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However, there is some difficulty in rightly
determining the objects which we distinctly
conceive.
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The name “laser ablation” is used generally to
describe the explosive laser-material interaction,
a more appropriate definition that does not

imply a mechanism.
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Thus, the definition of thinking is the creation
and manipulation of symbols.
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[. Introduction

UV laser ablation of polymers was discovered 20
years ago.>? This effect has many fascinating ap-
plications in lithography, micromechanics, and medi-
cine. For the last 20 years, more than 10% papers
describing this phenomenon were published (see, e.g.,
comprehensive reviews, refs 3—7). Despite the high
research activity, the nature of UV laser ablation of
polymers is still far from being fully understood, e.g.,
one can find contradictory interpretations of the same
results in different papers.

Originally, UV laser ablation of polymers was
believed to be a pure photochemical effect, resulting
from the direct bond breaking by UV photons.®~10
Gradually, investigators obtained evidence that laser
heating of materials is significant and a pure thermal
nature of laser ablation was considered.*"** Here we
use the term “photothermal”” for the process result-
ing from laser heating of material.

Polymers are complex materials; therefore, laser
ablation of polymers is also a complicated phenom-
enon. In this paper, we will focus on the models of
laser ablation. In addition, we inevitably have to
answer the question of what are the specific features
of laser ablation of polymers that distinguish them
from the laser ablation of other materials (metals,
semiconductors, inorganic dielectrics, molecular sol-
ids).

There are several approaches to modeling of poly-
mer ablation. The authors of this paper represent one
of the “schools”; thus, our view of the problem is
somewhat subjective.

Despite the complex nature of laser ablation, we
prefer to develop simplified models (e.g., “pure”
photochemical or “pure” photothermal), and analyze
them in detail to be able to assign specific features,
which are experimentally observed for a particular
ablation mechanism.

We start with the photochemical model. In fact, the
first consideration of laser ablation'® employed a very
simple but constructive idea that takes into account
the specific feature of polymer materials. This idea
is that polymers consist of long molecular chains with
strong, covalent, bonds inside. At the same time,
molecules belonging to different chains interact
weakly. Therefore, polymer material becomes simple
molecular solid (i.e., easily removed material), if we
break the long polymer chains into small pieces by
direct photochemical effect (UV photons are consid-
ered to have energy hw exceeding the energy of
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covalent bond). Taking into account the Bouguer—
Lambert—Beer intensity distribution inside the ma-
terial, this simplified consideration yields the so-
called “photochemical law™:”

0, ifd < o
he={1,.[2] (1)
aIOQICI)th if® > P,

Here h, is the etch depth (per pulse), which is
considered as a thickness of material, ablated per
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laser pulse, a is the absorption coefficient, ® is the
laser fluence, and @, is the threshold fluence. This
threshold fluence provides at the surface the frag-
ments of polymer chains smaller than some charac-
teristic length.” Typical value of this threshold flu-
ence for polyimide and UV radiation with 1 = 193
nm is about 15 mJ/cm?.

Many authors used the dependence he = he(®) (we
will call it kinetic curve) given by eq 1 to describe
their experimental results. Later it was found that
the value of a obtained by fitting the kinetic curve
to experimental data could significantly differ from
the measured absorption coefficient. It leads to the
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Table 1. Calculated from Thermal Model and
Experimental Values®® of the Threshold Fluence

radiation 1, Q, Din, mIlcm?,  ®yy, mI/cm?,
nm 10°cm™ R theory experiment?®3
351 0.32 0.1 102 105
308 1 0.11 46 46
248 3.1 0.12 29 25
193 4.25 0.07 26 15

idea of modification of optical properties of material
during the pulse. This modification can be either
nonreversible (leading to “incubation”) or tran-
sient.1415

In some papers, the kinetic curve is calculated
based on the following consideration. The etch depth
at a given fluence is considered as the distance from
the surface at which the amount of absorbed energy
per unit of volume equals the threshold one. The
latter can be found from the data on ablation thresh-
old. Usually it is implied that this absorbed energy
provides a photochemical chain breaking; thus, these
models can be treated in a similar way as photo-
chemical.*5-1°

Photothermal modeling is another way to describe
polymer ablation. It was understood that the ab-
sorbed energy produces an elevated temperature high
enough for thermal destruction of the polymer. In ref
20, the etch depth is calculated as a penetration of
isotherm where the temperature reaches its “critical”
value, T = T,. Neglecting the heat diffusion one can
write the adiabatic approximation for the increase
in temperature:

dT _ «al
- = 2
dt ¢, 2)

Here | is the light intensity at a particular point,
Cp is the heat capacity, and p is the density. Using
the Bouguer-Lambert—Beer intensity distribution,
one arrives at the “photochemical law” (eq 1) for the
etch depth, where the threshold intensity is given by

Cop Ter
where R is the reflection coefficient.

From a mathematical point of view, there is no
difference between the above-formulated photochemi-
cal and photothermal models, i.e., the temperature
plays the role of a “photochemical” variable. The both
considerations yield the law (eq 1). Differences ap-
pear if one takes into account the heat diffusion.?® A
crude estimation can be done by replacing a™! —
ot +2,/D+t, in eq 3. Here Dr is the heat diffusivity
of polymer, and t, is the duration of a laser pulse.
For illustration, we present in Table 1 the calculated
values of the threshold fluence for laser ablation of
polyimide by radiation of excimer lasers. The follow-
ing values of parameters are used: p = 1.4 g/cm?,
¢, = 2.2 J/g K, Dy = 1073 cm?/s, T = 850 K, t, =
15 ns. Experimental values of o, R, and @, are also
presented in Table 1. One can see a very close
correspondence of calculated and experimental re-
sults. In refs 21—23, the ablation is considered as a
thermal destruction of polymer resulting from laser
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heating. Here heat diffusion is taken into account,
and, most importantly, the ablation is associated with
the chain breaking process, which obeys the Arrhe-
nius law.

The introduction of the moving interface was a
breakthrough from the point of view of modeling.
Now it has been proved experimentally?* that the
interface between gaseous products of ablation and
condensed material moves during the nanosecond
laser pulse.

Historically, the problem with the moving interface
was first considered in connection with the kinetics
of the first-order phase transitions (movement of the
melting front; see ref 7). Another problem with the
moving interface was applied for the laser evapora-
tion of metals.?® There were several early attempts
to construct models with a moving interface relating
the problem of laser ablation of polymers.?6-3! These
models are photochemical (even the model developed
in ref 29 where the position of the front is associated
with the critical temperature, but the temperature
is calculated by eq 2).

Real thermal models with a moving interface
following the model of ref 25 were developed for laser
ablation of polymers in refs 32—36. We call them the
“surface photothermal models” because they assumed
photothermal destruction of the material within a
very thin surface layer. It is similar to evaporation
of heated material into vacuum. The velocity V of
ablation front follows the Arrhenius-like law:

V =V, exp[—E/KgT,] (4)

Here V, is of the order of sound velocity in condensed
phase, E, is the activation energy of evaporation, kg
is the Boltzmann constant, and Ts is the surface
temperature.

The consideration of moving interface problems
immediately yields that the kinetic curve (near and
above the threshold) should be linear rather than
logarithmic. The logarithmic law (eq 1) at relatively
high fluences is caused by attenuation of coming laser
radiation within the plume. Thus, a in eq 1 is rather
0p, & plume absorption coefficient recalculated per
ablated depth, or Lagrange absorption coefficient of
the plume. The absorbed laser intensity at the
ablated surface is given by

Is() = (1 = R)1o(t) exp[— a,he(t)] ®)

where |l is incident laser intensity.

All the models considered in this paper are the
models with a moving interface. We consider two
types of such models, the so-called “Stefan-like” and
“Frenkel-Wilson-like” problems.

With Stefan-like problems, the position of a moving
interface is related to some critical value of the main
variable. For example, in the classical Stefan problem
of the melting front propagation it is melting tem-
perature. In the theory of laser ablation of polymers,
it would be rather the critical fracture of broken
bonds. The position of interface within the Stefan-
like problem is given in implicit form, similar to the
position of the melt front, i.e., T (Z = Zmelt.front) = Tmelt-
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In the Frenkel-Wilson-like formulation, the velocity
of a moving interface is a known function of values
of variables at the surface. For example, for the
melting problem one can write at some approxima-
tion (see in ref 7)

dz
melt.front
V p—

melt.front — dt

N [T(Z = Zmelt.front) - Tmelt]

Thus, overheating is a necessary condition for mo-
tion of the melt front, i.e., melting occurs only with
T(zZ = Zmeitsront) > Tmeir- The classical surface photo-
thermal model (eq 2) is also of the Frenkel-Wilson
type because here the ablation velocity is a known
function of surface temperature.

The paper is organized as follows. In section 11, we
consider the macrokinetic aspect of photochemical
modification of polymers from a mathematical point
of view. The photochemical modification of polymers
under UV laser irradiation is their inherent feature
(chain breaking is also a modification). Following refs
37—40, we formulate both Frenkel-Wilson and Ste-
fan-like approaches to pure photochemical ablation.
The main problem with the pure photochemical
models is their self-consistency in the sense that we
have to calculate the temperature rise which ac-
companies photochemical ablation. If the tempera-
ture is high enough to provide thermodestruction of
the material, then the pure photochemical model is
not reliable. This question is also discussed in section
Il.

In section Ill, we consider pure photothermal
models of laser ablation. We start with the well-
understood surface photothermal model.®53¢ Then we
consider the Stefan-like and Frenkel-Wilson formula-
tion of the so-called bulk or volume model where laser
ablation proceeds through the chain scission caused
by laser heating of material followed by surface
evaporation of degradation products.*~44 We compare
the predictions of these models concerning ablation
by nanosecond pulses.

In section 1V, we consider application of these
models for ablation by subpicosecond pulses. We
compare predictions of surface and bulk models. Also
we discuss here a model that is somewhat intermedi-
ate between photothermal and photochemical ones.
It is the so-called photophysical model,*>~47 which is
based on the reasonable assumption that activation
energy of thermal decomposition of polymer chains
can be smaller in the electronically excited state than
in the ground state.

In section V, we consider other “intermediate
models” (i.e., models between pure photochemical and
pure photothermal). The necessity to develop these
models is based, in particular, on recent experimental
findings of influence of elevated temperatures on
photochemistry.48-4°

Section VI is devoted to the role of mechanical
stresses in laser ablation. In fact, the importance of
mechanical stresses for laser ablation has been
discussed from the beginning of ablation era.>® Me-
chanical stresses are caused either by thermoelas-
ticity or by chemical changes during polymer modi-
fication.>%° As an example, one can refer to an
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increase in the volume of destruction products during
the depolymerization of poly (methyl methacrylate)
(PMMA). Another reason is the creation of volatile
species, which produce inner pressure. There are
models of laser ablation that relate the effect of
ablation to some critical value of inner pressure.®°
In fact, these models come to the theory of polymer
ablation from the theory of IR laser ablation of soft
biological tissues. Here laser heating results in inner
evaporation of water providing high-pressure inside
the tissue. We consider in section VI how mechanical
stresses can be incorporated in the models developed
in the previous sections.

In the present paper, we do not address hydrody-
namic and gas-dynamic aspects of laser ablation.
Gas-dynamics of ablation is discussed in the recent
review paper ref 61 and in refs 62—64.

We also do not consider melting® and topology of
crater formation during ablation® as well as a very
important question of stability of plain ablation
front®” and structure formation.58-71 We believe that
these problems will be discussed in a future review
paper.

[l. Photochemical Ablation

A. Photochemical Modification

Let us consider a laser beam propagating along the
z axis, the half-space z > 0 being occupied by the
initially homogeneous dielectric media. We will evalu-
ate equations that describe the photochemical modi-
fication of material in quite a general form. But first
we consider the simplest photochemical reaction

A% B (6)

Here A stands for the element of the initial mate-
rial, and B denotes the product of photochemical
reaction. The Kkinetics of modification caused by eq 6
is described by the equations:

ol _
0z
o = 0aN, + 05N

Ny + Ng =N,

—al (7

Here Na and Ng are the number densities of A and
B species, respectively, | is the light intensity, which
is measured in W/cm?, 5 is the quantum yield, oa
and og are the absorption cross-sections, and a is the
absorption coefficient. This model describes irrevers-
ibly induced darkening (for og > o0a) or bleaching (for
og < oa). We do not need a differential equation for
Ng since the conservation law Ny = const.

The initial and boundary conditions are

Nz, 0) =N, Ng(z 0)=0, 1(0,t)=I(t) (8)

Here I4(t) can be an arbitrary function of time.
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One can consider instead of eq 6 a more general
model, which consists of two successive photochemi-
cal reactions:

ABC

In contrast to eq 6, this model can describe a no
monotonous change of the absorption coefficient.

IN, YN
at ho Nal
ONg 77504 11g0g
ot ho Nal hw Nel
o _
7 al (20)

o = 0pN, + 0gNg + 0cN¢
Ny + Ng + Ne =N,

The initial and boundary conditions will be of the
form (eq 8) with the additional condition N¢(z,0) =
0.

By a similar way, three, four, etc., successive or
branching reactions can be taken into account to
describe modification of material. If each step is
caused by the photon absorption, then the kinetic
equations will be of the form:

S,

5t =W _(5.,55...5)I, m=1,..k (11)
al
2 = —(S;,S,,..,SI (12)

Here we introduce the set of k variables
{S1,S,,...,Sk}. In the aforementioned models, this set
consists of number densities Na, Ng, and N¢c. The
boundary condition for intensity is similar to eq 8,

e., 1(0,t) = I4(t), and the initial conditions are

Sh(z,0) =S, p=const, m=1,.k (13)

This type of model was used in refs 16—19 as well
in ref 72 when analyzing transient absorption during
laser pulse and permanent modification of polymers
by UV lasers. This kind of problem was considered
in the 60s and in the 70s in physics of lasers, physics
of plasma, and photochemical Kinetics. The quite
general form of photochemical kinetics was consid-
ered in refs 73 and 74. Comprehensive review can
be found in ref 75 where such a kind of model was
applied to investigate the photoaging of poly(vinyl
chloride) (PVC).

By choosing an appropriate variable from the set
{S1,S2,...,Sk} (let us denote it by S and assume that
S = S3), we can reduce the set of k egs 11 to

ds
e — lpm(sl'SZ""’Sk)/qjl(sl'SZ""’Sk)’

=2,...k (14)
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These k-1 ordinary equations with conditions
Sm(S10) = Smo provide the expressions for Sy, as a
function of S. Thus, we can introduce

S, = S,.(S)
W(S) = W,(S,S,(S).....5,(S))
A(S) = (S,Sy(S),....S(S)) (15)

Hence, the set of eqs 11 and 12 can be reduced to a
set of two equations:

@ —y(s)l, —Z

= —a(S)I (16)
In what follows, we will discuss the set (eq 16) with
the initial and boundary conditions:

S(z,0) = S, = const (17)

10,) = 1(t) (18)

The boundary condition for intensity is similar to eq
8. The general problem (eqs 16—18) can be solved
analytically. From the first eq 16, we can express
| = 8S/ot/W(S). Then, the second eq 16 yields:

2] = ~aeSnus)
It results in
s a(S) .|
8t[ az/ s 0 W(S' )dsl -0 (9)

Taking into consideration the initial conditions (eq
17) provides:

W) fo giz'))ds' (20)

Integrating ordinary differential eq 20 yields the
solution that we present in the form, which is
convenient for the future:

S(20) ds”
S(z) S (l(S')
(s
(S") fs W(S)
Here z is some fixed coordinate inside the material
(zo = 0). In particular, taking zo = 0 provides:

z2—25= (22)

ds’

_ pSO) ds”
z= |q PR S) (22)
@LQW$

The implicit expression for S(0,t) can be obtained
from the first eq 16 and the boundary conditions
(eq 18):

fS(O y dS"

s e = Jos0et (23)

There are several important properties of eqs 22
and 23. First, the distribution of S; (i = 1,..., K)
variables depends not on the time by itself but rather
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on the integrated dose /{ls(t)dt, see eq 23. It follows
from eq 20 that spatial derivative of S at each point
within the sample depends only on S; that is, know-
ing S at the particular point, we know the derivative
9S/0z. Equation 22 can be expressed in the form:

z=1,(S) + Q(t) (24)
where
dSII

oS’
¥ )

fl(S) — SSfixed
ds’

and

S(0.t) das”
Sfixed s a(S')

Y s sy

Q(t) =
ds’

Here Srixeq IS an arbitrary fixed value of S = S,.
Equation 24 can be rewritten:

S(z,t) = Pg(z — Q(t) (25)

Here Ps = f;~!. Equation 25 means that the
evolution of distribution of S inside the material can
be represented as propagation of a nondeformable
profile (wave of modification) Ps(£) with time-depend-
ent velocity

dQ Io(t)
Vied) =y =——— (26)
dt fS(O,t) (X(S)ds

S W(S)

Henceforth this velocity will be referred to as the
velocity of the wave of modification. The shape of this
profile obeys eq 20 with S(z) = Ps(z). Similarly, it can
be shown directly that the solution for each S;
variable can be represented as

Si(z,1) = Ps(z — Q(1) (27)

where Pg(&) is the corresponding profile, Ps(§) =
Si(Ps(&)).

These profiles have the property: Ps(») = Sjo. At
t = 0 the profile is situated at z = —o. At t = 0,
Vmod = . The above symmetry of eqs 24 and 25 has
been recognized for the first time in refs 75 and 76.

To finish the consideration of the macroscopic
theory of photochemical modification, let us consider
the special choice of the variable S. To avoid any
confusion, let us denote it S. Thus, we add to the set
{Si} (i = 1,..., k) one more, k + 1 variable, S, which
obeys the equation of the type of eq 11:

5t I; S(z,00=0 (28)
According to eq 29
Sz = [, 1z, tydt (29)
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is the integrated dose, which come to the point z
before the moment of time t. B

We chose S = S. Now we have ¥(S) = 1, and all
the formulas become simpler. Sy(S) can be found
from the set of ordinary equations:

Eénl =W (S,,S,...S), m=1,.k (30)
a(S) = a(S4(S),Sx(S),--,SK(S)) (31)
Sp=0 (32)
S0, = [ 1(Hdt (33)
B e [5 a@)ds (34)
- ds”

— éS(O,t) — - (35)

Jo a(S)ds'

B. Single-Step Model

Let us apply the above formalism to the simplest
single-step model (egs 6—8), which can be considered
as one of the basic models for laser induced photo-
modification. The set of equations here has the form
eqgs 16—18. As variable S we can choose Nj, then
g = —ﬂAOA/hw Na and o = oaNa + O’B(No - NA). To
represent corresponding formulas in compact form,
it is convenient to introduce dimensionless variables

N _ Ng

A s __ NAOA ft
NO, B NOI

T= g Jo I(t)dty,

E=0,Ngz (36)

nA:

and dimensionless parameter 3 = gg/oa.

Dimensionless time 7 is integrated dose normalized
by characteristic dose hw/naoa. The coordinate scale
is an initial light penetration depth. The value of the
parameter 3 controls the type of irreversible optical
modification (bleaching at f < 1 or darkening at
B> 1).

In dimensionless variables the ordinary differential
equation for the space distribution (eq 20) becomes:

dn,
d_§ =1 =) = nyny — Bnylog(n, (37)

The boundary value (see eq 23) reads:

Na(é = 0,t) = exp(—7) (38)
The velocity of the wave of modification (eq 26) yields:
. (39)

Vimed = (T B)( = exp(—7) + B

Solution of the egs 37 and 38 is shown in Figure 1.
One can see the propagating wave of photochemical
modification along the & coordinate. As it is explained
above, this solution describes some universal profile
obeying eq 37 moving with respect to coordinate with
the velocity (eq 39) in such a way that the boundary
relation (eq 38) holds.
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1.0

4 05

0.0 4 L 1 L 0.0t

Figure 1. Wave of photochemical reaction; profiles na =
na (&) obtained from integration of eq 37 for fixed parameter
B = 0.5 (a) and for fixed parameter 7 = 2 (b). With § < 1,
one has the bleaching effect and with § > 1 the darkening
effect.

The profile of ng variable can be obtained from the
na profile as

The profile for dose variable S (see eq 33), or rather
for dimensionless § = naoa/hw S, obeys the equation
(see eq 34):

9 _ o v
9 (B—1)(1 —exp(=58) —p5s
SE=0t) =7

For both ng and s profiles the velocity of propagation
is the same as for na (eq 39).

C. Surface Photochemical Etching
(The Frenkel-Wilson Approach)

In this section, we consider the problem of photo-
chemical modification with a moving interface. We
start with the Frenkel-Wilson approach to this
problem. The results can be applied to analysis of
photochemical etching when photomodified material
is etched due to surface photochemical reaction with
surroundings.

During etching, a part of the material is removed
from the surface of the sample. As a result, the
problem with the moving interface arises. There are
two approaches to the formulation of this problem.
The first one is similar to the Frenkel-Wilson ap-
proach in the theory of melting front propagation.”
Within this approach, the ablation velocity is con-
sidered as a function of intensity and the values of
variables {S;} at the moving interface. This approach
for the photochemical theory of UV etching was
developed in ref 37.

We consider the model with eqs 11 and 12 and
moving interface positioned at z = z4(t). Instead of
eq 18, we consider the boundary condition of the
form:

I(z,t) = 1(0) (41)

Henceforth, we use the subscript s for surface
values of the variables.
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With the Frenkel—Wilson approach we consider
the etching velocity

dzg
a = Vetch(sl,s'sz,s"“

It is important that Veen(S1s,S2s,---:Sks,ls) 1S @
known function. Thus, we can express S; through S
as in eq 15 with Sy(t) = S;4(t). Similar to eq 15, we
can introduce the etching velocity in the form

vSk,sv Is) (42)

dz,
Tt = Veten(Ss(D),1(0) (43)

It is evident that, before the etching front reaches
a particular point, for this point etching will manifest
itself only by some changes in upcoming light inten-
sity. It means that eq 20 works for all inner points
and at the very surface as well.

At each moment of time relation holds:

dS,(t)  aS(z,1)
dt oz

dz;  3S(z1)
7=z dt at 7=z

(44)

The value of 3S(z,t)/ot|,=,, can be found from the
first of eq 16:

BEY  —wsyi (@5)

The value of 9S(z,t)/9z|,=,, can be found from eq 20:

0S

ss(S) o(S' )
= W(S) /. (46)

S0 1II(S)

Z=Zg
Thus, egs 44—46 yield:

Vetch(SS! Is)
Vmod (851 Is)

where Veien(Ss,ls) is given by eq 43, and Vg (Ss,ls) is
given by eq 26:

ds,
" =1P(ss)ls{1 - } S0 =S, (47)

|
- s 48
salS)
5 W(S)

Vmod (Ss’ Is) =

From the above section, it is obvious that the
considered process can be represented as the propa-
gation of the wave of modification and the front of
etching. The etching front propagates with the veloc-
ity (eq 43), while the modification wave propagates
with the velocity (eq 48). Generally, Vetch Z Vimog. 1t
is important that Se(t) obeys a closed ordinary dif-
ferential eq 47. Solving eq 47, one obtains Sg(t).
Substituting this function in eq 43, one yields the
dependence Veenh = dzd/dt.

The coordinate distribution of modification prod-
ucts in the remaining part of the sample at the
moment t, S(z,t) can be obtained from eq 21.:

dSH

i S0 AUS)
(s fo G

S
z2—-2,=— [ (49)

ds’
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Thus, we reduced the set of partial differential eqs
11-13, 41, and 42 into a set of ordinary differential
eqs 20 and 47. Equation 49 is another form of eq 20.
Thus, the Kinetics of photochemical surface etching
can be represented as propagation of profiles Ps(§)
with the velocity (eq 48) accompanied by propagation
of the etching front. Ordinary differential equation
47 allows one to obtain the surface value of each {S;}
variable involved as a function of time. It allows one
to build the spatial distribution of each variable at
each moment of time using eq 20 or eq 49.

Let us consider a particular case when Is = const.
Here the condition Ve = const in time corresponds
to a stationary wave solution and is equivalent to the
condition dS¢/dt = 0, or Ss = const. This constant,
let us designate it S, obeys the equation:

Vetch(S:' Is)] _

IIJ(SS)IS[ L Vmod (S:’ Is)

or, in physical cases:
Vetch(S:1|s) = Vmod(S:’ Is) (50)

It means that the stationary modification and
etching waves propagate with the same velocity. As
it is seen from eq 50, S! generally depends on
intensity. Because Ss = const, the spatial distribution
of all the {S;} variables will not change in time if we
fix the reference frame with the moving interface.
This stationary wave solution can serve as an attrac-
tor, i.e., the solution of the problem can tend to the
stationary wave.

If etching velocity is proportional to intensity

etch(sy s) etch(Ss)I (51)

then

Vetch(Ss' Is)
Vmod (Ss’ls)
As a result, eq 47 becomes an equation with

separating variables and can be solved in quadra-
tures. Introducing a new time variable (surface dose):

7= [i I(t)dt

one can transfer eq 47 into the following form:

s, o(S")

etch( s)j‘s ‘P(S )dS'

S 45
etch(ss),fsso 1P(S )

S(0) =S, (52)

SS—lps.
de - ( s)

The stationary value S obeys the equation (see
eq 50):

~ " g’
Veten(Ss) fsos gis,))dS' =1 (53)

where S{ does not depend on the intensity.
This stationary solution does not propagate with
constant velocity with respect to real time if I4(t) =
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const, etching velocity is proportional to intensity
according to eq 51, but the spatial distributions of
all the {S;} variables will not change in time if we
fix the reference frame with the moving interface.

D. Single Step Model. Results and Discussion

Let us apply general formalism to the particular
case of model (eq 6). Along with the egs 7, we
introduce the expression for the surface etching
velocity, assuming its linear dependence on Na and
Ng. Thus

Vetch = (GaNa + GgNg)ls (54)

The problem (eqs 7 and 54 may be rewritten in
dimensionless variables (eq 36)):

d

-%— NAQ; %—nm—mfmm

d;

o = Veten = M{NaG) + 0[1 — MA(&)]}  (55)

&(@=0)=0; q(é) =1, npl& =

Here & (7) is the dimensionless position of the etch
front. g = I/ls is the dimensionless intensity, q(&s),
na(&s) are the values of variables at the interface. The
discussed problem is characterized by three dimen-
sionless parameters involved: 5 = ogloa; g = Gg/Ga;
V= GANOZ/ﬂA.

To use mathematical formalism developed in sec-
tion IIC, we assign (see above):

0)=1

n,=S, Y©)=-S, S;=1

The dimensionless modification velocity, see (eq 48),
and etching velocity as a function of surface value
Ss = na(&s) read:

B 1
Yrs=@=s)a-p-progs,
V=18, +90-S)] (57

Thus, the main eq 47 or 52 becomes:

—S[vSs + g(1 — SIS log S, —
(1-S)A—-p)+1]; S(0)=1 (58)

This is an ordinary differential equation allowing one
to obtain the dependence S¢(r). Substituting this
solution into (eq 57), one finds the dependence V(7).
Dose dependence of etch depth, he, can be found by
integrating

S:
dz

Ne(r) = —=— [ Vogen(D)dlT (59)
0aNg

In eq 59, 0aNp is the initial absorption coefficient.
Integrated dose (J/cm?) is 7 x hwloana. When com-
paring with experimental data hw/oana also serves
as an important parameter.
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Figure 2. Fitting of experimental data on UV photochemi-
cal etching by surface etching model. Experimental data
are from ref 77. Irradiation of PMMA films was performed
by the fifth harmonic of Nd:YAP laser at 1 = 216 nm.
Circles — irradiation in air. Squares — irradiation in a
vacuum (5 x 1073 Torr). Solid curves correspond to the
calculations according to the model discussed in section 11D
(egs 57—59). For both curve 1 and 2, = 15, hw/yaoa =
1.754 J/cm?, v = 0.05. Curve 1 is calculated with g = 0.02.
Curve 2 corresponds to g = 0.13. It is seen that fitting is
good while the thickness of the film is large enough.
(Reprinted with permission from ref 37. Copyright 1999
Elsevier Science.)

E 400

"

8

c 300}

3

L

< 200f

[o1]

£

£ 100}

£

g . ,
0 5 10

Dose, Jlem®

Figure 3. The same as in Figure 2, but the initial
thickness of the film is different. It is seen that the
considered model cannot fit the experimental data for
relatively thin films. (Reprinted with permission from ref
37. Copyright 1999 Elsevier Science.)

We apply this model to fit the data on UV etching
of PMMA films by the fifth harmonic of Nd:YAP
laser’” (see in Figure 2). This solid-state neodymium
laser operates at the wavelength 4 = 1.08 um; thus,
the wavelength of the fifth harmonic is 1 = 216 nm.
We use the values of parameters hw/oana = 1.754
Jlcm?, B = 15, and v = 0.05 both in air and in a
vacuum. The difference between curves 1 and 2 in
Figure 2 results from the difference in values of the
coefficient g. Hence, the appropriate values for air
environment and for a vacuum are g = 0.13and g =
0.02, correspondingly. It means that the virgin mate-
rial is etched irrespective of the environment, whereas
the modified material is etched much more effectively
in air than in a vacuum. It is quite natural bearing
in mind that UV modification of PMMA leads to the
creation of unsaturated carbon bonds. It is seen in
Figure 3 that this model fails when film thickness is
small enough. The present model cannot explain the
dependence of the etch rate on the initial thickness
of the film. Here bulk models’”"® should be applied.

It is worth noting, nevertheless, that the fitting
experimental data by the bulk model yields the same
values for parameters § and hw/oana. Thus, there is
some correspondence between the two models de-
scribing the limiting cases.
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Figure 4. Spatial distributions of ng component, calcu-
lated from eqs 57—-59, 37, and 40. Curves 1, 2, and 3
correspond to moments of time 7 = 0.57, 2.28, 6.84. Left
(dotted) borders present the moving boundary. The initial
film thickness was 6130 A. Spatial coordinate in dimen-
sionless units (value 0.2 corresponds to the film—substrate
interface). (a) Values of parameters correspond to curve 2
in Figure 2, i.e., irradiation in air, parameter g = 0.13. (b)
Values of parameters correspond to curve 1 in Figure 2,
i.e., irradiation in a vacuum, parameter g = 0.02. (Re-
printed with permission from ref 37. Copyright 1999
Elsevier Science.)

Figure 4 exhibits calculated kinetics of etching
accompanied by modifications for irradiation in air
and in a vacuum. The distributions of concentration
ng in different moments of time and in different
environments are parts of the same profile described
by the egs 37 and 40. In air, the etch rate is larger
than in a vacuum. Nevertheless, in both cases, the
modification velocity appears to be significantly
larger than the etching velocity. Thus, the solutions
are quite far from the stationary waves. It means
that in the considered cases the process is essentially
nonstationary.

E. Photochemical Theory of Laser Ablation. The
Stefan-like Approach

In this section, following refs 37—40, we consider
another approach that can be called the Stefan-type
approach because it is similar to Stefan’s set of the
problem of a moving melting front. Here the moving
interface is fixed with the defined value of one of the
Si variables. When considering the ablation of poly-
mers, the appropriate variable is the number density
of broken bonds. When number density of broken
bonds at the surface reaches its critical value, abla-
tion starts and hereafter the position of the interface
will be fixed with this critical value of the broken
bonds which corresponds to the critical value of the
averaged length of polymer chains. Thus, this condi-
tion means that when polymer chains at the interface
become short enough, they leave the surface. This
consideration is quite natural and has been used
since the first papers of Srinivasan et al. (see e.g.,
ref 10).

The development of suitable VUV laser sources
with wavelength shorter than usually employed?®.89
excimer F, lasers® provides a new opportunity for
laser treatment of materials with a great accuracy
and a small lateral resolution. VUV ablation of
polymers is one of the promising areas of application
for newly developed laser technique.8? The advent of
VUV lasers with the photon energy as high as 10 eV
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and their use for irradiation of polymers increases
once again the interest to the theory of laser ablation,
where the most intriguing point is the interrelation
between thermal and nonthermal processes. From
the very beginning of UV laser ablation modeling, it
was believed that polymer ablation is dominated by
direct photochemical main-chain scission.'® The com-
prehensive investigations® have shown, however,
that, at least for the so largely studied and used
polymer as PMMA, only with VUV the direct photo-
chemical main-chain scission can be really relevant
to the laser ablation process.

The problem is how to include correctly the modi-
fications and moving interface. It should be noted
that the Stefan-type problem for polymer ablation,
when chain scission is a solely thermally activated
process, was comprehensively studied in ref 42 and
will be discussed within the next sections.

Similar to section 1B, we consider the eqs 11 and
12 reduced to egs 16 and 17 with a moving interface
zs and with a boundary condition (eq 41). Now eq 42
is not valid and the time dependence of ablation
velocity

V(t) = dz 60

M=g (60)

should be obtained from the Stefan-like condition:
S, =S, = const (61)

where the value S, corresponds to critical value of
the number density of broken bonds.
Now we once again consider eq 44:

dSi(t)  8S(x,t)
dt  ox

aS( 0

V(t) + (62)

7=

From eq 61, it follows that in our case dSg(t)/dt = 0
and from eq 62 one obtains the expression for the
ablation velocity:

aS(x,t)

VO ="

/88(x,t)
=z OX

7=2,

(t)/ ﬁ;i S))dS’ (63)

Equation 63 suggests that, when S, is fixed, the
ablation velocity is proportional to light intensity at
the surface and its dependence on time entirely
follows the time dependence of surface intensity.
Thus, we can write:

V(D) = (64)

Ay,

Here «yn is a constant. To understand the physical
meaning of this constant, let us make a special choice
of the variable S (see eq 28). Now we have W(S) =
1 and

o = hl [ (S)dS (65)
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According to eq 29, S(z,t) = f; I(z,t)dt is the inte-
grated dose, which comes to the point z before the
moment of time t. It means that «p, is the number
density of photons, which should be absorbed at this
particular point to produce critical number density
of broken bonds at this point.

Ablation velocity (eq 63) coincides exactly with the
velocity of modification (eq 26). According to section
11.D, it means that the spatial distributions of all the
{Si} variables will not change in time if we fix the
reference frame with the moving interface.

Let us consider now single-pulse and multipulse
ablation kinetics within the photochemical ablation
model.

Equation 63 has been written in the assumption
that the number density of broken bonds at the
surface corresponds to its critical value. Initially,
however, we have no broken bonds at the surface of
the material.

If pulse fluence is not enough to produce the critical
number of broken bonds at the surface, then there
would be no ablation at all. Thus, there is some
threshold fluence ®.,, which can be estimated from
the following considerations.

We introduce pulse fluence ® = [flodt (for rectan-
gular pulse ® = ftp lo(t)dt, where t, is laser pulse
duration). Here Io(t) is the laser intensity. For an
immovable interface the nonreflected intensity at the
surface is given by

14(t) = 1,(O[L — RAS(}] = 1o(t)[1 — R(S(1)] (66)

Here all the values of variables are taken at the
surface.

Combining eqgs 28 and 66 easily yields:

5. dS

b, = —_—
th—Jo 1 —R(S)

(67)

If ® > dy, the interface will move according to the
law (eq 64) during the time t;; < t <t, where t;, obeys
the equation ft" lo(t)dt = Py,. Since the interface
starts moving, the surface intensity Is(t) will be
connected with Iy(t) through the absorption within
the plume. Assuming the simplest model of plume
absorption we can write (for t > tg):

14(t) = (1 = R(S))1o(t) exp(—oh(t)  (68)

Here h(t) = z(t) refers to the ablated depth at time
t, and op refers to the Lagrange extinction coefficient
of the plume (extinction coefficient of the plume
recalculated per ablated depth). Here we neglect the
possible influence of plume on the reflection coef-
ficient. From egs 64 and 68, we obtain the ordinary
differential equation:

_dh _ Io(t) exp(—o,h)(1 — R(écr))_ _
V= a - h:;’(ph ’ h(tcr) =0
(69)
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Integration of eq 69 yields the etch depth, he, per
single pulse as a function of laser fluence:

0(® — @) (1 — R(S
he :ailn l + P( htz))lf ( cr))
P ph

(70)

Let us consider several special cases of this
formula. Thus, if reflection coefficient is not practi-
cally influenced by the modification process, R(S) =
const = R, then (see eq 67)

écr = q)th(l -R); « i ool

=g WSS

and if in addition o(S) = const = a, then

P41 —R)a
“ph = hw
and (eq 70) becomes:
op(® — @
he=34n1+—ﬂ———£%
Op ody,

This equation coincides with the formula obtained
in ref 30.

Let us consider now multiple-pulse ablation kinet-
ics. If ® > ®y,, then at the end of the first pulse we
have at the boundary S = S. If ® < &y, then we
have no ablation at all for the number of pulses less
or equal to [@/PL] an integer part of the number
®+/P, (incubation) and then, after the next pulse, we
have S = S; at the boundary. Thus, in both cases
each pulse, which ordinal number is greater than
[Dw/PO+ 1, will etch absolutely the same depth,
which can be easily found from eq 69 with the initial
condition h(0) = 0. This yields the resulting ablated
depth per such pulse:

o-®(1 — R(S
(1+ P ( ( cr))
Aoy,

1

h, 0Lpln ) (71)

If one irradiates material with an amount of pulses
much greater than [@y./®0+ 1, then the averaged
etch depth per pulse, which usually is calculated as
the resulting depth divided by the number of pulses,
can be estimated using eq 71. If R(S) = const = R
and o(S) = const = a, eq 71 becomes:

=L 1+—aﬁb 72
e ap n aq)th ( )

The “photochemical law” (eq 1) is often used for
interpreting the data on laser ablation kinetics:

he=:a¥4og(¢)¢’ ) (73)

eff app.th

Here o is the effective absorption coefficient
and gpp1n is the apparent threshold. Equation 71
follows this law at high fluences. Here o = op and
Doppth = hoxpn/op(l — R(Ser)) in the case of eq 72
Dapp.th = Prnodop. For smaller, fluences eq 72 deviates
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from the logarithmic law, with h tending to zero when
® — 0. That corresponds qualitatively to the behavior
of the Kinetics curve obtained in ref 82 for laser
ablation of PMMA and Teflon at 125 nm.

For small fluences the Kkinetics curve predicted by
eq 71 follows the linear law:

®(1 — R(S,)

h, = Ry, (74)
or in case (eq 72):
_ @
e aq)th (75)

F. Examples. The Single-Step Model

Let us once again consider the simplest photo-
chemical eq 6, where A stands for the element of the
initial material, and B refers to the product of
photochemical reaction. In our case, this transition
corresponds to chain breaking with simultaneous
creation of byproducts, which change the optical
properties of the material. For example, it can be
direct chain breaking of main polymer chain which
is accompanied by the creation of unsaturated C=C
bonds near the newly developed ends of polymer
chain (see, e.g., ref 84). It is known that the chain
breaking process due to irradiation of polymers by
UV and VUV photons is often accompanied by a
significant change of absorption.8*~8 It can be either
darkening or bleaching. The kinetics of modification
caused by eq 6 is addressed by the set of eq 7. We
rewrite this set in an equivalent form.

INg 17504

=2 = AN, ~ Nl (76)
al
2 —(0gNg + 04(Ng — Np))I (77)

Here Ng stands for the number density of broken
bonds, Ng being the number density of initial bonds,
and No — N being the number density of surviving
bonds. oa refers to the absorption cross-section of
initial material recalculated per number density of
initial bonds. og refers to the absorption cross-section
of products of photochemical reaction recalculated per
number density of broken bonds. 5a stands for the
guantum yield of photochemical bond scission. Ng =
N.r stands for the critical number density of broken
bonds providing ablation. We apply the mathematical
approach developed in the previous section. We
choose Ng as an S variable, S = Ng, then

1o

Y= Fo (Np — Ng); o= 0gNg + 04(Ng — Np);
and then
N a(NB) Ncr ~
Koy = “ dN, =—(1 + 78
ph 0 IIJ(NB) B 77A( V) ( )
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Here

7 = fsinl=

Equation 71 now looks as follows (if we suppose that
R(Ng) ~ const = R):

— %8 and o = Ner
6) 1], ﬁ—OAandé— N,

na0p®(1 — R)
AwN (1 + 7)

lIn

P

h 1+ (79)

e =

For small 6, 6 — 0, y — 0, and «ph ~ Nc/na;
therefore, eq 79 for small ® (eq 74) comes to the
formula of ref 28. However, for real situation o
appears to be quite close to unity and the effect of
modification is significant. Let us estimate typical
value of kph. Taking No ~ 6 x 10?1 cm™3 and 6 = 1/2
for f =1and y =1 we have y ~ 1.3 and kpn ~ 4 x
1022em=3 . If =2and n = 1 then § ~ 1.6 and kpn ~
5 x 102t ¢cm™3

G. Temperature Estimations

To make the photochemical theory of laser ablation
self-consistent, let us estimate the temperature rise,
which will occur at the interface during photochemi-
cal ablation.3?4° Really, if this temperature appeared
to be high enough either to provide thermal destruc-
tion and evaporation of material or to influence
significantly the photochemical process, then it would
follow that the pure photochemical ablation model
is not relevant. Simultaneously, we will estimate the
domain of applicability of the above ablation model.

Let us start with the single pulse ablation and
perform estimation “from above” of the surface tem-
perature provided that we can neglect the heat
diffusion.

In this case the temperature rise, T, can be
estimated from the equation:

T Sk WS
= = ) &(S)
at CoP =

(80)
Cop

Here c, refers to the specific heat, and p is the
density of the material. In what follows, for simplic-
ity, we will regard them as constants. Here W;(S) =
Wi(S1(S),...,Sn(S)), €i(S) being the endothermic effect
of corresponding photochemical transitions. If we
introduce the function:

k

A(S) = a(S) - Zfi(S)‘Pi(S) (81)

then (eq 80) becomes:

oT _ A(S)I (82)
at CoP
In fact, in this case the temperature can be regarded
as a variable from the set (Si,...,Sk) (see eq 11)
because it obeys an equation of the same type as
these photochemical variables.
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Using eqs 82 and 16, we can easily find the surface
temperature, T, to be

1 rsa AS)

T, =T, +
O cpplS W(S)

S

ds (83)

Here T, refers to the ambient temperature and we
put in zero in the following calculations. If we put
all the enthalpies ¢ equal to zero, then, using
definition of «pn Wwe obtain the estimation:

hwx
To=— (84)
oP

It should be noted that estimation eqs 83 and 84
are valid for single-pulse ablation. Indeed, while
temperature relaxes between pulses due to heat
diffusion, variables S; assumed to be not relaxing.

Let us consider now the case when the heat
diffusion is significant. First, we consider stationary
ablation when Is = const and ablation velocity is also
constant, V = const.

The temperature distribution within the moving
reference frame fixed with the ablation front obeys the
equation:

9T _ T, AS)IEY

ot B Tazz Cpp E

(85)

Here z = 0 corresponds to the interface. D+ is the
heat diffusivity. It can be checked directly that from
egs 16 and 20 it follows that

A = ~ L FO) (86)

where

F(S) =

oA A(S) / s «S) o -

s ws) s w(s)

It follows from eq 86 that the right part of eq 85 is
the full derivative with respect to z.

aT | FS)IE

Tz

oT_ 8
E_BZ(D

o +VT) (88)

With I = const and V = const, the temperature
distribution tends to be stationary (see e.g., ref 25).
Integration of eq 88 yields the corresponding equation
for the stationary temperature:

aT , FO)I
Dy +

+VT=0 (89)
CoP

If we assume the boundary condition for the
temperature to be 9T/9z = 0, then eq 89 yields the
expression for the stationary value of the surface
temperature:

F(Sy)l,

90
st chp ( )
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Substituting the expression for ablation velocity
from egs 63 and 64 yields

A(S
= [ o)
pP (S)

Equation 91 coincides with eq 83. It means that
this estimation is good for single-pulse or well-
developed ablation. Equation 91 is quite remarkable
because Ts does not depend on intensity. In fact,
when we speak about the photochemical ablation, we
assume implicitly that the surface layers are etched
before they are heated to high temperature. Equation
91 provides a test for such an assumption.

Let us make some estimations. Consider the ex-
ample of single-step model discussed in previous
section. Here S = Ng, and

/YN

Y= H(No — Npg); o= o0gNg + 0a(Ny — Np),

€
A = 0gNg + 0o(Ny — Ng) — %WAUA(NO —Ng) =

0gNg + ANy — Ng)(1 — F%’?A) (92)

Here ¢ is the endothermic effect of photochemical
chain scission and accompanying reactions. Temper-
ature elevation can be expressed as:

1 N A(Ng) Kph( €N )
S dNg = P — —2 ) (93
G0 BN e ol THg) O

st

If we assume that ¢ > 0, then it follows from the
fact that y = O:

Kpnw

ﬁ(hw —€np) =Ty <
Cpp p

(94)

If, as it was estimated in the previous section,
kph ~ 4 x 10?2 cm~3 | and if the endothermic effect
can be estimated as the bond energy, Epong ~ 3 €V,
per broken bond, then, for typical value c,p =
2 Jiem3K, at A = 125 nm (hw = 10 eV), eq 94 yields
for na = 1:

22x10°K =T, <32 x 10°K

This value of the surface temperature between two
and three thousand Kelvin is too high to speak about
the self-consistent photochemical model. These esti-
mations show that stationary VUV ablation can
hardly be considered as pure photochemical if there
is no process that makes 7, significantly greater than
unity (like in chain reactions).

Nonstationary and not adiabatic ablation is com-
prehensively considered in ref 40.

From the given consideration, one can see that
photochemical theory of laser ablation (owing to the
direct chain scission process) can be considered in
quite a general form. The photochemical modification
of the material can be taken into account as well. The
formulas obtained can be used, for example, for
estimation of VUV laser ablation of polymers.
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According to this theory the ablation velocity, after
ablation starts, is proportional to the light intensity
on the surface, the coefficient of proportionality, «pn,
being the number density of photons which should
be absorbed at this particular point to produce critical
number density of broken bonds at this point.

For multiple-pulse irradiation this model predicts
logarithmic dependence of etch depth on laser fluence,
if fluence is much higher than apparent threshold,
and linear dependence for fluences much smaller than
apparent threshold.

Temperature estimations show, however, that sur-
face temperature for single pulse or quasi-stationary
ablation is small enough only if «kpn < 102 cm™3,

With larger «pn pure photochemical ablation can be
relevant at fluences higher than apparent threshold
only with large enough plume extinction coefficient.

It should be noted, however, than for single-pulse
ablation, and for high enough fluences for multiple-
pulse ablation, this model can hardly be relevant in
this pure photochemical variant if there is no physical
mechanism that makes quantum yield of photochemi-
cal bond breaking significantly greater than unity.
It will need consideration of thermally activated
processes. These processes can either influence the
dark reaction, following the photochemical initiation,
such as depolymerization, or change the character-
istic of material removal, affecting, for example, the
critical number density of broken bonds.

[ll. Photothermal Ablation
A. Surface Photothermal Model

Photothermal (or simply thermal) models of poly-
mer ablation can be subdivided into surface and
volume ablation models. We start with the surface
ablation model, which was successfully applied for
fitting the kinetics data on UV ablation of polyim-
ide.®536 QOriginally, the surface ablation model was
formulated for laser evaporation of metals,?® and it
can be applied for different kinds of simple solids
near ablation threshold. That kind of model is
relevant at relatively small fluences when hydrody-
namic phenomena, spallation, etc., do not contribute
to material removal. With polymers, hydrodynamic
motions are hindered because of high viscosity of
melts. With thermostable polymers as polyimide
ablation crater does not exhibit residue of melting.”

For the analysis of thermal ablation, we use a one-
dimensional nonlinear heat equation with ablation
velocity V = V(t) changing during the pulse. In the
moving reference frame fixed with the ablation front:

T _ T

_LQWT
at 0z

=% o) T Q (95)

where « is the heat conductivity.
The ablation velocity is approximated by

V =V, exp[—E /kgT,] (96)
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and the heat source term Q is given by

R (@7)

Cop 0 Cyop

In this reference frame z = 0 corresponds to the
position of the interface and convective term V 9d/9z
appears in the right-hand site of the equations with
the time derivative in the left-hand site.

The intensity distribution within the material 1(z,t)
is governed by the Bouguer—Lambert—Beer equa-
tion:

ol
= ol (98)

Here a is the effective absorption coefficient. Gen-
erally, a should be found from an additional set of
equations, but in this section we will treat it as an
independently known value. Equation 98 is consid-
ered together with the boundary condition

10,1) = [1 = R(TY)IIo(t) exp[—aph(t)]  (99)

where Io(t) is input laser intensity, op is the Lagrange
absorption coefficient of the plume, R is reflection
coefficient (which can depend on the surface temper-
ature), and h(t) is the ablated depth

h(t) = /5 V(t)dt, (100)

For the energy flux, we employ the boundary
condition:”

ar

Kol = PVAH, (101)

z=0

Here AH; is a constant that is close to the difference
in enthalpy of solid and gas phases.’

The second boundary condition (at infinity) and
initial condition are obvious: T|;—x = T|t=0 = T«. One
should use the realistic pulse shape Io(t). For ex-
ample, for smooth pulse shape of the excimer lasers
one can use approximation:’

t
- t—] (102)

t
15() = Igexp
P

p

The given problem can be solved numerically, e.g.,
by finite difference technique with temperature-
dependent coefficients—heat capacity, heat conduc-
tivity, reflection, absorption coefficient, etc. An effi-
cient method to solve this problem by moment's
technique was suggested in ref 36.

The density of solid should be considered with a
good accuracy as p = const, meanwhile the heat
capacity ¢, heat conductivity «, and the heat source
term Q depend on temperature T. These dependen-
cies can be rather complex.

Although some simplifications have been done
during the formulation of boundary value problem
(egs 95—102) the model is still acceptable for the
guantitative analysis of experimental data, while the
further simplification, typically, leads to a big de-
crease in the numerical accuracy of analysis.
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In the present form, the model contains nonlin-
earities and nonstationary effects, which normally
can be analyzed by numerical solution with the help
of the finite element technique.®” With the moment
method technique®® which we will use for analysis,
the given problem can be efficiently reduced to the
system of three coupled nonlinear ordinary dif-
ferential equations practically with a very small loss
in accuracy. Solution of the ordinary differential
equations, in turn, is appellate to the fast Runge—
Kutta procedure, which is a routine part of many
mathematical software. Thus, we obtain a fast and
realistic (Quantitative) simulation of purely thermal
effects in laser ablation.3®

The idea of the “moments method” or “nonstation-
ary averaging” method (see, e.g., ref 88) is close to
Galerkin’s method to find the approximating solution
of the nonlinear problem. This technique, for ex-
ample, was successfully applied to solve some prob-
lems in laser thermochemistry.®® We applied a simi-
lar technique for the analysis of laser ablation
problems. The details of the procedure and examina-
tion of the method accuracy for particular cases are
discussed in ref 90.

The idea of the moment method is quite simple.
The exact solution T = T (z, t) of the boundary value
problem (eq 95—102) should identically fulfill eq 92.
We use designation B[T] for the right-hand part of
eq 95. Thus,

ex

9T
Cosr ~ BTl =0 (103)

If we use some other “test function”, i.e., trial
solution T = T, (z, t), instead of T = T then the
identity of eq 103 will be broken because of the
singularity of the Cauchy problem. Nevertheless, we
can use the appropriate functions T, (z, t) for ap-
proximation solution if we require that this trial
solution will fulfill the “conservation laws” for the
moments

dM o
d_tn = [ dzz"B[T(z,t)] = 0, where M, =

J3 dzz"H(z,t) (104)

Here H refers to the enthalpy H(T) = /§ c,(T1)dT..
The total number of egs 104 should be equal to total
number of unknown time dependent functions with-
in the test function T, (z, t). This procedure corre-
sponds to minimization of the solution functional
F [T, (z, t)] along the directions z" within the func-
tional space. If we will use for the trial solution
directions of the fastest descent in the functional
space, the moment method becomes identical to
Galerkin's method.%8

The difference between the Galerkin and moment
methods refers to physics. There is no general
algorithm how to chose the trial function. Normally,
one chooses the trial solution on the basis of own
experience and intuition. In principle, a majority of
trial solutions is acceptable. One should know how
the fitting functions (unknown functions which one
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introduces into the trial solution) will varies vs time.
The answer, which yields the Galerkin's method, is
that they should vary in such a way that they are as
close as possible to the “true solution”. Mathematics
does not care that some, for example, overall energy
conservation law will be broken during the procedure.

The moments method suggests the approximation
to the “true solution” is less efficient than the
Galerkin procedure. Nevertheless, it warranted that
all the conservation'’s laws which one should fulfill
will be fulfilled automatically. Thus, the set of
equations with a moment method, normally, has a
clear physical sense (of course one should try, in
principle, some artificial conservation laws).

Within the example, given in eq 104, the equation
for the moment My means the average energy bal-
ance, while equation for the moment M; means the
local energy balance with respect to some character-
istic length /. A number of important parameters and
desirable conservation laws should be introduced
from the physical sense of the problem.

Within the discussed problem we will consider two
important parameters—the surface enthalpy Hs(t) =
H [Ts (t)] and characteristic length /(t) for the en-
thalpy distribution. These two quantities yield the
most important information about the distribution
of internal energy within the solid, i.e., we believe
that this distribution, mainly, control the ablation.

To introduce corresponding moments we first re-
write our boundary value problem for the enthalpy
H. Thus, eq 95 transforms to

8H oH a( dT\ oal
Pt Vaz az( az) 0z’ (105)

Within the right-hand part of eq 105 the no trans-
formed functions of the temperature are staying.
According to our consideration we introduce two
moments
Mo(t) = [, H(z,t)dz and My(t) = [~ zH(z,t)dz
(106)

The mutual relation between H and T is given by
ordinary differential equation

dH

G =M Hir—o= (107)

Thus, the boundary condition (eq 101) can be
transformed for the value of surface enthalpy gradi-
ent

9H _ VAH
E z=0 N DTs

(108)

Here Dy = «/cyp is thermal diffusivity, index s
indicates the surface value, i.e., Dr, = D+(Ts), etc.
Taking into consideration (eqs 107—108), integration
of eq 106 yields

. = —PVH. — pVAH + 1, (109)
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and
dMl_
Prat —

where K; is the integral, typical for the Kirchhoff
transform:”

I
—pVM, + K, + as (110)

K = [ «(T)dT (111)

We set the trial solution Hy(z,t) in the following
form

Hp(z,t) = a(t) exp[—az] + b(t)exp|— (112)

/ (t)

where a(t), b(t), and /(t) are some functions of time
only. The first term in eq 112 describes the change
of the enthalpy distribution with a characteristic
scale, related to absorption of radiation, while the
second term describes the changes in the enthalpy
distribution, related to the heat conduction. The
characteristic length /(t) plays the same role as a
thermal length within the linear heat equation. The
amplitudes a and b should be expressed through the
surface enthalpy Hs(t) = Hy(z = 0,t) with help of
boundary condition (eq 108):

1 |' V/AH,
1—0(/["'SJr D

a—

1
1-o/

V/AH,
o/H, + (113)
D+

S

Thus, our trial solution automatically fulfills all the
boundary conditions and we can write the equations
for unknown functions Hs and / using the moment
method. Substitution of egs 112 and 113 into eq 106
yields

Y
|v|0=( 0(/)/H tap/AH (1)
1 2 V 2
M, (1+a/+—a/)/H + DTS( Ol/)/AH
(115)

Now we can substitute eqs 114 and 115 into eqs
109 and 110 to obtain the set of two ordinary
differential equations for Hs and /. This set of
equations can be written in canonical form, but
“Mathematica” software® permits to performe inte-
gration directly from the written form, thus it is not
necessary to write big and ugly determinants.

The third equation for the thickness of ablated
material (which we need to describe screening effect,
see eq 99) is given by

dh
at \Y (116)

Thus, we transfer the initial boundary value prob-
lem into the set of three ordinary differential equa-
tions, which we should solve with corresponding
initial conditions. The investigation®¢:°° shows that
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Figure 5. Solid curves are results of calculations of laser
ablation of polyimide according to thermal model, found
by moment’s technique.®¢ Experimental data are from ref
13. Results are presented in linear (a) and “Arrhenius” (log
h vs 1/¢) (b) coordinates. The following parameters were
used in calculations: t, = 6.13 ns (it corresponds to FWHM
15 ns), Vo = 3 x 108 cm/s, T, = 15700 K = 1.51 eV, T =
300 K, ¢, = 2.55—1.59 exp[(300 — T)/460] J/ig K, « =
1.55 x 1073(T/300)°28 W/cm K, p = 1.42 glcm3, AHs = 500
J/g, o, = 0.45 o, A = 193 nm (triangles): A = 0.93, o =
4.25 x 10°cm~1, 1 = 248 nm (circles): A=0.88, a =3.1 x
105 cm~1, 1 = 308 hm (diamonds): A =0.89, a = 10° m1,
A = 351 hm (squares): A= 0.9, a = 0.32 x 10°cm™L In
plot (a) maximal temperatures of the surface are shown
(dots). The value of temperature is in a good agreement
with measured experimentally.®?

this solution describes well all known analytical
solutions, typically, with accuracy 1—3% during the
period, comparable with interaction time, i.e., up to
~3—5t, (t, is duration of laser pulse). The late stage
of the temperature evolution, t > t, can be described
with less accuracy (= 10—30%) but this late stage is
not important for the description of ablation.

This solution describes well the influence of the
temperature dependencies in cy(T), «(T), and R(T)
and has a lower accuracy for o(T). Within the
presented procedure, the temperature dependence in
absorption coefficient is taken into account by sub-
stitution oo = os = a[Ts].

Calculations with a thermal model, which take into
account all temperature dependencies of parameters,
were done in refs 36 and 90. An example of these
calculations is shown in Figure 5 for excimer laser
ablation of polyimide. One can see that kinetic curves
for radiation with 350, 308, and 248 nm are in good
agreement with the surface photothermal model. At
the same time radiation with 193 nm produces
ablation effect strongly different from the thermal
model.

One can see that thermal model yields detailed
description of the process dynamics. The main prob-
lem, however, is that experimentalists typically have
no detailed data on the dynamics of the ablation
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process. Instead of dynamics experimentalist mainly
measures integral characteristic, e.g., thickness h of
ablated per pulse material versus laser fluence ®:

h=nh(®), h= [7V(t)dt® = [ l,(t)dt, (117)

This integral dependence is rather insensitive to
many details of the process.®6:61.%0 Typically, it con-
tains three parts:

(i) Below-threshold region with ® < ®y, (so-called
“Arrhenius tail”), which can be described well by

h=A exp(— g) (118)

where A and B are constants;

(if) Near-threshold region above the ablation thresh-
old, ® > &y, where the linear dependence is hold
(due to overall energy balance)

h=p(P — ®y,) (119)

(iii) “Screening regime” at 2.5®y, < ® < 5@y,
where ablation process is strongly influenced by
absorption of radiation within the vapor of ablated
material; this leads to logarithmic law

_1 B
= Iog[ ] b= Iog( A) (120)

Transitions between different regimes can be de-
scribed well by the interpolation formula, which can
be presented by inverse function ® = ®(h):*?

@ = B exp[ayh]log *[A/N] (121)

In Figure 6 one can see these three typical depend-
ences for the case of excimer laser ablation of poly-
imide as well as interpolation of experimental data®®
by eq 121.

A weak dependence of integral curves on detailed
ablation kinetics means that dependencies h = h(®),
presented in hundreds of experimental papers, do not
yield sufficient information for the establishing of an
ablation mechanism. For this analysis, one needs
some additional information. The very informative
are data on the dynamics of surface temperature
variation, but it is very difficult to measure. Among
the few successful examples, we should mention ref
93, where the temperature of polyimide surface
during excimer laser ablation was measured near the
ablation threshold. Pay attention that this temper-
ature is in good agreement with calculations in
Figure 5.

Probably some comment should be made for rela-
tively small activation energy E, = 1.51 eV, used in
calculations. This value of the activation energy
follows from the analysis of ablation Kkinetics with
fixed intensity and variable pulse duration.®® This
value corresponds to thermo gravimetric measure-
ment for polyimide decomposition.®* Direct bond
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Figure 6. Thickness of ablated material (polyimide) per
single laser pulse of ArF, KrF, XeCl, and XeF excimer
lasers.’® The same experimental points are presented in
different coordinates: “Arrhenius” (log(h) vs 1/¢) (a), linear
(b), and logarithmic (c). Solid lines in plots (a), (b), (c)
present the best approximation of experimental data by
interpolation formula (121). The following values of pa-
rameters, obtained by least-squares method, are used
(given consequently for four wavelengths — 193, 248, 301,
and 351 nm): A = 883547, 29716, 87097, 32562 A; B =
152.56, 176.13, 370.03, 760.92 mJd/icm?, ap, = 2 x 105,
1.22 x 10%, 5.5 x 104 —1.9 x 104 cm™1. Plots (d), (e), and
(f) are amplified pictures of the regions where experimental
data follow “Arrhenius” (118), linear (119), and logarithmic
(120) behaviors. These dependencies are presented by
straight lines. Zoom pictures are shown for KrF laser but
the same behavior can be seen for other wavelengths.

breaking of covalent C—C, C—N, and C—O bonds
needs significantly higher energies of 3—5 eV.%

B. Bulk Photothermal Model

In this section, we develop a model, which takes
into account the features of polymer-like materials.
Polymeric materials are constituted by long macro-
molecules consisting of sequences of monomers, mo-
lecular groups of the same nature. The inherent
feature of polymeric materials is the hierarchy of
bonds between the molecular groups. There are
strong, covalent, bonds connecting adjacent molecular
groups of the same chain and weak, molecular, bonds
between neighboring groups that belong to different
polymer chains. Removal of molecular groups from
the surface of material during ablation can proceed
through breaking intrachain bonds (covalent). On the
other hand, the removal of polymer chain as a whole
from the surface is possible as a result of breaking
of all weak bonds, which connect this chain with the
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Figure 7. Schematic representation of chain breaking
process leading to replacement of strong bonds by weak
ones. (a) initial material; (b) result of chain scission
reaction.

(b)

surrounding material. Of course, if the chain is long
enough, this process is suppressed, because the
combined energy of weak bonds appears to be greater
than a single strong bond. In the presented bulk
models, laser ablation proceeds through bulk reac-
tion, which results in the creation of broken bonds
(schematic representation of changing strong bonds
by weak bonds due to chain scission see in Figure
7). In what follows, we consider the single-step
thermally activated reaction A — B. Here A is
associated with elements of initial virgin material,
while B denotes the reaction products, which in the
context of this paper can be attributed to broken
bonds. In what follows Na stands for number density
of species A, Ng stands for number density of species
B, na = Na/Np and ng = Ng/Ng being fractions of
unbroken and broken bonds correspondingly. N is
initial number density of bonds. Thus, chemical
Kinetics equation for a fraction of broken bonds, ng
reads:

Ng  ong
W = VE + (1 - nB)ko exp(—Eb/kBT) (122)

Here ko is a constant, and E; is the activation
energy. Within the bulk model the source term Q in
eq 95 contains additionally, compared with eq 97, a
term that takes into account the heat effect of the
chemical reaction. For nanosecond pulses, we will
take

AH_ N,(1 — ng)k, exp(—E./kgT
Q=OL_I_ bNo( 8)Ko exp(—Ey/kgT) (123)
CoP CoP

Here AHy, is the enthalpy per strong bond, which
is broken according to eq 122.

The sum energy of the “weak” bonds between the
chain and environment for short enough chains is
proportional to its length. In the considered model
the ablation mechanism is caused by removal of the
sufficiently short polymer chains. Velocity of ablation
can be approximated similarly to eq 96, where E,
denotes now the activation energy of removal of a
short polymer chain. In the case of degradation of
polymer by random chain scission either due to
photochemical or photothermal reaction the average
chain length is about ~ 1/ng after several steps.
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Neglecting molecular-mass distribution of polymer
chains immediately yields eq 96 in which

E,=E,/n, (124)

Here ns is the surface value ng(t) = ng(0, t). En
stands for the energy of weak bonds per “monomer”.
Monomer here means the molecular group between
neighboring-along-the-chain bonds, which can be
broken. The expression for ablation velocity now
reads:

V =V, exp(—E/kgnTy) (125)

Within the approach investigated in this paper we,
following refs 43 and 44, employ the equation for
ablation velocity (3.30) together with the boundary
condition:

T
K(T)5| = PAHLV (126)

Here AH, stands for the enthalpy of evaporation
of weak bonds per “monomer”. The boundary condi-
tions for infinity are obvious, as usual

Tl =T N =0 (127)

This Frenkel-Wilson-like bulk photothermal model
was formulated in refs 43 and 44.

C. Stefan-like Bulk Photothermal Model

Equation 125 provides a sharp dependence of
ablation rate on the number density of broken bonds
at the boundary. In refs 41 and 42 in which the bulk
or volume model of laser ablation was comprehen-
sively discussed, the Stefan-like boundary condition
was employed instead of eq 125. The ablation starts
when the fraction of broken bonds at the surface
reaches a certain critical value, n,.. The position of
the interface thereafter is fixed with this critical
number, i.e., the boundary condition reads:

. (128)

B|z—>oo

n,=n
This relation defines the position of the interface,
and therefore the velocity V, implicitly. Stefan-like
condition (eq 128) can be considered as an ap-
proximation of eq 125 with very sharp dependence
of velocity on fraction of broken bonds at the surface.
Another physical meaning of eq 128 can be explained
as follows. The interaction of polymer chains can
proceed also through topological constrictions, en-
tanglements. There is an averaged number of mono-
mers between the neighbor entanglements, n.,, along
the chain. If the length of the chain at the surface
becomes shorter than this n, and if E;, can be
neglected, we immediately come to the condition (eq
128). In this case enthalpy of evaporation also can
be neglected and the boundary condition for the
temperature can be written as follows:

aT

K(T) 0Z |z=0 B

(129)

D. Stationary Wave Solution in Stefan-like Model

In laser ablation, the understanding of the station-
ary regime of material removal (with constant inci-
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dent intensity I, and ablation velocity V) is prereg-
uisite for further studies. Its consideration for surface
models allows one to understand many features of
the laser ablation of metals. In general, stationary
velocity of the interface is determined by the energy
conservation, and temperature is such, that Arrhe-
nius reaction rate is fast enough to maintain this
velocity. As a result, velocity is about linear with
intensity, while (surface) temperature depends loga-
rithmically on | in almost every thermal model.
Subsequent mathematical analysis reveals, however,
some differences between the surface and volume
models.

Below we consider stationary ablation within the
model of section I1IC with zero reaction enthalpy
AH, = 0 and with temperature independent param-
eters as it has been done in ref 41. Generalization of
this analysis can be found in ref 42,

It is convenient to introduce along with na and ng
the variable b:

1
b= —log (1 — ng) = log (n_) (130)

A

Equations 95, 98, 122, 123, 126, and 128 now read:

oT oT T . al

E == VE + DT? + g (131)
an_
5 = —aol (132)
o _ b _
5= V3, + Ko exp(—Ep/ksT) (133)
aTl  _ .. _T - _
b =0 T@)=T. b)=0 (134)
1(0,) = 1,(t) (135)
b(0,t) = —log (1 — n,,) (136)

Here D+ is the heat diffusivity. For stationary
solution, we take the solutions that correspond to the
constant light intensity I and propagate with the
constant velocity V = const. The stationary wave
solution obeys the eqs 131—136 with all the time
derivatives being taken to be zero. In what follows,
we take T, = 0.

It is easy to find the first integral for stationary
solutions (see section IIF). Thus, instead of eqs 131
and 132 we can write:

JaT |

O - vT 137
T oz CpP ( )

Equations 133—137 yield:

00 Eb
V log =Ko [, exp(— T dz (138)

1-—n,

The integral in the right-hand side of eq 138 can
be estimated using the saddle point method. It uses
Taylor expansion of T near the surface under the
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assumption T,/Ts > 1; here we used definition T, =
Ev/ks, Ts =T (z = 0):

ko exp(—T,/T) ~ k, exp(—z°//,2)  (139)
Equations 137 and 134 yield:

ks =Ko exp(— Ty/Ty), /= /T(Ts/Tb)m'

/TZE-—zT;FfE (140)
0Z2° 1z=0
T, = lo (141)
c,pV
Equations 131 and 134 yield:
2 I o
% = ﬁcpp; % =0 (42

The eq 138 thus becomes:

v Ko 2/3 (TSDTJT) 1/3

o 1 2T o
g1 — Ng,

2E,
exp(— 3kBTs) (143)

Equations 141 and 143 provide a closed set to
determine the ablation velocity. This set is much
similar to that corresponding to a stationary wave
in a simple laser surface evaporation problem. There,
along with eq 141 one has the velocity equation in
the form, see eq 96:

E
V=V, exp(— kB_?_ ) (144)
S

Equation 143 can be approximately represented in
the form similar to eq 144

a

E i
V=Vj exp(— kT ) (145)
S,

The comparison of eq 144 and 145 leads us to the
conclusion that a stationary wave in considered A —
B ablation model is similar to the stationary laser
surface evaporation wave with the activation energy
which is about two-thirds of the reaction activation
energy, i.e., in eq 145 E, = 2E./3.

More rigorous analysis taking into account tem-
perature dependence of heat conductivity and specific
heat and, what is more important, AH, = 0O (see ref
42) shows that the expression of stationary velocity
on surface temperature in the form eq 145 remains
with E slowly dependent on intensity changing
from E, = 2E,/3 at small intensities to E}, = E at
high intensities.

One can see that for stationary regime surface
evaporation model resembles the model under study
in several respects. It is not, however, its limiting
case. In particular, it can be shown that in the volume
model maximum of temperature is always reached
at the surface. Instead of formation of subsurface
temperature maximum observed in surface models,?®
the temperature distribution near the surface flattens
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Figure 8. A — B — C photothermal model. Stationary
ablation velocity, V, vs intensity (in dimensionless units).
Parameters for the curve 1: Eg > E5; EA=15¢eV,Eg=3
eV, A; =101 s71 A, = 1013 s~1, Parameters for the curve
2. Eg <Ean EA=3¢eV,Eg=15¢eV, A; = 1018 571 A, =
101! s1, Solid curve — stable branch. Dashed curve —
unstable branch. (Reprinted with permission from ref 41.
Copyright 1998 Elsevier Science.)

off. As a result, one can subdivide the z-axis into two
regions. In the reaction region, absorbed energy goes
into the enthalpy of decomposition reaction. In the
conduction region, the reaction rate is small and
absorption is balanced by changes in temperature.
The size of reaction region (for high velocities) is on
the order of 1/a.

The smoothening of temperature distribution near
the surface compared to the surface evaporation
model is an important feature of a bulk model. As it
is known the temperature distribution near the
surface in surface evaporation wave has a maximum
beneath the surface. The existence of this maximum
is the reason for instability of a plain surface evapo-
ration wave.?® The absence of such a maximum in a
bulk model results in the absence of the reason for
instability. That is a bulk model predicts more stable
ablation than a surface model.

Let us consider chemical reaction scheme

A—B—C (146)

The second channel: B — C can be interpreted as
production of hard-ablated material C such as “glassy”
carbon investigated in ref 96. The set of equations
describing the chain of reactions of eq 146, will
contain eqs 131—135 and 128 completed by the
equation for fraction of species B (which we will
associate as previously with broken bonds)

ng  ang
= V———+ npk, exp(—Ey/kgT) —

ot 0z
ngk; exp(—EJkgT) (147)
and for fraction of species A

ong ong
W = VE - nAko exp(—Eb/kBT) (148)
In ref 41, we discussed properties of stationary
wave solutions of the model A — B — C without
taking into account the enthalpies of reactions eqs
131-135, 147, and 148.
It can be seen in Figure 8 (curve 1) that if the
activation energy of the bond breaking, Ey, is smaller
than the activation energy of the following modifica-
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Figure 9. Dimensionless coordinate distributions of con-
centrations and temperature. n,, = 0.4. (a) stable branch;
(b) unstable branch. (Reprinted with permission from ref
41. Copyright 1998 Elsevier Science.)

tion, E., then the problem has two stationary solu-
tions at relatively low intensities and no solutions
at high intensities. Curve 2 in Figure 8 corresponds
to the case in which the bond breaking activation
energy is larger than the modification one. Here we
have no solution at low intensities and two solutions
at high intensities. These interrelations can be
understood if we take into account that the higher
activation energy process dominates at higher tem-
peratures.

Two branches of stationary solutions demonstrated
in Figure 8 are not equivalent. It is illustrated in
Figure 9 providing coordinate distributions of tem-
perature and concentrations in stationary waves of
different branches. In Figure 9b, the concentration
distribution of species B has a maximum at z = 0. It
allows treating this solution as unstable, since the
conditions for ablation appeared to be more favorable
within the bulk of material than on its surface. Really
such a regime cannot be achieved within the consid-
ered model starting from any real initial conditions.
In Figure 8, the unstable branches are shown by the
dashed curves. It should be noted that the surface
temperature in the solution of an unstable branch is
higher than that of a stable one at the same intensity
value.

It has been shown in recent experimental publi-
cations®% that during multiple-shot irradiation of
polyimide by a KrF excimer laser the increase in etch
depth slows down and stops if the fluence is smaller
than some “second threshold” one. Several ways to
explain these phenomena have been suggested in refs
96—98. The simple model developed above can be
treated as one more possible interpretation of these
experimental findings.

The absence of stationary solutions can be inter-
preted as if in these regimes the deep modification
causes the ablation front velocity to decrease pre-
venting the achievement of stationary motion. The
second threshold here can be assigned to the lower
limit of the intensities whereby the ablation velocity
is high enough to eliminate the heated region before
the deep modification occurs. This assignment is
evident from Figure 8 (curve 2).

However, since both the braking bonds and the
following deep modification processes are thermally
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c interface moves

1nh increases

h(t) Distance z

Figure 10. Distribution of broken bonds within the
material. Before the start of ablation, t < t, the profile is
parabolic near the surface, which leads to an explosive
onset of ablation at t = t.,. As interface moves t > t, finite
slope of ng(z) near the surface is formed self-consistently.
(Reprinted with permission from ref 42. Copyright 1999
Springer-Verlag GmbH&C.)

activated, appropriate interrelation between their
parameters should exist to provide such a simple
picture. Otherwise, the intensity increase may cause
the ablation to stop as it can be seen in Figure 8
(curve 1).

E. Transient Regimes

Stationary regimes described in the previous sec-
tion are seldom reached in nanosecond laser pulses.
Besides, they cannot explain near threshold behavior.
For this reason we now consider nonstationary
regimes, such as the approach to a stationary solution
and regimes with the time-dependent intensity. With
high fluences screening effects determine the ablation
rate for almost any ablation mechanism, while near
threshold shielding is negligible. Therefore, to dis-
criminate between different ablation models one has
to study near threshold behavior. In this section, we
will assume constant material parameters, zero abla-
tion enthalpy, and Stefan-type condition (eq 128).
Consideration of the temperature-dependent param-
eters usually does not lead to new qualitative effects,
though it can change the numbers significantly.

Let us consider the laser pulse above ablation
threshold. Critical fraction of broken bonds near the
surface, ng, is produced at a moment of time t.,.

Before the movement of the front starts, the profile
of broken bonds ng (or b in (130)) is parabolic near
z =0, (Figure 10, t < t,), because temperature T (2)
and reaction rate have zero derivative at the surface.
Thus, at t = tg:

2
n Z .
b(2) ~ by, +b"(2=0)5; b, =~ log (1 - n,)
(149)

Here prime stands for spatial derivative. After the
onset of ablation ng (and b) continue to increase
within the volume, and the position of the front in
the laboratory system “slides” over the precreated ng
profile in a way that keeps ns = n,, = const (Figure
10).

Let us estimate the time At = t — t, in which
ablation front arrives at the point z. At the point z, b
increases with the rate b(z = 0, t;) (the dot stands
for time derivative). This is valid with the accuracy
about At and z?, as follows from Taylor expansion.
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Figure 11. Kinetics of laser ablation of polyimide by KrF

excimer laser. Experimental mass-loss data are taken from

ref 13. (Reprinted with permission from ref 44. Copyright

2002 American Institute of Physics).

Thus, the time needed for b(z) to reach by, is:

b"(z=0, t,)2°

At=— —
t 2b(z =0, t,,)

(150)

This yields the dependence of ablated depth h on
time near the onset of ablation:

2b(z=0, )

“e=ot)
(z t) (151)

Here Uy = const and can be estimated as follows;
see details in ref 42:

h(t) = Uy(t — t,)"% U, =

2D, 112
U, ~ (152)

exp(—o’Dst,,)lerfcy o’Dyt,, — 1

Square root dependence in eq 151 leads to an
infinite velocity at the initial moment (explosive onset
of ablation):

U
Vet (153)
2(t — t,)

The derivative 9ng/dz(z = 0) = 0 anymore, but
becomes negative, and, finally (for the constant
intensity) approaches its stationary value (Figure 10,
t > te).
~ With Uo from eq 152 the resulting time derivative
Ts = Ts (h = 0,t,) is equal to zero, i.e., Ts ~ const.
This explains why T stabilizes quickly. It has the
tendency to remain constant even for I(t) = const.

Figure 12 shows differences in the onset of ablation
in the volume Stefan-like model (Il) and surface
model (I). Initial heating stages are similar. In the
volume Stefan-like model ablation starts sharply and
the velocity is initially singular. Such an “explosion*
may be responsible for the acoustic signal, which was
frequently used to determine ablation onset.*® In the
surface model, ablation starts earlier in an Arrhe-
nius-type fashion and velocity does not significantly
exceed its stationary value. The differences are most
pronounced near the onset. In the later stages, both
models predict similar quasistationary regimes.

Differences between the volume and the surface
model are even more pronounced for near threshold

Chemical Reviews, 2003, Vol. 103, No. 2 539

@] ]
2
= _
S __— ablation velocity
2
°
S _— temperature
° <
2 - J
E T C
a j pulse shape
0.0 s
0 1 2
Time (dimensionless units)
.*é' |_—ablation velocity
: fraction of broken bondg
§ (LR N R R K
5§ | r---- = temperature
‘" /: \/ P
é 0.4fs; It R 1
a r: pulse shape
0.0 e
0 1 2
Time (dimensionless units)
o 1.2} f\._ blati oo 1
g _— ablation velocity
" fraction of broken bondg
E o8k [--°-°-"-" .. . /: d
s || | e
o n----
g A \(‘temperature
E " . ulse sha-e_ T
& : p p
0.0
0 1 2 3

Time (dimensionless units)

Figure 12. Dynamics of laser ablation for rectangular
pulse. Absorption by plume is absent. Pulse fluence is
significantly above the threshold. (a) surface model 1, (b)
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ablation by short pulses with variable intensity. With
the volume mechanism broken bonds are accumu-
lated within the bulk during the time when the
material is hot. Thus, thermal history of the specimen
becomes important. With ® ~ &y, ablation starts
afterthe laser pulse and after the maximum temper-
ature T, is reached at t = t,, (Figure 14b). Formally,
with ® — @y, + 0, the burst of ablation occurs at t —
. With the surface model the onset of ablation is
smooth, the maximum of ablation velocity coincides
with the maximum of surface temperature and the
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all three models. (Reprinted with permission from ref 44.
Copyright 2002 American Institute of Physics).

velocity remains always small. For the volume model,
despite small total ablated depth, the maximum
value of velocity is very big (singular) even near the
threshold.

Let us discuss the fluence dependence of the single-
pulse near threshold total ablated depth and the
threshold fluence. Near the threshold, ablation does
not influence the temperature and the reaction rate.
Therefore, one can assume, that the profile b(z),
which is parabolic near z = O:

b(2) ~ (b, + Ab)(1 — 2/ (L)) (154)

is created near t = t,, when the reaction rate has a
sharp maximum. Here t, is the moment of time when
the surface temperature has its maximum, Iy is
introduced in eq 140. Afterward, material with
b(z) > b is ablated. Therefore, total ablated depth
per pulse hy = h (t = ) is:

o (155)

cr

h. ~

e

To relate he to the parameters of the laser pulse,
one can apply the saddle point method near t., which

yields42
h - " 156
e (Dth ( )

F. Kinetics and Dynamics of Ablation. Depletion

of Species and Real Ablation

In this section, we compare predictions of different
photothermal models regarding kinetics and dynam-
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ics of laser ablation by UV nanosecond pulses. We
consider three models:*344

I. Surface photothermal model formulated in sec-
tion I1IA.

I1. Bulk photothermal Stefan-like model (section
1IC).

I11. Bulk photothermal Frenkel-Wilson-like model
(section I111B).

The above sets of partial differential equations
were solved numerically using finite difference meth-
ods of solving quasilinear parabolic differential equa-
tions.1% Implicit schemes complemented by the sweep-
ing method of solving corresponding sets of linear
algebraic equations were used. When treating non-
linearities (temperature-dependent parameters and
ablation velocity that is a function of temperature) a
combination of linear and nonlinear schemes were
used; in latter cases the iteration procedures were
applied. The most important point is the use of
variable steps in spatial grid. The distribution of
steps should take into account the different spatial
scales involved: absorption length and heat diffusion
length. When considering ultrashort laser pulses
(USLP) different temporal scales, namely, pulse
duration, relaxation times, heat diffusion time were
taken into account. Thus, in this case variable steps
in time were used. These steps are small enough
during laser pulse, somewhat greater during relax-
ation time, and relatively big during heat diffusion.
When treating the Stefan-like problem, we essen-
tially employ the relation:

ang
z=0/ az

This relation is valid after ablation starts. Codes
used for calculations in this section can be down-
loaded from the site http://www.iapras.ru/structure/
optics/div330/lab332/reslines.asp.

First we compare ablation kinetics, i.e., the depen-
dence of ablated depth on fluence per pulse. We
consider the experimental data on mass-loss kinetics
of polyimide irradiated by KrF excimer laser.'® These
data demonstrate “Arrhenius tails” near ablation
threshold. Bulk models Il and 11l cannot explain
these tails, if we assume layer-by-layer ablation as
the only reason for mass-loss. However, it has been
understood in refs 101 and 42 that these tails
originate from the depletion of volatile species. These
volatile species result from the same bulk reaction
A — B. This reaction breaks the bonds, destroys
polymer chains, and may simultaneously create
trapped volatile species. Below ablation threshold,
the volatile species result in a mass loss, which
requires out-diffusion of trapped species and occurs
on the microsecond or even millisecond time scale.
As volatile species and broken bonds are produced
in a pyrolytic reaction, this results in an Arrhenius
tail. Above the threshold, the volatile species leave
the material together with the ablation products.
When ablation ceases some of the volatile species still
exist below the surface and leave the material later.
This results in an additional mass loss, M (per unit
area), which does not contribute necessarily to the
ablated (crater) depth. The above picture is not in

oNg
V=%

z=0
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contradiction with recent experimental spectroscopic
findings.’2 M, which is due to the depletion of
species, is proportional to the number of broken
bonds left within the material after ablation. Because
these species do not diffuse on the ns time scale, their
spatial distribution repeats that of the broken bonds
and M can be calculated as:

M = m,N, [, ng(2)dz (157)

where Ny is the total concentration of virgin bonds,
and m, is the mass of volatile products produced per
broken bond. To compare the theoretical curves with
experimental data on mass-loss kinetics we intro-
duced the equivalent “depth“ hy related to M,

_M_M e
hw=" = [ ng(z)dz (158)

the ablation depth ha and also the total effective
“depth“ h = ha + hy. Here mq is the initial mass per
virgin bond, and p = m¢No.

We carried out the calculation of laser ablation
kinetics by nanosecond pulses with mass-loss. Figure
11 shows the mass-loss kinetics curve for all three
considered models in comparison with the experi-
mental data of ref 13 on KrF laser ablation of
polyimide. The parameters used are listed in Table
2. It should be noted that the set of parameters for
each model could be changed somehow without
damaging the quality of fitting shown in Figure 11.
It is seen from these curves that it is really hard to
distinguish between the models using only data on
ablation Kkinetics by nanosecond pulses.

It should be noted, however, that the ablated depth
measured by profilometry (optical interferometer,
mechanical stylus,*® atomic force microscope (AFM)'%4)
shows that ablation starts sharply at fluence ® = ®y,.
Similar conclusions can be drawn from reflectivity!®
or acoustic response measurements.®®

The bulk models provide the key to the explanation
of such discrepancy between mass-loss and profilo-
metry experiments. It implies that the latter measure
real layer-by-layer ablation whereas the former takes
into account the mass-loss provided by depletion of
volatile species as well. This picture should rather
serve as a guideline for the experiments, which target
to determine the discrepancy between the mass-loss
and profile measurements in single pulse ablation.

The mass-loss from the bulk of material may
influence the surface morphology even below thresh-
old. In polymers with flexible chains, such as PMMA,
this may result in essential decrease of thickness of
thin polymer film due to free volume relaxation.”” In
polymers with hard chains, such as polyimid, this
relaxation should be hindered. On the other hand,
with polyimid such phenomena as “hump” and “dent”
formation are observed.'%® They impede the AFM
measurements of ablation Kinetics near the thresh-
old.

Let us now consider the dynamics of ablation, i.e.,
the time dependence of surface temperature, and
ablation velocity. As it was discussed above, differ-
ences between ablation dynamics predicted by the
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Table 2. Parameters Used in Calculations?

photothermal
surface bulk
models parameters model model

activation energy (surface)

Ea, eV 1.5

Em, eV 0.7
surface sublimation

enthalpy AHs, J/g 900

AHm, J/g 650
surface preexponential

Vo, cm/s 3 x 108

Vom, cM/s 1.1 x 10°
volumetric activation energy Ep, eV 15
volume preexponential ko, s7* 3.57x10%?
volumetric reaction enthalpy AHy, 2000

J/lcm3
fraction of volatile species 0.32
critical fraction of broken bonds ng, 0.8

(model I1)
ambient temterature T., K 300 300

parameters polyimide Kapton H,
A= 248 nm value

density p, g/lcm? 1.42
specific heat c,, J/g K (ref 36) 2.55—1.59 x

exp[(300 — T)/460]

thermal conductivity «, W/cm K 1.55 x 1073x (T/300)%28

(ref 36)
thermal diffusivity Dt, cm?/s Kklcp p
reflection coefficient R 0.1
absorption coefficient a, cm™t 3.2 x 10°
screening coefficient o, cm—t 1.4 x 10°
number density of chromophores 6 x 10%*

in a medium nocm—3
relaxation times of excited states

to1, ps 30

tso, ps 70
023l012 1

aReprinted with permission from ref 44. Copyright 2002
American Institute of Physics.

surface photothermal model and the Stefan-like bulk
model are as follows:

(i) The sharp, singular onset of ablation predicted
by model 11 with pulses well above ablation threshold
instead of relatively smooth time dependence of
ablation velocity demonstrated by model I.

(i) With laser pulse with fluence close enough to
the ablation threshold, ablation governed by model
Il starts after the laser pulse, but according to model
I, ablation will start no later than the onset of the
maximum of surface temperature, which corresponds
to the end of the rectangular pulse, and occurs even
before the end of the pulse for more realistic shape
of a laser pulse.

The aim of this section is to check how these
features of the bulk model remain for a more realistic
model I11. In Figure 12, we neglect the absorption
by the plume (o, = 0). It is seen that the onset of
laser ablation for a rectangular pulse is sharp enough
with model 11l as well. The surface temperature
tends to its stationary value from above in contrast
to the prediction of the surface model I. Of course, in
model 111 there is no singularity as it occurs with
model 1. The difference in dynamics between surface
and bulk ablation (model I11) is less pronounced if
the absorption by the plume is strong enough as it
takes place for polyimide (see Figure 13 and Table
2).
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According to the model 11, ablation starts after the
end of the pulse, when laser fluence belongs to some
interval of fluences just above the ablation threshold.
Of course, with model 111 this feature should remain
(see Figure 14a). But our calculations show that this
interval becomes shorter for model 111 compared to
model II. It is illustrated in Figure 14b, where the
dynamic curves of ablation for all the models cor-
respond to the same value of fluence. Figure 14b
illustrates that at fluence, at which model Il predicts
the onset of ablation after the end of the pulse,
ablation starts within the pulse according to model
I11. Moreover, our calculations with parameters listed
in Table 2 show that with model 111 this interval of
fluences is so short that hardly can be resolved
experimentally, especially for pulse shape close to
that of excimer laser.

In conclusion, it can be mentioned that the features
of ablation dynamics predicted by the bulk model of
laser ablation remain in model I11. Nevertheless, it
should be noted that the smoothening provided by
ed 125 of model 111, compared with the Stefan-like
condition (eq 128), makes it difficult to distinguish
between the bulk and surface mechanisms by using
experimental data on ablation kinetics and dynamics
with nanosecond pulses. We show below that it can
be done using experimental data on ultrashort laser
ablation.

IV. Subpicosecond Ablation

A. Bulk and Surface Models

The laser ablation by ultrashort laser pulses (USLP)
offers potentials for precise treatment of materials.
This phenomenon has recently attracted the atten-
tion of many investigators since it allows elucidating
features of laser—material interactions on the sub-
picosecond time scale.t07-111

It is perceived now that the threshold of USLP
ablation of transparent dielectrics coincides with the
onset of avalanche or multiphoton ionization.19°-11!
It is not so evident for highly absorbing dielectrics
because ablation due to heating of a material in this
case can occur at fluence which is smaller than that
needed for avalanche or stepwise ionization develop-
ment.

With ultrashort laser pulses, we cannot employ
equation of section Il with oo = const. We have to
consider the transient response of a media. We shall
assume that radiation is absorbed in a material by
chromophore groups (chromophores),® i.e., that the
first electronic transition occurs in a bound state,
which is typical of polymers. Since an important
feature of such a response is the saturation of energy
levels, the absorption of radiation in a dielectric will
be described by multilevel models of this medium and
we shall take into account stimulated emission and
nonradiative relaxation. A set of rate equations for
the populations of the energy levels within the three-
level model shown in Figure 15 reads:

Ny, Ny 0y

n,
H = E - %I(nl - n2) + E (159)
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Figure 15. Schematic of electronic structure of chro-
mophores; ny, Ny, and ng are populations of the correspond-
ing levels; ng is the number density of chromophores in the
medium; gj; are the cross sections of the transitions; toy, ts»
are the nonradiative relaxation times of electronically
excited states.

N, N, 01y 023 n, ng
TV The' MM TR I Tt
(160)
n, +n,+n;=n, (161)

Here ny, ny, and n3 are populations of the corre-
sponding levels; ng is the number density of chro-
mophores in a medium (in our calculations we take
No = No); gjj are the cross-sections of corresponding
transitions; ty1, tz; are the nonradiative relaxation
times of electronically excited states. In eq 160, the
stimulated emission is ignored at the transitions
between the third and the second levels. The transi-
tion to the third level can correspond to photoioniza-
tion of chromophores from the excited state. As it was
discussed in refs 112 and 113, this model of a medium
response allows fitting experimental data on two-
pulse ablation of polyimide. The absorption coefficient
will be expressed as:

a = 015(Ny — Ny) + oy3N, (162)

The heat source term in eq 95 should be rewritten
as follows:

ho (& N &) _
PC(MN\L1  Tsp
AH N (1 — ng)k, exp(—E /kgT)
CpP

Q:

(163)

For surface photothermal model we should take eq
163 with ko = 0. In numerical calculations below, we
consider Gaussian USLP with pulse duration 500 fs.

B. Kinetics of Single- and Two-USLP Ablation

The dependence of ablated depth on laser fluence
predicted by both surface photothermal model | and
bulk photothermal model 111 of the previous section
111 is studied in ref 44. The characteristic features
are as follows:

(i) The bulk ablation starts sharply when fluence
approaches the threshold value, whereas the surface
ablation exhibits Arrhenius tail near ablation thresh-
old.
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Figure 16. The dependences of the temperature on the
coordinate directed into the material, calculated for t,,
t» < t < tp, and without moving interface (tp, is the
characteristic heat diffusion time). (Reprinted with permis-
sion from ref 44. Copyright 2002 American Institute of
Physics).

(ii) After the threshold, the kinetics curve is almost
linear in the case of surface model whereas for bulk
mechanism it follows square root law investigated in
ref 42 (see section IIIE).

Despite these differences, the Kinetics curves are
too close to each other to be reliably distinguished in
experiments. Now we consider the effect of two USLP
with a variable delay time, tq4, between them. Zero
delay corresponds to the impact of a single pulse with
doubled energy. The effect of two successive USLP
can be characterized by the dependence of the thick-
ness of the ablated layer, h, on the delay time tq
between these pulses. Hereafter this dependence,
h(tg), will be referred to as delay curve. Experimen-
tally, this curve has been obtained for polyimide in
ref 107; theoretically, for a surface photothermal
model, it has been analyzed in refs 112 and 113.
Following ref 107, we consider the situation when
laser fluence of one single pulse is smaller than the
ablation threshold, whereas the fluence of a doubled
pulse (zero delay between the pulses) exceeds the
threshold. In this case, ablation starts after the end
of the second pulse. In the qualitative analysis given
below, we shall assume, to be specific, that (unless
otherwise stated) ultrashort pulses bleach effectively
the investigated medium. Such bleaching, in turn,
results in different localization of the absorbed energy
of two ultrashort pulses with different delays between
them when the delay time is less than a character-
istic heat-diffusion time. The medium is heated after
the relaxation of all the electronically excited states.
It is important that an increase in the delay between
two USLPs reduces the saturation of the levels, since
some of electrons drop from an electronically excited
state to the ground state before the arrival of the
second pulse.

Let us compare the temperature distributions
(Figure 16) created by the effect of one doubled pulse
(zero delay between the pulses) and by two pulses
with a delay exceeding the electronic relaxation time
in the medium neglecting heat diffusion. These
distributions are characterized by two important
parameters: the characteristic spatial scale of the
heated region and the surface temperature. The
region heated by one doubled pulse is larger than
that produced by the effect of two pulses, but the
surface temperature in this case is lower. One can
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ask in which of these two cases the thickness of the
ablated layer will be greater? The answer to this
guestion is not a priori evident. Ablation by ultra-
short pulses is governed by the competition between
two processes: the heat diffusion and the motion of
the ablation front. If the ablation is fast, the heat
diffusion can be ignored and the result is a removal
of the heated region as a whole. If the ablation is
slow, then during the heat diffusion time only a small
part of the region heated by radiation is removed.
Let us illustrate that with the example of a two-
level model (023 = 0) and surface photothermal
ablation. If the incoming fluence ® > Aw/o1,, essential
saturation occurs. The maximum energy density,
which is stored within the bulk of material due to
effect of a single USLP, is w = Awno/2. The scale
length of energy deposition within the material can
be estimated to be /s = 2®/hwn,. The maximum
temperature value is Tpnax = T + Nohw/2¢,p (We use
here temperature independent specific heat) and is
independent of fluence. The time scale of heat diffu-
sion is fluence dependent and can be estimated to be
to, ~ 2/2/D+. If V is the ablation velocity, the etch
depth, h, thus becomes:
@ \2 Ea
h=t, V= 8(hwn0) D; "V, exp ( nohw)
kg| To + LTS
CoP

(164)

If we choose values of the parameters close to those
of polyimide: p = 1.42g/cm3, ¢, = 2J/gK, no = 6 x
102 cm™3, a = g12np = 3 x 10° cm™%, E, = 1.5 eV,
Vo = 10® cm/s and take Aw = 5 eV (KrF laser) and
® =~ 50 mJ/cm? , we obtain h ~ 4 nm whereas /s ~
100 nm. That is h < /5. When two successive laser
pulses each of fluence ®/2 are applied, the Tmax
increases (approximately two times if ty > tp), whereas
the length scale /s decreases. The resultant etch
depth h appears to be closer to the length scale /s
and is larger than the etch depth for a single pulse
of double fluence. This means that the consideration
based on comparison of light penetration lengths does
not work here because the material is insufficiently
heated. In what follows this kind of behavior of the
delay curve will be referred to as the regime of
insufficient heating. In this regime, the larger ablated
depth corresponds to a higher surface temperature
but not to the larger penetration depth. Because h
according to eq 164 is proportional to ®?2, whereas
/s O @, with increasing ®h will tend to /s. In this
case, the ablated depth provided by a big single pulse
will be close to the /s and larger than ablated depth
provided by two ®/2 pulses. Here the difference in /s
plays a crucial role.

Thus, it seems natural to consider two regimes of
laser ablation by ultrashort pulses.44112.113

(i) Regime with a characteristic heating scale, when
the thickness of the removed layer is governed by the
thickness of the heated region of the material, i.e.,
the ablation is faster than heat diffusion;

(if) Regime with insufficient heating, when the
thickness of the removed layer is governed by the
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surface models. Single pulse fluence is F, = 25 mJ/cm?.
(b) The dependences of the ablated thickness h(ty) on the
delay time between two ultra short pulses for bulk and
surface models and different single pulse fluences.

surface temperature, i.e., ablation proceeds slower
than the loss of heat from the absorption region.

As it follows from above, with bleaching the regime
with a characteristic heating scale provides a greater
ablated depth for one doubled pulse than for two
separated pulses and a descending delay curve. The
regime with insufficient heating with bleaching yields
an increasing delay curve. These features are op-
posite for darkening.

It was shown!*?113 that experimental data on 500
fs KrF laser ablation of polyimidel®” with ® = 50 mJ/
cm? can be qualified as the insufficient heating regime
with induced bleaching. For the bulk photothermal
model, we have similar regimes as for the surface
model. It is demonstrated in Figure 17a, in which the
above-mentioned experimental data on two-pulse
ablation are fitted both by the surface photothermal
model and by the bulk photothermal model I11. It
should be emphasized that the fitting parameters
employed are the same as for nanosecond pulses. It
means that using only data on delay curve it is
difficult to distinguish between the models. Really,
the delay curve provides information on the depen-
dence of temperature distribution on delay time
between USLPs because ablation starts after the
setting up of the temperature distribution. These
differences in temperature distributions are governed
by the material response (transient bleaching or
darkening, thermal relaxation time). It should be
noted that a lot of relaxation times can be involved
in the transient response of the material. It is
important, however, that the delay curve allows
estimating some averaged thermal relaxation time,
which actually governs the setting up of the temper-
ature distribution. This relaxation time corresponds
to delay time at which the delay curve saturates. In
Figure 17a, this estimation provides the relaxation
time of 30—50 ps, which is in correspondence with
data of ref 114. The delay curve is less sensitive to
the model of ablation. Figure 17b demonstrates the
dependence of the delay curve on the fluence of each
of the two pulses. It is seen that an increase in single
pulse fluence results in change in the shape of the
delay curve. This corresponds to the transition from
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Figure 18. Dynamics of laser ablation under the effect of
a single 500 fs laser pulse with fluence F, = 50 mJ/cm? for
two ablation models. (a) Ablation front velocity and surface
temperature versus time for models I and I11. (b) Ablation
front velocity, surface temperature and fraction of broken
bonds versus time according to the bulk model Ill. (Re-
printed with permission from ref 44. Copyright 2002
American Institute of Physics).

the insufficient heating regime to the characteristic
scale regime. It is valid for both of the considered
models. Thus, there is no significant difference
between the predictions of the models with respect
to kinetics of two- pulse ablation.

C. Dynamics of USLP Ablation

In contrast to kinetics curves, the dynamics of laser
ablation differs drastically for considered models. It
is seen in Figure 18a that the maximum ablation
velocity for a surface model practically coincides in
time with the maximum in time dependence of
surface temperature whereas the delay time between
the maximum heating of the surface of the material
and the start of bulk laser ablation can be up to an
order of magnitude longer than the thermal relax-
ation time, as shown in Figure 18a,b.

The start of ablation for the surface model is
governed by thermal relaxation time, whereas with
the bulk model the start of ablation is not governed
by thermal relaxation time but rather by the time of
thermally activated chemical reaction of polymer
chains scission. The delay time of the start of ablation
after the end of laser pulse for the mechanisms being
compared can differ by an order of magnitude.**
Thus, near ablation threshold the difference in delay
time predicted by the considered models is significant
and can be experimentally distinguished.

Comparing the predictions of the Frenkel-Wilson
bulk model with the predictions of the surface pho-
tothermal model and the Stefan-like model, we find
out that all the main features of the bulk model,
pointed out in ref 42 (sections IIIC—E), remain.
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Experiments on kinetics of laser ablation by nano-
second pulses fail to recognize the mechanism of
ablation. In ref 42 (section I1IC—E) it was argued that
the dynamics of nanosecond ablation differs drasti-
cally for the surface and the bulk ablation. Within
the present section following ref 44, we show that a
more realistic formulation of the bulk model (section
I11B) smoothens the singularities inherent to the
Stefan-like model. It leads to the statement that with
nanosecond pulses, such factors as deviation from
sharp rectangular time shape of the pulse, when
considering ablation dynamics near ablation thresh-
old, as well as plume shielding of the incoming
radiation for above-threshold ablation, can make it
guestionable to distinguish between the mechanisms,
for example, with parameters close to those of poly-
imide. With subpicosecond pulses, we show that the
investigation of two-pulse ablation kinetics provides
information on actual thermal relaxation time almost
independently of the mechanisms of ablation. Having
this information, one can interpret data on delay time
between the end of a single laser pulse and the start
of the removal of the material from the surface. In
fact, whereas this delay time for the surface model
is close to the thermal relaxation time, the delay time
for the bulk model can be significantly longer because
this time is the time of photothermal reaction provid-
ing scission of polymer chains. Thus, a combination
of two-pulse and single-pulse ablation experiments
with subpicosecond laser pulses provides a way to
distinguish between the mechanisms.

The start of ablation can be fixed, for example,
using a pump—probe technique.'*>~1” The only exist-
ing data of relevant time-resolved experiments have
been published in ref 107. Two-pulse ablation experi-
ments on subpicosecond ablation of polyimide at 248
nm provided estimation of thermal relaxation time
of about 30—50 ps. It was mentioned, however,1%” that
within time interval of 200 ps after a single 500 fs
pulse with fluence above the ablation threshold there
was no evidence of material removal from the surface.
From the above analysis, it can be treated as an
argument in favor of the bulk model. It should be
noted, however, that additional experiments are
needed.

D. Photophysical Ablation

Photophysical model of laser ablation has been
suggested in refs 45—47. The main idea is that the
activation energy for destruction and elimination
from the surface of electronically excited molecules
is smaller than the activation energy for the mol-
ecules in the ground state. Despite the obvious
physical reasons, up to now there is no direct
evidence that the photophysical mechanism really
works. (It should be noted, however, that recently it
has been shown in ref 144 that IR laser ablation of
porous Si is strongly enhanced by radiation of the
second harmonic. This can be interpreted as a pho-
tophysical ablation.)

The aim of the present communication is to inves-
tigate the features of photophysical ablation when the
material is irradiated by USLP with pulse duration
significantly shorter than the electronic energy re-
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laxation time. We compare predictions of photophysi-
cal and pure photothermal models to understand the
possibility to recognize the photophysical effects.

We consider the effect of USLP on a dielectric,
which can be described as a two-level media. The
laser frequency is assumed to be in resonance with
the electronic transition. We take into consideration
that the excited level has a complicated structure,
thus the effective bandwidth is larger than the
bandwidth of the laser radiation. We assume also
that the excited electron changes its energy inside
the level in such a way that the transition frequency
leaves resonance faster than the pulse duration.
Thus, we will not take into account the induced
radiation. This approximation is not very important
and is made only for the sake of simplicity. We
consider laser ablation of such a media within the
framework of a surface evaporation model to compare
the predictions of surface photothermal and photo-
physical models.

Both of the models describe the material response
in a similar way:

VI (- e T )
N 1opyng — n%) (166)
az
*
%—Iz vaT (T)p az[ (M2t - tle”Cﬁ (167)
with the initial and boundary conditions
N*li—g =0, Tl=o = Te (168)

I, =1pt),n*,..,=0,T|,..,=T, (169)

Here 1 is laser intensity, T is the temperature, ng
is the number density of the absorbing groups, n* is
the number density of excited species, w is the laser
and electronic transition frequency, and o, is the
corresponding absorption cross-section. V is the abla-
tion velocity. The coordinate system is fixed with the
ablation front. t,; is the thermal relaxation time. «(T)
is thermal conductivity, and c,(T) is specific heat.

The difference of photophysical surface model with
a surface photothermal model takes place in relation
to the velocity of ablation front and in boundary
condition for temperature:
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Figure 19. Dynamics of laser ablation under the effect of
a single laser pulse with fluence 50 mJ/cm?2. The photo-
physical ablation with different E* and pure photothermal
ablation. For all the curves E, = 1.5 eV. (a) Ablation
velocity vs time. (b) Surface temperature vs time.

Here E, and E* are ablation activation energies for
the ground state and the excited state, respectively.
The subscript s refers to the ablation front at z = 0;
AHs and AH* are the transition enthalpies.

Hereafter in numerical calculations we use the
values of parameters close to those of polyimide and
for temperature dependencies of thermal conductivity
and specific heat we use the expression from ref 36.
In what follows, we also use in analytical estimations
the averaged values of specific heat, ¢, ~ 2 J/g K,
and heat diffusivity Dt ~ 1072 cm?/s. We take ty; =
30 ps, AHs = 700 mJ/g, and estimate AHs* = AH; x
E*/E.

Figure 19a exhibits the time dependence of abla-
tion velocity for photothermal model and for photo-
physical models with different activation energies for
elimination of excited species. Since the pulse dura-
tion is essentially shorter than relaxation time,
ablation starts after the end of the laser pulse.
Relaxation of excited species results in an increase
of temperature. The ablation velocity, according to a
photothermal model, monotonically depends on sur-
face temperature. This leads to a relatively rapid
increase in velocity resulting from the temperature
rise due to electronic relaxation, this rise being
followed by a slow decrease of temperature caused
by the penetration of the ablation front into a colder
part of the sample and by heat diffusion. The ablation
velocity demonstrates another behavior in a photo-
physical model. The sharp maximum in its time
dependence is not connected with the time depen-
dence of the surface temperature but with the
decrease of concentration of excited electrons because
the ablation velocity is proportional to the concentra-
tions of excited states. When excited states vanish,
the velocity of the ablation front reaches its pure
photothermal value. This value is slightly less than
the correspondent value for a pure photothermal
model (see Figure 19a) at the same moment of time.
It results from a somewhat smaller value of surface
temperature as can be seen from Figure 19b. The
reason for that can be understood from Figure 20.
Here ablation velocity is displayed versus ablated
depth. It is seen that in the considered situation only
a small amount of material is ablated photophysi-
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cally, whereas the main part of ablation proceeds
through the photothermal mechanism. The difference
between dashed and solid curves in Figure 20 results
from the fact that the photophysical ablation front
overtakes the photothermal ablation front. Therefore
the temperature at the same point of material at the
time when the ablation front comes to it, is higher
for the photophysical case because of heat diffusion.
It follows from Figure 20 that in the considered case
the difference between the ablated depths in photo-
physical and photothermal ablation is essentially due
to heat diffusion.

It is seen in Figure 19 that the time of the start of
photophysical ablation is less than the thermal
relaxation time.

Figure 21 demonstrates the ablated depth versus
fluence for photophysical and photothermal models.
It is seen that these curves go approximately parallel
to each other. Thus, at high fluences the relative
input of photophysical mechanism vanishes. The
photophysical mechanism influences the ablated
depth mainly at small fluences.

The photophysical addition to the ablated depth
compared to one predicted by a pure photothermal
model may be roughly estimated using the following
considerations.

In considering a two-level model fluence F = 15
mJ/cm? is a saturating one. Above it the maximal
surface temperature practically does not depend on
fluence. Fluence determines only the width of ab-
sorbed laser energy distribution inside the material,
scale length /s. The maximal surface temperature
roughly may be estimated to be Tmax = hwne/
Cpp T Tw. Then the photophysically ablated length
may be crudely approximated as
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hph ~ VB exp(_E*/kBTmax)t21 (172)

It is seen that this quantity does not depend on
fluence. Of course, it is assumed that hy, < /s, where
/s can be roughly estimated as /s ~ F/hwno.

After the end of relaxation the ablation proceeds
as photothermal one. This qualitatively explains the
course of curves in Figure 21.

The role of photophysical ablation increases with
an increase in relaxation time. It can be seen, e.g.,
from the estimation (eq 172). In contrast, the photo-
thermal model predicts a decrease in resulting ab-
lated depth with an increase in relaxation time. It
can be seen in Figure 22. This principal difference
in predictions of photothermal and photophysical
models unfortunately can hardly be observed experi-
mentally since it is difficult to change relaxation time
in a media without changing other parameters.

The delay curve for a photophysical model has been
investigated in ref 47. One can characterize the delay
curve by its contrast, i.e., by ratio 1 — h(ty = )/
h(tqy = ). Here h(ty) stands for the ablated depth at
delay time ty. “Infinity” here should be significantly
smaller than the heat diffusion time and in our case
it is approximately 200 ps. It has been shown in ref
47 that in the case of a pure surface photothermal
model the contrast decreases with an increase in
fluence. If ablation were pure photophysical, the
contrast would increase with increasing fluence. It
is seen in Figure 23. Here the increasing curve
corresponds to the photophysical model with E; = 2
eV, E* = 0.3 eV. The former value of activation
energy causes the pure photothermal ablation to be
suppressed and not to contribute to the resulting
ablated depth. Thus, the ablation here is mainly
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photophysical. Figure 23 illustrates also the behavior
of a delay curve for a pure photothermal model for
fluencies higher than the saturating one. The pho-
tophysical model with E; = 1.5 eV provides interme-
diate results. The corresponding delay curve lies
between the two discussed above. The reason is that
the photophysical ablation here is followed by the
photothermal ablation, which in the considered case
of relatively small pure photothermal activation
energy provides significant contribution into the
resultant ablated depth.

In conclusion to this section, the dynamic of single
USLP laser ablation that proceeds photophysically
is essentially different from the dynamic of pure
photothermal ablation. Nevertheless, the resulting
ablated depths can be close if the activation energy
of the pure photothermal process is not very high.

Electronic relaxation time significantly influences
the effectiveness of photophysical ablation. An in-
crease in relaxation time results in an essential
increase of resultant etches depth in the case of
photophysical ablation and slightly decreases the
effectivity of pure photothermal ablation.

An experimental investigation of pair pulse laser
ablation can give the information about the dominat-
ing mechanism. The contrast of a delay curve will
increase with increasing single pulse fluence in the
case of pure photophysical ablation and it demon-
strates the opposite behavior in the case of a photo-
thermal mechanism.

Nevertheless, the most important feature of pho-
tophysical ablation is that the delay time between
the end of ultrashort laser pulse and the time of start
of ablation is less than thermal relaxation time
(compare to the results of the previous section C).

Most easily the photophysical ablation mechanism
can be recognized in materials with long enough
relaxation time and with the hindered pure photo-
thermal ablation.

V. Photochemical 4+ Photothermal Models

Because of the controversial mechanism of laser
ablation, attempts were made to construct models
that take into consideration both photochemical and
photothermal roots.

Thus, the “phenomenological” formula appears,*®
which suggests that the etch depth is the sum of the
photochemical depth (1) and the photothermal depth,
which obeys Arrhenius law.

This formula has not been derived from any physi-
cal consideration and in fact cannot be considered as
modeling.

A more comprehensive consideration has been done
in ref 119 where the bulk Stefan-like model of
ablation was considered. Here the position of the
ablation front was associated with the critical amount
of broken bonds. The latter are created both by
photothermal and by photochemical reaction of ran-
dom direct chain scission.

It is more or less evident that at elevated temper-
atures the input of photochemical reactions will be
negligible, thus this kind of models treats ablation
as pure photochemical at small fluencies and pure
photothermal at higher fluencies.
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Some ideas about how to combine photothermal
and photochemical reaction in the theory of laser
ablation have been proposed in refs 120—122. We
could formulate these approaches as follows.

The bulk reactions leading to ablation are photo-
chemical, whereas the elimination of the products of
these reactions from the surface is driven by tem-
perature.

The second idea is that the quantum yield of
photochemical bond breaking can depend on temper-
ature. This is in agreement with the experimental
findings of change in the yield of photochemical
reaction of dye molecules incorporated in the PMMA
matrix.*84° Of course, the mechanism of this change
is not fully understood at the moment, but one of the
possible driving forces could be elevated temperature.

As an example, we can formulate one of the
possible models within the proposed approach and
within the general approach developed in previous
sections as follows.

Thus, we consider A — B chain-breaking model.
Chain scission originates from both photothermal and
photochemical processes. We assume a temperature-
dependent quantum yield of photochemical reaction.
For a moving interface, we accept the Frenkel-Wilson
approach considered in section I11.

All the designations are from sections 111 and V.
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The case ko = 0 corresponds to a pure photochemi-

cal model with a temperature-dependent quantum
yield 7a(T). This dependence can obey Arrhenius
law.1?® This can be recognized as bulk photophysical
reaction (see section 1VD). Indeed, if an electronically
excited state with the time of life t,; can provide chain
scission due to thermally activated process with
activation energy E*, then na(T) O to1 x exp(—E*/
ksT). Note that similar to our bulk photothermal
model considered in section 111 the ablation velocity
depends on both surface temperature and fraction of
broken bonds on the surface. It is worth noting that
if we neglect the heat then we return to the photo-
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chemical Frenkel-Wilson model considered in section
I1. Thus, all the formulas obtained in section Il can
be applied for the analysis of the model eqs 173—180.

Up to this point, we have been considering only
random chain scission mechanism as a chemical
pathway leading to ablation. Very intriguing is the
unzipping mechanism of laser ablation. Unzipping
is the process of depolymerization initiated by the
creation of the radical at the end of the polymer
chain. It is the main pathway of pyrolytic degradation
of several addition polymers, i.e., polymers, which are
obtained by polymerization, such as poly (tetrafluo-
roethylene), poly (methyl methacrylate), poly (a-
methyl styrene).

Numerous experimental data on plume composi-
tion and pulse laser deposition of above addition
polymers indicate that depolymerization is the main
pathway in UV laser ablation of these polymers,24-130
because of high content of monomer in the plume.
Moreover, it was shown in ref 130 that even those
addition polymers that pyrolyze by random scission
producing little or no monomers provide high mono-
mer yield being ablated by UV lasers.

It is now accepted by all the groups that study laser
ablation of such polymers that initial chain scission
and creation of radicals is provided photochemically,
while radical depolymerization is driven by elevated
temperature, i.e., photothermallty, because heating
of the polymer is also provided by laser light. Thus,
unzipping is one of the remarkable examples of
combined photochemical and photothermal mecha-
nisms.

VI. The Role of Mechanical Stresses

Mechanical stresses caused by laser irradiation of
polymers can strongly influence laser ablation of
theses materials. Some authors consider mechanical
stresses among the main driving forces of laser
ablation of PMMA 505356131132 gpecially designed
photosensitive polymers are reported to be ablated
through “explosive decomposition”.13 It means that
here mechanical stresses play an important role.

The relevant stresses can be caused by different
reasons. They can be thermoelastic stresses, emerg-
ing due to thermal expansion. They can also be
provided by low-molecular products of both photo-
chemical and photothermal bulk reactions. These
species can result in quasistationary stress due to the
increase of total molecular volume. The well-known
example is depolymerization of PMMA. Polymeriza-
tion of PMMA is accompanied by up to 20% of volume
contraction.'®* It means that depolymerization should
be accompanied by extension. On the other hand, the
small, light, fragments, volatile species, consisting of
simple molecules such as CO, CN, CH,, etc., of
number density N, may be treated as an ideal gas,
which causes an average inner pressure

p=CNKkgT (181)

with ¢ <1 (only a fraction of the total number of these
species will contribute to p).

In the simplest case of uniaxial acoustic approxi-
mation when only stress tensor component oz, is
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relevant, the equation of thermoelasticity reads:

82022 282(022 - p) EY 32
=cC —[a (T =Tyl
2 S 2 3 l _ 2 V 0.
at 3z ( 1) ot (182)

Here oy is the (volume) thermal expansion coef-
ficient, Ey is Young's modulus, u« is the Poisson ratio,
and ¢, is the sound velocity. Equation 182 should be
solved together with the boundary conditions

0,tz=0)=ptz= 0 (183)

Here p is the quasistationary pressure, which for
the case of volatile species obeys eq 181.

Stress can influence both the bulk photothermal
bond breaking and material removal from the surface
due to change in the corresponding activation ener-
gies. A simple estimation of this influence is provided
by Zhurkov's formula (see e.g., ref 94), which reads
that decrement of activation energy is linear with
respect to stress. For example, in the case of a simple
photothermal model we can write

Ei0) =E,—yo (184)
Ey(0) =E, — yo (185)

0), 0,,(t,z = o) =

In polymers, y can have values up to 1072t cm? (for
PMMA y = 1.7 x 1072 cm? %). Equation 185 is valid
for tensile stress, i.e., when ¢ > 0. In the opposite
case of compressive stress relation (eq 185) is not
obvious, but a decrease in the activation energy of
chain breaking is also possible due to local plastic
deformations.*%°

Both egs 184 and 185 are valid only if E > yo. In
the opposite case, the chain breaking process will
proceed independently of temperature with preexpo-
nential frequency. If E, < yo, then the “sublimation”
boundary condition is not valid. The particles will
leave surface with sound and super sound velocities
and gas-kinetics consideration should be applied.

As an example, let us consider the simple bulk
photothermal model in quasistationary case, when
transient stresses can be neglected. Typically, it is
valid if pulse duration, t,, is large enough: t, > 1/0Cs.
Here o is absorption coefficient and cs is the sound
velocity. We assume that the bulk photothermal
reaction along with chain breaking process produces
also m volatile species and introduce fn = ¢m.
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For short pulses when t, < 1/acs (for ultrashort
laser pulses considered in section 1V, we should take
here thermal relaxation time rather than pulse
duration) nonstationary effects, caused by transient
stresses are relevant. These stresses can result in
spallation, i.e., in the removal of a part of material
due to propagation of rarefaction wave, as it was
demonstrated in ref 56, where the film of PMMA as
a whole was removed from substrate by such a way.

Transient stresses also can provide bulk chain
degradation. Some possible nonstationary effects
when photophysical phenomena are accompanied by
transient stresses are considered in refs 57 and 58.
Some possible effects of recoil pressure on generation
of broken bonds were also discussed there.

When examining the bulk photothermal model in
the form studied in sections 111 and 1V and applying
it to specific materials, estimations should be per-
formed whether the effect of stresses is significant
or not. For example, it was shown in ref 136 that for
polyimide near ablation threshold both nonstationary
thermoelastic stresses and quasistationary stresses
resulting from pressure provided by heated volatile
species, can be neglected from the point of chain
scission if y < 3 x 1072t cm® and fm < 0.1.

With PMMA there is, as pointed out by several
authors,31137 g contradiction between data on pho-
tochemical modification with fluencies well below
ablation threshold and near ablation threshold. With
small laser fluencies or when PMMA is irradiated by
UV lamps there are a lot of evidences published that
UV photon being absorbed by ester group (this is a
side group on PMMA main chain) results in cleavage
of this group with small (~0.01) quantum yield of the
main chain scission.477138.139 The data of authors of
refs 131 and 137 on modification of PMMA by laser
pulses with fluences close to the ablation threshold
allow these authors to point out that the chain
scission process initializing depolymerization is much
more effective. One possible explanation of this
phenomenon is that inner mechanical stresses origi-
nated from both the extraction of unzipped monomers
and the creation of volatile species during cleavage
of side ester group together with heating provided
by laser irradiation can influence, increase, the
guantum vyield of photochemical chain breaking.
Moreover, the activation energy of the initial pure
thermal chain breaking process can decrease due to
arising mechanical stresses also facilitating creation
of the end radicals initiating the unzipping process.

Up to now, we considered some averaged macro-
stresses. But at the moment of emerging of monomer
during unzipping or at the moment of cleavage of a
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particular side group and escape of volatile species,
the occurring micro-stresses can be large enough to
provide some chemical changing of adjacent mol-
ecules. Molecular dynamic simulations of some of
these processes are performed in papers.5%5°

There is another interesting problem connected
with the influence of stresses, namely, ablation in the
presence of outer stresses.'®~143 Here ablation is
unstable resulting in surface pattering and cracks
formation.

VII. Conclusions

Laser ablation of polymers is closely related to
chemical degradation of polymers caused by laser
irradiation. The existing knowledge on both photo-
chemical and thermal degradation and stabilization
of polymers could be taken into account as a chemical
background when modeling this phenomenon. How-
ever, UV laser irradiation provides conditions within
the materials which significantly differ from those
of usual experiments either pyrolytic or photochemi-
cal.

This is connected with relatively high power den-
sity of irradiation by short, nanosecond, picosecond,
and even femtosecond, pulses. Using these short laser
pulses, one can create a very high temperature within
a very small volume of polymer. These temperatures
simply cannot be reached with conventional tech-
niques, because polymers do not exist at such tem-
peratures for a relatively long time. High laser
intensity also allows creation of numerous electroni-
cally excited species, high mechanical pressure, and
some other effects, which can result in change of
chemical pathways.

Physics of laser—matter interactions, on the other
hand, has much experience with laser ablation and
modification of nonpolymeric materials. Our ap-
proach is to incorporate, as far as it is possible, the
specific features of polymers within the framework
of models that have been developed for other materi-
als.

Among the features that should be taken into
account we can mention, for example, the electronic
structure of polymers. In the majority of polymers,
UV photons are absorbed by chromophores in which
several first levels of electronic excitation belong to
the bound states.

Another specific feature is a hierarchy of bonds
between neighboring molecular groups, namely,
strong, covalent bonds within a polymer chain and
relatively weak molecular bonds between neighbor
molecular groups that belong to different chains.

One more important point is that chemical reac-
tions in polymer materials are often accompanied by
the creation of low-molecular, volatile, species. This
is of importance if we take into account that amor-
phous polymer solids generally contain a significant
amount of free volume. These features have a con-
siderable influence upon laser ablation of polymers.

In the present paper, we have developed a set of
relatively simple models, which permit to understand
basic features of laser ablation and even describe
some experiments with sufficient accuracy. Despite
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the complexity of the discussed problem, this “step
by step” approach seems to be constructive.

The modeling of laser ablation of polymers is yet
far from its completion. Nevertheless, some conclu-
sions can be drawn. First, the etch Kkinetic curve, i.e.,
the dependence of etch depth versus laser fluence,
being the most popular objective of experimental
works, is not sensitive to the mechanism of ablation.
Fitting of these experimental data by one or another
theoretical model is not an argument that this
particular model really works. It is only a necessary
but not sufficient condition. More informative are
data on dynamics of laser ablation and on surface
temperature.

No doubt that more complex numerical experi-
ments also can be performed to establish agreement
between the theory and experiment.
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