Er** layer in-depth
separation. It is seen that the PL lifetime increases up to a saturation value
that is reached for a separation close to 6 nm thus evidencing that PL
quenching can in part be controlled by choosing an adequate Er**-Er’*
separation in the perpendicular direction. Fig. 8b also includes the result of a
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similar study performed using LiNbO; as host where it is seen that the PL
lifetime follows the same trend as a function of the ion-ion in-depth
separation [Gonzalo, et al., 2002], thus supporting that the PL enhancement

when Er**-Er’* separation is increased is independent on the host.
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Figure 8. Photoluminescence lifetime at 1.53 um as a function of: (a) Er areal density per
layer for amorphous Al,O films doped with Er and prepared varying (M) the number of
pulses or (A) the laser energy density on the Er target. (b) Er¥*-Er** layers in-depth separation
for the Er doped (M) amorphous Al,O; and (A) LiNbOj; crystalline films (Adapted from
Serna, et al., 2001a and Gonzalo, et al., 2003).

The last example to illustrate the high potential of nanostructuring is the
co-doping of a film with two RE ions. It is well-known that Er ions have a
low absorption cross-section in the 980 nm range, where integrated
semiconductor diode lasers operate. Yb** has instead one order of magnitude
higher absorption cross-section [Strohhtfer and Polman., 2001] and is
known to resonantly transfer its energy to Er’* [Miniscalco, 1993; Polman,
1997]. The main concern in co-doping is to determine the Yb to Er (Yb:Er)
concentration ratio and/or Yb to Er distance that leads to optimum energy
transfer [Lester, et al., 1995; Federighi and Dipasquale, 1995; Kozanecki, et
al., 1999; da Vila, et al., 2003]. The described capabilitiecs of PLD for
nanostructuring the RE in-depth distribution thus offer a unique opportunity
for determining the mechanisms for energy transfer through the independent
study of the role of Yb*"-Er’* separation and Yb:Er concentration ratio. Fig.
9 shows both a sketch of the structure of films having Er-doped “layers”
separated 6 nm, and Yb-doped “layers” separated a distance S from Er ones,
and the PL intensity of such co-doped films as a function of S. It is seen that
the PL intensity increases as S increases, irrespective of the concentration
ratio. The improvement when increasing S from 0 nm to 1 nm relates to the
decrease of clustering when separating the two types of dopants. The
improvement for § between 1 nm to 3 nm highlights instead that energy
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transfer from Yb to Er up to a distance of 3 nm can still be an efficient
process, in spite of the general idea that the main energy transfer mechanism
is dipole-dipole interaction that has a $® dependence [da Vila, et al., 2003].
A possible mechanism to explain this improvement is the existence of
radiative energy transfer. The pairing of Er and Yb can be further improved
by distributing the Yb in two “layers”, each at either side of the Er “layer”.
The PL intensity measured in this configuration is indeed more than 2 times
higher than that of the films having the same amount of Yb in a single layer
[Suarez-Garcia, et al., 2004].
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Figure 9. Photoluminescence intensity values at 1.53 pm as a function of Er**-Yb" in-depth
separation (S) for amorphous Al,O; films co-doped with Er and Yb, and having an Yb to Er
concentration ratio of (ll) 1.8 and (@, O) 3.6. The layers of Er and Yb are distributed
following the sketch in (b) except for the case of (O) in which the Yb ions have been
distributed in two layers each located at either side of the Er one. Reused with permission
from Suarez-Garcia, et al.,, Applied Physics Letters, 84, 2151 (2004). Copyright 2004,
American Institute of Physics.

4. SUMMARY

Pulsed laser deposition is a versatile technique with high capabilities to
produce complex oxide films. Several parameters must be controlled and
optimised in order to achieve the desired film quality or structure, since there
is a narrow range of laser energy density values, gas pressures and target-
substrate distances that lead to optimum deposition conditions. The goal to
reach is the control of the kinetic energy of the species arriving to the
substrate to avoid undesired processes (such as surface damage or
sputtering), while keeping a value high enough to enhance beneficial
processes at the substrate (such as film density enhancement, surface
mobility and reactivity and, in some cases, even implantation).

Additionally, PLD has a high potential to produce complex glassy films
for integrated optical applications with improved optical performances. The
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main advantages of PLD when compared to other deposition methods are the
capability of producing glassy films in an extended compositional range with
respect to bulk materials and the possibility of avoiding oxygen deficiencies
in the glass network by using an oxygen pressure during deposition. Finally,
PLD has a high potential to produce complex nanostructured films formed
by layers with thicknesses ranging from submonolayers (10" atoms cm™
level) that can be associated to atomic doping to clusters and nanoparticles
(up to 10'® atoms cm™®). The main advantages of PLD in these cases when
compared to other deposition methods are the capability of producing
complex oxide hosts and the possibility of structuring the distribution of the
dopant in the nanometer scale in a single step process.
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Engineering, Princeton University, Princeton, NJ.

1. INTRODUCTION

The application of laser forward transfer techniques has steadily grown
since the first reports of patterned copper deposition by Bohandy, et al. 20
years ago (Bohandy, 1986). These general techniques employ a pulsed laser
to locally transfer material from a source film onto a substrate in close
proximity or in contact with the film. The source is typically a coated laser-
transparent substrate, referred to as the target, donor, or ribbon. Laser pulses
propagate through the transparent ribbon until they are absorbed by the film.
Above an incident laser energy threshold, material is ¢jected from the film
and transferred toward the acceptor, waiting or receiving substrate. These
laser forward transfer techniques, known as laser direct-write (LDW), belong
to a class of processes capable of generating a high-resolution pattern
without the need for lithogaphic processes afterwards. Other examples of
laser direct-write techniques include pyrolitic or photolytic decomposition of
gas- or liquid-phase precursors, also known as laser CVD or laser-assisted
deposition (Osgood, 1985; Herman, 1989). However, these non-forward
transfer techniques will not be discussed in this chapter because they are not
ablative in nature.

Translation of the ribbon and receiving substrate, and/or scanning and
modulating the laser beam e¢nables complex pattern formation.
Commercially available, computer-controlled translation stages or
galvonometric scanning mirrors enable high-resolution patterns from the
individually written 3D pixels or voxels resulting from the laser forward
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transfer process. Fig. 1 shows a schematic illustrating the basic elements
required for the LDW apparatus.

One may consider the LDW technique to be analogous to ink-jet
deposition of functional materials without the constraints of a nozzle, and
with the added benefits of laser processing, such as material modifications
and micromachining. This added versatility in comparison to other printing
methods enables LDW to find opportunities in fields ranging from metals
and power generation materials to biological and soft condensed matter.

Video
Imaging

Nd:YVO,
Pulsed UV
Laser
Microscopic
Objective™»
Glass Plate
Z
/ i ¥, 4
Ink
M al—— ™ X-y
e .I Translation

| Substrate

Figure 1. Schematic illustration of the setup used for laser direct-write.

This chapter will provide a brief overview of the laser forward transfer
and LDW literature, with a particular emphasis towards its application in
electronic materials, followed by a more detailed review of LDW for the
fabrication of micropower systems such as ultracapacitors, microbatteries
and dye-sensitized solar cells. Finally, the chapter concludes with a
discussion of the role that the LDW technique may play in the future of
microelectronic manufacturing and other applications.

2. BACKGROUND

In order to discuss the recent developments in LDW of electronic and
power generating materials for microelectronic applications, it is necessary
to begin with an overview of the original work performed in laser forward
transfer of the late 1980°s.
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21 Laser Induced Forward Transfer

The laser forward transfer process was first used in depositing copper
metal patterns inside a vacuum chamber (Bohandy, 1986). Excimer laser
pulses (A = 193 nm, 15 ns) were focused with a cylindrical lens to a 25 mm
long by 50 um wide line on a source substrate containing a thin copper film.
The Cu was transferred to Si and fused silica substrates, where further
examination revealed resistivities ranging between 3 to 50 times the value
for bulk copper with adhesion behavior that passed the “tape test”.
Bohandy’s group coined the term laser-induced forward transfer (LIFT) to
denote the process and developed a model to describe how it worked.
According to this model; (1) the laser pulse heats the interface of the film at
the source substrate; (2) a resulting melt front propagates through the film
until it reaches the free surface; (3) at about this time, the material at the
interface is superheated beyond its boiling point until, (4) the resulting vapor
induced pressure at the interface propels the molten film forward towards the
acceptor substrate (Adrian, 1987). The same group then demonstrated that
this process can be carried out in air, i.e. under atmospheric conditions,
without the need for a vacuum (Bohandy, 1988).

The LIFT technique is simple and can be used with a wide variety of film
materials, mainly metals such as Cu and Ag (Bohandy, 1988), Al (Schultze,
1991), W (Téth, 1993; Kantor, 1994) and Cr (Zergioti, 1998a). Reports of
LIFT for other materials such as Al,O; (Greer, 1988), In,O; (Zergioti,
1998a), and even high temperature superconductors (Fogarassy, 1989) are
worth mentioning, although the quality of the transferred ceramics was not
as good as those deposited by traditional film growth techniques. The
thickness of the transferred film on the acceptor substrate can be adjusted by
repetitive transfers from the ribbon. In a similar way, multilayer structures
can be deposited. In general, to achieve uniform transfers with good
morphology and spatial resolution on the acceptor substrate; (1) the
thickness of the film on the ribbon should not exceed 100 nm; (2) the ribbon
film should strongly absorb the laser wavelength in use; (3) the ribbon
should be in contact or very close (~ 10’s of micrometers) to the acceptor
substrate; and (4) the laser fluence should barely exceed the threshold
fluence for removal of the film from the ribbon. This last parameter is very
important in order to control the quality of the films, since too high fluences
result in excessive explosive vaporization of the film affecting the
morphology and resolution of the transfers, while too low fluences result in
incomplete transfers.
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2.2 Development of the Laser Direct-write Process

Despite its successful application to the deposition of thin metal layers,
the actual uses of the LIFT process are limited due to several shortcomings.
In LIFT, metal films are required to be deposited on the ribbon by
conventional vapor deposition techniques that require vacuum deposition
and other expensive processes. Since these metal films tend to be very thin
(a few hundred nanometers), the individual layers deposited by LIFT are
similarly thin, thus limiting its application to lithographic mask repair and
other niche areas. During LIFT, the melting and solidification of the
transferred material results in the formation of interfaces between adjacent
voxels, which can have deleterious effects in the electrical transport
properties of the patterned structure being fabricated. Furthermore, the
melting of the transferred material becomes a serious issue when LIFT is
performed under atmospheric conditions, because most metals are easily
oxidized when melted in air. Moreover, the rapid quenching of the metal
voxels can result in high intrinsic stresses between the transferred metal and
the substrate, ultimately leading to poor adhesion and delamination of the
transferred layers. Finally, LIFT is not suited for the transfer of ceramics and
other inorganic phases given the irreversible phase changes and
decomposition that tend to be exhibited by these materials upon melting and
solidification.

The above limitations explain why LIFT is not suitable for the laser
transfer of complex, sensitive materials such as those found in electronic and
power generation devices. In fact, this realization is underscored by the
decline in the number of publications reporting on LIFT of metals and other
inorganic materials that followed in the late nineties. Despite these
shortcomings, the capability for laser transferring materials in patterned form
is extremely important for many commercial, aerospace and military
applications.

The first variation of the LIFT process to attempt to overcome these
limitations employed multilayered films (Tolbert, 1993a). The multilayers
are formed by depositing a thin laser-absorbing layer (usually a metal) on the
transparent support, followed by a layer of the material to be transferred.
During transfer, the laser pulse interacts with the absorbing layer, referred to
as the dynamic release layer, causing it to vaporize in a similar manner as in
LIFT. This confined layer forces the material in the second layer to be
removed from the film and transferred to the acceptor substrate. The
advantage of this approach is that it allows the transfer of materials for
which the previously described LIFT process is not effective. For instance,
this can include materials with weak absorption of the laser radiation, or
materials that can be damaged by their interaction with the laser pulse. This
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variation on the LIFT process was originally intended for high speed laser
color printing applications, and was called laser ablation transfer (Tolbert,
1993a). More recently this approach has been used for the laser direct-write
of phosphor powders (Fitz-Gerald, 2000) and extremely laser sensitive
materials such as DNA biomolecules (Fernandez-Pradas, 2004; Serra, 2004).

The work by Tolbert using the dynamic release layer approach to LIFT,
showed for the first time that the pulse duration has an effect on the transfer
process. Their experiments indicated that picosecond laser pulses are more
efficient in ablating the multilayered films than nanosecond pulses, with
transfer laser fluence thresholds an order of magnitude smaller (Tolbert,
1993b). Since then, various reports on the use of femtosecond lasers for laser
forward transfer have validated Tolbert’s results. Most of the applications of
femtosecond LIFT have been related to the laser transfer of metals (Zergioti,
1998b; Papakonstantinou, 1999; Bihnisch, 2000). However, more recently,
femtosecond LIFT has successfully been applied to the transfer of biological
materials (Karaiskou, 2003; Zergioti, 2005).

A second variation on the LIFT process employs an organic precursor
compound (palladium acetate) rather than a pure metal for transfer (Esrom,
1995). This is significant as it demonstrates the laser forward transfer
process can take advantage of the photoinduced decomposition of a
precursor at the ribbon/coating interface to propel the reminder of the film
forward and create a metal pattern. By irradiating the transferred mixture
with additional laser pulses, a very thin (< 100 nm) but grainy Pd coating is
produced, on which a thicker metal layer can be obtained by electroless
plating. In their paper, the authors consider the laser transfer and subsequent
clectroless metal plating as a two-step process enabling the selective
deposition of metal patterns. However, their key contribution shows that the
LIFT process can be used to deposit a precursor of the desired material,
which once transferred can be further decomposed or processed into its final
form.

More recently, the LIFT process has been adapted for the transfer of
various materials in powder form mixed with an organic binder. Such
mixtures or matrices are then applied as a uniform coating on the transparent
donor substrate to form a ribbon. The advantage of this approach resides in
the fact that the transfer of thicker films from the ribbon can be achieved at
lower laser fluences than with LIFT of homogenous films. Furthermore, the
composite film is transferred in its solid phase, thus avoiding the melting and
re-condensation steps that take place in traditional LIFT. This modified LIFT
approach has been used for the LDW of diamond nanopowders (Pimenov,
1995), ferroelectric (BaTiO; and SrTiO;) and ferrite (Y3FesO,,) micron sized
powders (Piqué, 1999, 1999b), and carbon composite polymers for gas
sensing elements (Piqué 2000a). A limitation of this approach for these
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applications is that the adhesion of the transferred layers can be poor and the
organic binder remains after the transfer, thus high temperature calcination
steps are necessary to achieve dense layers. However, in many applications,
dense layers are not required and the particular properties of the deposited
films are ideal.

As a further generalization, the idea of using an organic binder in the
process can be applied to the direct transfer of rheological systems (Piqué,
2000b; Auyeung 2000). The realization that pastes, inks, suspensions, and
sol-gel solutions can be deposited in patterns without physical or chemical
modification during their transfer from the ribbon to the acceptor substrate,
opened the door to a number of applications with a wider range of materials
and formulations. Originally, this “wet” laser forward transfer technique
was named matrix assisted pulsed laser evaporation direct-write (MAPLE-
DW), in reference to the transfer of a loosely defined matrix comprising of
powders or particles dispersed in a liquid. However, since the transfer
process does not necessarily involve the evaporation of a matrix, this
terminology has been discarded in favor of the less confusing laser direct-
write or LDW.

3. LASER DIRECT-WRITE OF ELECTRONIC
MATERIALS

The use of laser direct write for the deposition of high quality electronic
materials requires the generation of structures comprising of multiple voxels,
adjacent or on top of each other, that readily merge to form a single,
continuous pattern. Electrical interconnects provide a perfect example of
this requirement as heterogeneous interfaces between voxels can degrade the
overall conductivity. By enabling the transferred material to remain fluid,
adjacent voxels on the receiving substrate will merge into one continuous
segment. Fig. 2 shows a simple schematic illustrating the basic steps on the
laser direct-write of such rheological systems.

In reality, the process represents an important difference from prior LIFT
technology as functional materials are deposited without direct vaporization,
which could affect their desirable physical or chemical properties such as
electrical conductivity, dielectric properties or electrochemical activity. As
shown schematically in Fig. 2, for absorbing materials, a small region of the
ink interacts with a low fluence (< 100 mJ/cm?) laser pulse causing a small
amount of the ink to evaporate. As the resulting vapor expands, it generates
shear forces that result in the ejection of a droplet from the film which is
unaffected by the incident laser. The droplet is then propelled in jet-like
fashion towards the receiving substrate, where it is deposited with its
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original rheological properties intact. The claim that most if not all of the
transferred fluid does not interact with the laser pulse has been substantiated
by the results obtained with transfers of extremely laser sensitive systems,
such as buffer solutions containing biomaterials, proteins and living cells
(Wu, 2001), or eclectrochemically sensitive materials discussed below
(Amold, 2004a).

s i1l

Figure 2. Schematic representation of the steps involved in the forward transfer of rheological
systems during the LDW process. (a) The laser pulse is absorbed in the ink layer adjacent to
the transparent glass plate. (b) The absorbed energy causes vaporization to occur and (c)
propel a droplet of ink forward from the film. (d) Finally, the droplet splashes down on the
substrate.

Given the diverse nature and large number of parameters affecting the
LDW process, a simple model as the one described in the previous paragraph
cannot be expected to completely explain its behavior. For instance, it is
known that laser parameters such as fluence, pulse duration and wavelength
play an important role in the LDW process. Additionally, ink parameters
such as the composition of the ink in the ribbon, its thickness, viscosity,
solids content, and solids particle size greatly affect the ability to transfer a
particular fluid and the resulting morphology of the transferred voxels.

Parameters such as the distance between the ribbon and the receiving
substrate, substrate material, substrate temperature, and the surface
chemistry and morphology of the substrate need to be considered as well.
This wide parameter space for LDW leads to greater versatility in material
choice than available with other direct-write approaches. Relevant insight
for the influence of incident laser parameters has been gained by analyzing
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the images obtained through time-resolved optical microscopy of the LDW
transfers.

These studies underscore the differences between traditional LIFT and
LDW of rheological fluids, and demonstrate the fluid nature of the transfers
responsible for the coalescence of the individual voxels into continuous,
pinhole-free layers on the surface of the receiving substrate (Young, 2001a,
2002). Dlott and coworkers studied the effect of various laser fluences on the
transfer of a BaTiO; ink, comprised of nanopowders (150 nm dia.)
suspended in a-terpineol. Analysis of the time-resolved microscopy images
of the transfers confirmed their strong dependence on laser fluence, and
showed that jetting-like transfer behavior (schematically shown in Fig. 2)
can be obtained at fluences just above the transfer threshold for a particular
ink formulation. Fig. 3 shows time-resolved microscopy images from two
views, front and transverse, obtained from these studies.

Figure 3. Time-resolved microscopy images taken 100 ns after the laser pulse, showing the
laser transferred fluid from (a) front and (b) transverse views. In (b), the arrow indicates the
laser direction and the dashed line indicates the ribbon edge.
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The capability offered by the LDW technique to conformally transfer
viscous fluids, pastes or inks has been used with great success for the
fabrication of metal interconnects, vias and antenna structures (Piqué, 2003,
2005). In fact, the LDW process has been used to deposit metallic screen
printable inks over complex 3-D surfaces, which has always been extremely
difficult if not impossible using traditional lithographic processes.
Typically, a commercially available screen printable silver paste is used for
the ink. The laser spot size is adjusted depending on the required line-width
of the metal lines. Once the transfers are completed, the acceptor substrate
(usually printed circuit board) is baked at 100 — 150 °C to obtain the final
metallic silver patterns. The electrical resistivity of these patterns ranges
between 3 to 50 times higher than that of bulk silver depending on the silver
ink used and the baking temperature. The adhesion and mechanical
properties of the LDW patterns are very good, as indicated by tape and
flexing tests. Overall, the ability to deposit conformal metal patterns on
substrates at low temperatures allows for the fabrication of novel types of
electronic designs such as embedded circuits. This important application of
LDW technologies will be discussed at the end of this chapter.

Similarly, LDW of thick film polymer or ceramic pastes has been used to
fabricate passive electronic components such as resistors (Modi, 2001) and
interdigitated capacitors (Young, 2001b). The use of LDW to fabricate
simple electronic circuits comprising of several passive components and
their interconnects has been demonstrated as in the case of a simple
chemoselective gas sensor circuit (Piqué, 2002) and RF filter test structures
(Zhang, 2003).

4. LASER DIRECT-WRITE OF ELECTRO-
CHEMICAL MICROPOWER SOURCES

The recent advances in integration and processing techniques have
enabled microelectronic and microelectromechanical devices to shrink in
size dramatically. While these devices have been used as components in
larger sensor, actuator, and control systems, the lack of commensurately
sized power sources has limited their ability to function autonomously. One
solution to this challenge is to integrate the micropower sources directly into
or adjacent to the microdevice thus forming a self-sufficient system. The
resulting savings in volume and weight would allow the development of
truly miniaturized autonomous systems, such as those needed for distributed
wireless sensor networks. In these types of applications, the necessary size
scale is on the order of microns to millimeters. Such a vision might become a
reality with the use of LDW techniques.
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For the purposes of this chapter, we may consider energy related
electrochemical systems, such as ultracapacitors, batteries, or solar cells, to
be composed of three main internal components: the negative electrode or
anode, positive electrode or cathode, and electrolyte/separator. Each of these
materials typically has a large degree of structural complexity, such as
nanocomposites, solid-state polymers, liquids, or mesoporous mixtures of
electrochemically active materials. Micropower sources employ similar
types of materials, but the unique challenge is to maintain their
clectrochemical activity and structural integrity in a confined space subject
to the limitations, such as temperature and pressure, imposed by the
microdevices, their substrates, and packaging.

To meet the power demands of a given microdevice, combinations of
different types of power sources are needed (Koeneman, 1997). For instance,
an application may require constant low power, supplied by a lithium or
alkaline microbattery, or an occasional short burst of energy, supplied by an
ultracapacitor, combined with long intervals in “stand-by” mode, during
which recharging takes place by harvesting energy from the environment
supplied by a solar cell. The LDW techniques described in this chapter are
ideally suited to prototype, optimize, and fabricate these electrochemical
components. Advanced laser techniques can even embed the
clectrochemical components directly within a substrate, further reducing the
packaged size of an entire microdevice, while allowing their geometry to be
adapted to fit virtvally any form factor.

In constructing electrochemical cells for energy storage and power
generation, it is instructive to consider the desired operating geometries. The
two main approaches include placing the anode and cathode adjacent to each
other in the same plane (planar), or layering the anode and cathode on top of
one another (stacked). There are particular advantages and disadvantages to
each of these different geometries. In the case of stacked geometries, one
can obtain higher area densities and lower resistances owing to the relatively
thin separator layer, but this layer must be structurally stable enough to
support the anode/cathode/current collectors. This feature rules out highly
conductive gel and wet electrolytes. For planar geometries, these are easier
to process in that they can handle softer and rougher materials, but they have
higher internal resistances due to the greater distance between the electrodes,
and therefore tend to have lower performance at high currents. From a
practical standpoint, two-dimensional planar structures are easier to fabricate
using LDW, although stacked configurations have also been demonstrated
and will be discussed in Section 6.
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S. LASER DIRECT-WRITE OF ULTRA-
CAPACITORS

The first system explored for energy storage and power generation is the
sulfuric acid/hydrous ruthenium oxide ultracapacitor (Arnold, 2004a). This
electrochemical system is conceptually the easiest to understand, as it is a
planar structure that is symmetric, namely, the anode and cathode are made
from the same materials. Furthermore, hydrous ruthenium oxide exhibits
one of the largest specific capacitance of any material (Zheng, 1995), which
will be exploited in these small-scale systems. In this section, we will
introduce the concept of an ultracapacitor, followed by a description of how
LDW enables new advances in these systems. Finally, advanced laser
techniques that further streamline the fabrication process will be explored.

51 What are Ultracapacitors?

Ultracapacitors, also known as supercapacitors or pseudocapacitors, are a
class of electrochemical capacitor that exhibits large specific capacity
(Conway, 1999). These systems display electronic properties similar to both
batteries and capacitors. Like a capacitor, an ultracapacitor has the ability to
very rapidly discharge its energy leading to a high power density. However,
like a battery, it has the ability to store a large amount of energy in the
charge state of the active materials. In the most basic manner, we can think
of an ultracapacitor as a battery with a high discharge rate. These devices
are typically used for load leveling and applications where a short burst of
power is needed.

In its most straightforward form, an ultracapacitor can be constructed of
two identical electrodes separated by an appropriate electrolyte. The
fundamental mechanisms for charge storage in these devices come from two
possible sources. The first effect is similar to a typical capacitor in which
the electrostatic double-layer at the interface between the electrode and
electrolyte stores charge. A high surface arca leads to the large amounts of
charge storage in the system. These effects are common in carbon based
ultracapacitor systems. The second effect stores charge through a Faradaic
transfer at the surface of the electrode material. This is similar to the
oxidation/reduction reactions that occur in a regular battery, but once again,
the high surface area enables a large amount of charge storage and rapid
charge transfer through this mechanism. These effects become relevant in
metal oxide ultracapacitor systems. In either case, the discharge properties
of the device resemble that of a capacitor. Namely, at constant current, the
voltage across the device will decrease linearly with time.

Hydrous ruthenium oxide is an ideal electrode material for a micro-
ultracapacitor due to its high specific capacitance (capacitance per unit
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mass). The rapid insertion and release of protons and electrons through the
material enables a large pseudocapacitance effect, which, in combination
with a high specific surface area, leads to the large amounts of charge stored
in the material (Trasatti, 1994; Sarangapani, 1996). This effect is enhanced
by the presence of structural water in the lattice that provides nanostructured
percolation pathways for proton conduction into the bulk of the material
(Dmowski, 2002).

In the context of a small-scale ultracapacitor system, the main challenge is
to produce electrodes that preserve the desirable electrochemical properties
of the active material while maintaining the structure necessary for high
surface area, subject to the process temperature/pressure limitations. These
stringent requirements have made the deposition of hydrous ruthenium oxide
films incompatible with standard vacuum techniques such as physical or
chemical vapor deposition for thin-film growth. Other thin-film techniques
such as sol-gel techniques (Fang, 2001) or electrostatic spray deposition
(Kim, 2001) are compatible with the material constraints, but require
multiple processing steps, including additional lithography to produce the
two-dimensional structures required for making microultracapacitors. LDW
provides a solution to these challenges.

5.2 Making Ultracapacitors with LDW

As with all LDW deposition, the process starts with the preparation of an
ink composed of an active material and a suitable transfer liquid. Hydrous
ruthenium oxide is pretreated at 150 °C for 18 hours to give it an optimal
water content (McKeown, 1999; Zheng 2002). The appropriate transfer
liquid in this case is the electrolyte itself, SM sulfuric acid. The ability to
premix the electrode material with electrolyte gives LDW a distinct
advantage over other direct-write methods such as ink jet or LIFT as it
enables better control over impurities in the electrodes and has been shown
to significantly improve the discharge behavior of these cells (Arnold, 2002).

The process by which planar microultracapacitors are fabricated is
straightforward. A 1 cm® gold-coated glass substrate is laser micromachined
into four electrically isolated regions. Two pads of electrode ink are LDW
deposited on the substrate, and finally, laser micromachining is used to
isolate the electrodes on the prepatterned substrate. In general, any substrate
and clectrode geometry is possible, provided two electronically isolated
current collectors are formed.

In reality, the details of the deposition and laser micromachining are
important to the finished device properties. For instance, the amount of
electrolyte in the ink will affect the ability to micromachine electrodes from
the initial deposited pad. In these experiments, the deposited material is
baked on a hot plate at 100 °C for 10-15 minutes to drive off excess liquid.
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This enables improved resolution in laser micromachining and subsequent
improvement in device performance.

Figure 4. SEM image of a hydrous ruthenium oxide film deposited by LDW. Note the
mesoporous structure and interconnected ruthenium oxide backbone. (a) High magnification,
top-view of electrode. (b) Angle view of laser micromachined groove between electrodes.
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Fig. 4 shows the microstructure of a LDW hydrous ruthenium oxide
film. The material is mesoporous exhibiting a random network of connected
grains. This structure is ideally suited for the penetration of liquid or gel
electrolyte which enables a large surface area in contact with the electrolyte
for charge transfer. This in turn leads to better utilization of the electrode
material and improved transport throughout the electrode. In Fig. 4b, a view
of the laser micromachined edge shows no damage to the structure at the
interface between the two electrodes. LDW is unique in comparison to other
deposition techniques in its ability to create these electrochemically desirable
structures on the mesoscale. Once the planar structure is fabricated,
electrochemical evaluation is performed to determine the performance
characteristics of the ultracapacitor cell. An encapsulating layer of Nafion®
is placed on top of the structure and a droplet of sulfuric acid is added to
assure a fully saturated membrane.
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Figure 5. Plot showing the charging/discharging behavior of a LDW hydrous ruthenium oxide
ultracapacitor. Cell is charged at 50 pA and discharged at 10 pA. Straight lines are indicative
of ideal capacitor behavior. Total electrode mass is ~100 pg with a footprint of 2 mm?,

Fig. 5 shows a typical charging and discharging curve for this system.
The cell is charged at 50 pA until the voltage across the cell reaches 1 V. A
constant current is applied for discharging the cell until the voltage returns to
zero. The linear charging and discharging behavior at constant current is
expected behavior for a capacitor. However, in this case the extended period
of time over which the cell is discharged corresponds to the large amount of
energy stored in the system. For the particular example shown in the figure,
the discharge current is 10 uA, and the resulting capacitance is 6.5 mF or
3100 F/m*. Additional studies (Arnold, 2003) have shown that these cells can
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be discharged at currents above 50 mA and can be connected in series and
parallel combinations to yield the proper additive values.

5.3 Advanced Laser Techniques for Micro-
ultracapacitors: Self-filling Ultracapacitors

One of the key aspects of LDW for microultracapacitors is that the entire
process is performed using a single tool. After LDW is used to deposit
material, this material is baked prior to micromachining with the same laser.
It is then necessary to add an encapsulant and excess electrolyte to perform
the electrochemical tests. Although the main tool remains the same, these
two processes require the ultracapacitor cell to be removed from the
experimental apparatus costing additional time and effort. Furthermore,
excess electrolyte makes packaging and handling more difficult.

By employing advanced laser techniques, the process can be dramatically
simplified and optimized. Rather than bake the material prior to laser
micromachining, it is possible to isolate the two electrodes without the need
to remove electrolyte from the ink by employing two separate lasers. An IR
laser can be used to drive electrolyte away from the location of interest. This
is immediately followed by the UV laser for removing a stripe of electrode
material (Arnold, 2004c).

The most interesting aspect of this dual laser approach is that after the
two electrodes have been separated, the dividing groove refills with
electrolyte.  Although the fundamental mechanism for this is not well
understood, the end result is a working ultracapacitor cell without excess
electrolyte, and without the need to remove the substrate from the LDW
apparatus.

LDW has been successfully used to fabricate small-scale ultracapacitor
cells. Although the process has not been completely optimized, existing
cells have been shown to have outstanding performance for energy and
power density. Dual laser techniques enable a level of process optimization
toward the ultimate goal of a commercialized product.

6. LASER DIRECT-WRITE OF MICROBATTERIES

The second type of electrochemical energy storage and power generation
systems to be considered are batteries. In batteries, the stored chemical
energy is converted to electrical energy through oxidation and reduction
reactions at the electrodes. Electrons generated by oxidation of the anode
material generate work in the electrical circuit before recombining to reduce
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the cathode material. The separator/electrolyte enables the flow of ions
between the anode and cathode to complete the circuit. The myriad of
chemical possibilities are discussed and reviewed in readily available
reference books (Vincent, 1997; Linden, 2001).

In the case of small-scale microbatteries, the main challenge is to create
mesoscale patterns of these active materials while maintaining the necessary
physical and chemical properties of a functioning cell. There has been
significant effort to develop small microbatteries for various primary and
secondary chemistries. Examples include secondary solid-state lithium-ion
cells in a stacked configuration (Bates, 1995, 2000, Arnold 2004a) and
primary alkaline microbatteries in a planar configuration where the anode
and cathode are located adjacent to each other on the substrate (Humble,
2001; LaFollette, 2001; Arnold 2004c).

The next two sections describe the fabrication of single use (primary) and
rechargeable (secondary) microbatteries using LDW processes. The primary
microbatteries consist of zinc/silver-oxide alkaline cells. The secondary
microbatteries are comprised of lithium and lithium-ion cells. Both types of
microbatteries exhibit the appropriate open-circuit voltages characteristic of
their chemistries. The primary cells are able to operate at relatively high
discharge currents, while the secondary cells maintain high efficiencies and
show limited charge fading through numerous charge/discharge cycles.

6.1 LDW of Primary Microbatteries

Alkaline batteries are one of the most ubiquitous battery chemistries in
use today. Their low cost, relative environmental safety, and ability to
handle high discharge rate applications make them readily available for
consumer applications. In comparison to other alkaline chemistries, the
zinc/silver-oxide (Zn-Ag,0) system has found extensive use in applications
which require maintaining a constant voltage throughout the battery
discharge. Primary Zn-Ag,0 alkaline microbatteries have been demonstrated
using LDW techniques by laser printing zinc and monovalent silver oxide
(Ag,0) powders in both planar and stacked geometries on a variety of
substrates (Arnold 2004a, 2004c; Pique 2004b), as shown in Fig. 6.

The planar alkaline microbattery cells are constructed by first preparing
the substrates so that two electrically isolated current collector pads are
obtained. The cathode ink (consisting of Ag,O powders plus 5 wt% graphite
to improve conductivity, and a polymer binder mixed with an organic
solvent) is first deposited followed by baking at 150 °C for 5-10 minutes to
remove the solvent and to bind the cathode to the substrate. Then the Zn ink
(formed by mixing zinc powders and a polymer binder with an organic
solvent) is deposited to form the anode and subsequently baked at 150 °C for
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5-10 minutes. After deposition and processing of the cathode and anode, the
separation gap between them is UV laser micromachined to remove any
additional material that could cause shorting of the electrodes. The typical
weight of all transferred material is 250 pg, while the thickness of the anode
and cathode layers is about 10-20 um thick. In order to activate the planar
cells, a drop of 25 wt.% KOH solution is placed on the electrodes.

Figure 6. Optical micrographs showing (a) planar and (b) stacked alkaline microbatteries
made by LDW. In (b), each of the layers required for the stacked structure are shown after
being laser printed.

The fabrication of stacked alkaline microbatteries using LDW is
performed in similar fashion in terms of the electrode materials and
processing. However, in this case, a separator layer, consisting of barium
titanante 30 nm dia. nanoparticles and a cellulose binder, is laser printed on
top of the cathode. Alternatively, a commercially available separator
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material can be laser micromachined to the desired shape and size and
manually placed on top of the cathode. To complete the stack, the Zn ink is
laser printed on top of the separator. To avoid shorting between the cathode
and anode layers, the separator layer is made larger in area than either of the
electrode layers.

Electrochemical evaluation of cell voltage and discharge behavior of the
alkaline microbatteries demonstrated similar behavior to that of larger cells
(see Fig. 7). The open-circuit potential for both planar and stacked
microbatteries was 1.55 V, while their discharge at constant currents showed
the characteristic flat response of the Zn-Ag,O alkaline system. High
capacity cells are obtained in this manner. For instance, planar cells have
been fabricated with capacities greater than 450 uAhr/cm®. The relatively
high discharge rate behavior is demonstrated in the stacked geometries by
applying 1 mA for more than 12 minutes of discharge, corresponding to a
power density of 1.9 mW/cm®,
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Figure 7. Discharge plot from a planar alkaline microbattery at currents of 10 and 20 pAmps.

An important challenge remains in how to package these cells for
commercial use. Since a liquid consisting of a highly corrosive alkaline
solution is used as the electrolyte of the Zn-Ag,0O microbatteries, sealing of
these tiny structures is not easily achieved without compromising their size
and wasting significant mass and footprint on the packaging. A better
alternative would be to fabricate “dry” microbatteries, where issues such as
leakage and contamination of the electrolyte are not as critical, or employ
embedding strategies as discussed later in the chapter.
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6.2 LDW of Secondary Microbatteries

Lithium microbatteries represent a relatively new battery chemistry that
offers significantly higher energy densities than other rechargeable battery
systems owing to the small size of Li and its high reduction potential.
Secondary lithium ion intercalation microbatteries have been fabricated by
laser printing LiCoO, powders for the cathode and graphite powders for the
anode in stacked geometries.

Two types of separators have been used to make the lithium cells. In one
case, porous polymer membranes were laser cut and placed between the
cathode and anode layers (Wartena, 2004), while on the other an ionically
conductive polymer nanocomposite membrane was laser printed on top of
the cathode layer (Sutto, 2006).

The LiCoO; cathodes and carbon anodes were deposited by LDW onto
aluminum and copper foils (15 mm x 15 mm x 40 um thick), respectively.
Both the cathode and anode inks were prepared by mixing the powders with
a polymer binder, poly(vinylidene fluoride-hexafluoropropylene) (PVDEF-
HFP), and an organic solvent, (dibasic ester). In this particular case, the arca
of the transferred electrodes is 10 mm x 10 mm. Transferred films are dried
in a vacuum oven at 120 °C for 2 days prior to placing them inside a dry
glove box (oxygen less than 1 ppm), where they are assembled into cells
using one of the two types of separator membranes. An optical micrograph
of one of these solid-state Li-ion microbatteries is shown in Fig. 8(a).

Fig. 8 (b) shows the charge/discharge cycling performance (C/18 rate) of
a packaged Li-ion microbattery, demonstrating the expected behavior for the
LiCoO,/Li system. This microbattery had a charge/discharge efficiency of
~98% and a capacity per unit area of 205 pAhr/cm® which compares
favorably to the value of 163 pAhr/cm® achieved for sputter deposited Li
microbatteries reported by Bates, et al. (Bates, 2000).

6.3 Advanced Laser Techniques for Microbatteries:
Developing Embedded Micropower Sources

One of the important issues for microbatteries and other small-scale
electrochemical systems is the development of an appropriate packaging
scheme that protects the device from environmental degradation and
preserves the small size. In order to address this issue, one can utilize more
advanced surface restructuring and processing that is possible with the LDW
process.
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Figure 8. (a) Optical micrograph of a packaged Li-ion microbattery made by LDW. (b)
Charge/discharge profile from one of these microbatteries (C/18 rate, cycles 3-5).

In many cases where microbatteries are required, one desires to place the
cell directly on the substrate of the microdevice to be powered. In these
cases, one can take advantage of the existing substrate as a packaging
material by placing the battery within the substrate rather than on top of the
substrate. For instance, in the case of fiberglass or polyimide circuit boards,
one can laser micromachine pockets of desired dimensions and deposit each
of the electrode layers inside as shown in Fig. 9(a). The problem is then
reduced to sealing the top of the battery with a metallic current collector to
produce a fully embedded solution. With further refinements, one can create
a separator layer from the substrate itself by laser micromachining both top
and bottom to leave a thin layer of polymer or fiberglass before refilling it
from both sides. This is illustrated schematically in Fig. 9(b). In the case of
solid-state Li-ion microbatteries, it is also possible to LDW all the layers
inside a well within the substrate as shown in Fig. 9(c). The ability to
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completely transfer and assemble electrochemically and thermally stable
micropower sources into bulk materials can be extended to more advanced
applications in which the power source is directly incorporated and sealed
within the substrates used by the microdevice (Arnold, 2004c).

Figure 9. (a) Optical micrograph showing the planar view of an embedded alkaline
microbattery made by LDW. (b) Schematic showing an embedded stacked Li-ion
microbattery in cross section view. (c) Optical micrograph of a solid-state Li-ion microbattery
embedded in a polyimide substrate by LDW.

In summary, LDW processing is an enabling technology for the
fabrication of primary and rechargeable microbatteries as the prior work
demonstrates. Notably, the LDW is not chemistry specific, allowing
different types of materials to be deposited using the same tool by simply
changing the source ribbon. More advanced techniques such as deposition
of a liquid phase polymer nanocomposite that dries into a solid, ionically
conductive micron thick solid separator, or laser surface modifications for
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embedded designs makes possible other types of microelectrochemical cells
that can be incorporated into a wide variety of microdevices.

7. LASER DIRECT-WRITE OF DYE-SENSITIZED
SOLAR CELLS

The dye-sensitized solar cell (DSSC) is a photosensitive electrochemical
cell with a more complicated electrode configuration in comparison to the
previous two systems. The anode in this case comprises of light-absorbing
dye molecules attached to the surface of nanocrystalline-TiO; (nc-TiO,)
particles. The electrons generated by oxidation of the dye molecules are
injected into the conduction band of the wide band-gap TiO, and transported
to the external circuit through a transparent conducting oxide layer. On the
cathode side, a metal catalyst enables the direct reduction of the electrolyte
itself (I'/I3"), which subsequently reduces the oxidized dye molecules to their
initial state. The schematic structure of a dye-sensitized solar cell is shown
in Fig. 10.
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Figure 10. Schematic showing the basic structure and operation of a typical dye-sensitized
solar cell.
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Over the last decade, DSSCs based on nc-TiO; films have been
extensively studied as possible alternatives to silicon-based solar cells due to
their high power conversion efficiencies (~ 10%) and expected low materials
and manufacturing costs (O’Regan, 1991; Nazeeruddin, 1993; Barbe, 1997,
Nakada, 2002). Mesoporous nc-TiO, layers with high surface area are
essential for achieving high efficiency in the DSSC system because a large
amount of dye can be adsorbed on the surface of the nc-TiO, particles
resulting in an increased solar light absorption and an increased reacting
interface per unit area. As described in earlier sections, the LDW process is
ideally suited for generating these microstructures with arbitrary patterns on
a variety of substrates. In this section, we will describe the use of LDW
techniques for the fabrication of mesoporous nc-TiO; electrodes for dye-
sensitized solar cells (the remaining components are fabricated using
traditional techniques). In addition, advanced laser processing techniques
for in situ annealing and sintering of the films without damaging the
underlying substrates are discussed with implications for active nc-TiO,
layers fabricated on flexible plastic substrates.

7.1 LDW of the nc-TiO, Layer

The general structure of a LDW dye-sensitized solar cell is similar to the
stacked geometry described in the previous section on microbatteries.
However, in this case, we use traditional vapor deposition to create the
transparent conducting oxide layers and Pt cathode. The inks used are made
from water based colloidal suspensions of nc-Ti0O, powders mixed with
organic additives. Mesoporous, nc-TiO, films are deposited onto fluorine-
doped tin oxide (FTO)-coated glass substrates by LDW of these inks (Kim,
2004, 2005). The transferred films are dried in air and sintered in the oven at
450°C for 30 minutes. Once the films are sintered, the electrode is soaked in
the dye solution in order to coat the TiO, surface. Finally, the completed
cells are assembled and sealed using a Surlyn gasket to separate the anode
and cathode layer and provide a reservoir for the I/13” electrolyte.

The thickness and mass of the nc-TiO, layers can be easily controlled by
varying the number of LDW passes over the substrate. By looking at the
cross-sectional SEM of Fig. 11(a), it is clear that no interfacial gaps are
formed between the nc-TiO, layers because the transferred material remains
in the form of a viscous fluid after the LDW transfer. As with the previous
cases, the transferred materials maintain a homogeneously distributed
network of particles with a high degree of porosity, consistent with a high
surface area structure. The 3-dimensional network of interconnected TiO,
nanoparticles enables good electron conduction while the high surface area
structure can maximize the amount of dye adsorbed on the surface of the
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TiO, particles. Both properties are essential for the fabrication of efficient
dye-sensitized solar cells.

Figure 11. SEM micrographs showing (a) the cross section and (b) the surface of a 12-um
thick nc-TiO, layer transferred by LDW on FTO coated glass. The film was sintered at 450
°C for 30 min.

Fig. 