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Abstract. UV-laser ablation is described in terms of a two-
level system in which the excitation energy is dissipated
via stimulated emission, thermal relaxation, and activated
desorption of excited species. For thermal relaxation times
tp > 107%s and AE® < AF (activation energies for
excited-state and ground-state species) the model predicts
high ablation rates at moderate surface temperatures, typi-
cally below 2000° C.

PACS: 82.65, 82.50, 42.10

Material removal caused by short high-intensity laser pulses
is often denoted as pulsed-laser ablation. This process is of
great relevance to numerous technological applications and
it involves many fascinating aspects on the fundamentals
of laser—solid interactions [1-3]. One of the basic questions
in UV-laser ablation is concerned with the relative impor-
tance of thermal and non-thermal (photophysical or/and pho-
tochemical) mechanisms in the ablation process. This prob-
lem is extensively discussed in the literature, in particular
with organic polymers where the UV-photon energy is com-
parable with the bond breaking energy [4-10]. Among the
arguments frequently used in favor of a mainly photochem-
ical process are:

(i) The observation that UV-laser-induced ablation of
heat-sensitive materials such as organic polymers, can be
performed almost without any damage of the remaining
material, and in particular without indications for melting.

(i) The non-equilibrium between the translational, vibra-
tional, and rotational temperatures of ablated preducts.
energies.

(iv) The differences in the composition of species ob-
tained with UV- and IR-laser ablation.
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(v) The very high temperatures that would be necessary
to explain the experimentally observed ablation rates on the
basis of a purely thermal model.

On the other hand, for a simple photochemical process,
one would expect the ablated thickness to be dependent
only on the total laser fluence (dose), and not on the laser-
beam intensity and the dwell time separately, as found
experimentally. An even more serious argument against a
purely photochemical process, however, is the Arrhenius-
type behavior of the ablation rate observed near the ablation
threshold [9]. Last but not least it should be emphasized
that the dominating ablation mechanism will depend on
the particular material under investigation and the laser
parameters employed.

The difficulty in the inferpretation of the experimental
results is closely related to the complexity of the optical
excitation and energy-dissipation. mechanisms involved in
the ablation process. Let us consider this for the example of
organic polymers [11]. In a simplified picture, UV radiation
induces singlet—singlet transitions, for example S, — S5,
as schematically shown in Fig. 1 (left-hand side). Under the
action of intense laser light, the excited electron-vibrational
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Fig. 1. Schematic showing electronic excitation and different energy
relaxation channels for polymers (left). Here, we have drawn only the
lowest excited singlet state S| and the triplet state 7). The model
employed in the paper is shown on the right-hand side of the figure.
Straight lines indicate the absorption or emission of photons while
oscillating lines indicate non-radiative processes



368

state may directly relax into the electronic ground state by
stimulated emission of a photon. Alternatively, the system
may first relax within the excited state S| (thermalization
within the vibrational structure of S, occurs very fast,
typically within < 107" s). Subsequently, S, relaxes via
transitions S| — 5, or via singlet-triplet interconversions
S; — 1, and 1T} — 5. These transitions can take place
via the emission of photons (fluorescence S, — S, or
phosphorescence T} — 5,) or radiationless. The situation
is similar for higher excited states 5,, 75, etc.

The relative importance of different relaxation channels
depends on the electronic structure of the chromophores. For
example, for different chromophores the time of fluorescence
varies, typically, between 107! s and 1077 5 [11]. The time
for singlet-triplet interconversion depends on the energy
difference between these states. If this energy difference is
small as, for example, for the majority of aromatic ketons
[11] and for some nitroaromatic compounds [12], singlet-
triplet interconversion occurs within times of 107*s to
10~ s and quantum efficiencies close to unity. The time for
interconversion increases with increasing energy difference
between the respective singlet and triplet states; it can vary
significantly for transitions 5, — 1), 5, — 1}, etc. The
lifetime of triplet states is, typically, between 1077 s and
1074 [11].

It is evident that the role of thermal and non-thermal
mechanisms in pulsed-laser ablation is closely related to the
different relaxation channels and the corresponding times
involved. The situation is even more complicated. The laser-
light intensities employed in pulsed-laser ablation yield high
densities of excited species, induce multiple photon (non-
linear) excitations, etc. This will not only result in changes of
the characteristic relaxation times derived from experiments
using UV-lamp irradiation but, additionally, will open up
new relaxation channels. Clearly, these changes in excitation
and energy-dissipation processes depend not only on the
laser-beam intensity but on the duration of the laser pulse
t, as well. In the total energy balance, we have to take into
account excited species that leave the material surface before
they transfer their excitation energy, or part of it, to the bulk.
Non-radiative relaxation processes will result in a laser-
induced temperature rise, the generation of internal stress,
defects, etc. It is evident that all of these processes influence
each other and depend on both the laser parameters and the
physical properties of the particular material. Because of the
complexity of the problem and because of the lack of reliable
data on relaxation times, local temperatures. efc., theoretical
models can only try to describe common features observed
in laser-induced material ablation.

In this paper we discuss a theoretical model which
describes UV-laser ablation in terms of combined thermal
and non-thermal mechanisms. The parameters employed are
typical for organic polymers.

1 Model

In the present model we assume that the total ablation ve-
locity v is determined by both ground-state species A and
electronically excited-state species A™. The decomposition
of species shall occur simultaneously with their desorption
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from the material surface. The excitation and energy relax-
ation process described by a two-level system where the tran-
sition A — A* is induced by one-photon absorption. The
respective number densities of species are N 4 and N 4«. The
dissipation of the excitation energy A* — A shall occur ei-
ther via stimulated emission, or via non-radiative transitions.
With the laser-light intensities under consideration, sponta-
neous emission can be ignored [13]. The non-radiative tran-
sitions shall be characterized by a single thermal relaxation
time £, which shall be independent of temperature. Addi-
tionally, we assume that part of the total excitation energy
is lost via activated desorption of excited species.

The laser beam shall propagate in z-direction; the ablated
surface shall be placed within the plane z = 0. The radius of
the laser beam w shall be large compared to the optical and
thermal penetration depths which are denoted by {, and I,
respectively. With this condition, the problem can be treated
in one dimension. The desorption rates related to species
A and A* depend on their respective activation energies
AFE and AE*, and on the local temperature rise which is
controlled by ¢. Thus, in the simplest case where we ignore
any cooperative phenomena in the desorption process, the
velocity v can be described by

v =k M5 + kg dg (1)

where k, = v exp[-AE/Tg] and ke = v +exp
x[—AE™/Tg] are the rate constants for activated desorp-
tion of ground-state and excited state species, respectively.
A7 =N, /N and 4™ = N 44 /N are the normalized densi-
ties of species where NV = N, 4+ N 4« is the number density
of chromophores which is, typically, N = 6 x 10* cm >
[8]. The index s refers to the surface, ie. to z = 0. For
the activation energies we assume AE* <« AFE and, ad-
ditionally, that AE is of the order of the bond breaking
energy. In the further calculations we set AF = 3 eV and
AE* = 0.3 ¢V. The velocities v, and v 4« are related to
the attempt (vibrational) frequencies for non-excited and
excited species, respectively. They are of the order of the
sound velocity. We set v, = 3 x 10° cm/s and estimate
Vs = [AEY/AEN 20, 2 10° cm/s.

In a coordinate system that is fixed to the substrate surface
to be ablated, the density of species can be described by
ON 4« ON o ol

at v 9z + h ("'\A - A“A*) — kN 4+, (2)
IN ON, ol
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5 = an e W Nas) ke 3)

where o is the absorption cross section, [ the laser-light
intensity, and k. = t'Tl the rate constant for thermalization
of the excitation energy. Here, we ignore any diffusion
processes which are slow compared to all other processes
under consideration.

The propagation of the laser light within the substrate
shall be described by
010z = —o(N, — N )l . )
The heating of the solid surface is described by the heat-
diffusion equation
ar aT P T D
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where k is the thermal conductivity and D the thermal
diffusivity. The heat source () is determined by the non-
radiative transitions and it is given by

Q:thUNA* . (6)

The heat flux at the surface z = 0 is dominated by the heat
loss due to ablation. In accordance with (1), this is described
by

or

0z z=0}

K = o(AH kA5 + AH" k4o 157 . (7)
Here, we ignore possible differences in mass densities due
to the excitation of species, ie. we set ¢ = p*. This
approximation does not hold for materials where stresses
within the substrate surface which are caused, e.g., by laser-
induced bond breaking, significantly influence the ablation
rate [14]. For the transition enthalpies we set AH =
AE/M = 10* Jjg and AH* = AE* /M = 10* J/g, where

M is the (average) mass of ablated fragments. Besides of

(7), we employ the boundary conditions

Ny(z—x0)=2N,
T(z — o0) =T(c0),

Nys(z = 00) =0,

8
I(z = 0) = I4({), ()

where I4(t) is the non-reflected part of the laser-light inten-
sity on the substrate surface. Due to the attenuation of the
incident laser-light intensity I,,, within the plasma plume, we
have /g < I,. The initial conditions are

N(t=0)=N,
T(t = 0) = T(c0) .

Nt =0)=0,
4= ) , ©)

Equations (1-9) characterize the boundary-value problem.
Any temperature dependences in material parameters are
ignored. For the further calculations it is convenient to
transform this problem to dimensionless variables which are
denoted by the same letters in script, i.e.

T =T|T,, T(x)=T)/Ty, AT =T -7 (0),
2 = Z/ZO 5

r=tlty, 4 =lpflo, 4="h/ly, +=v/v,

T =1/, Ft)=It)/1I,.

Here, we use characteristic scaling values given by T =
hvN D[k,

2 =N, and t, = hv/Lo, v, = z/ty = I,/hwN .

I, = 107 W/em? is of the order of the threshold intensity for
ns-pulses. The other dimensionless parameters are:

£ =AE[T,, & =AE"/T,,
oar = Ugs [Ty,

(= AHJL, "= o AR
Gy = Dy [vyzy = DyhvoN? /1, .

“q = l\,.-"l/'l:[}?

(10)

Values typical for UV-laser ablation of polymers are: hi =
1018 J (A = 200nm) and o = 1077 em” (strongly absorb-
ing polymers) to 107'* cm? (weakly absorbing polymers).
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The scaling factors are then

T,=4x10°K, 7 =17x(107°-10"% cm,

(11)
ty = 107810775, v, = 1.7 x 10* cm/s.

The dimensionless parameters become

# =825, &*=0825, »,=180, o4x =060,
=30, (=1, @ =36x107-107", (12

F(o0) =7.5%x 1072,

For this parameter set we shall discuss the characteristics
of ablation as a function of the intensity .%, the thermal
relaxation time 4, and the absorption coefficient a = aiN.

With the dimensionless variables the boundary-value
problem can be written as:

aN* aN* , :
— = (1 — /'/-k- — g . ; 13

as e TTAm 2 AT (3)

07 s

o 2T, (14)

O

T o7 T .

= a5, — LN 5

5 = T AT AT (15)
where 4 = 1/4. The velocity « can be determined from
o= (1= AV II(Tg) + A 0 LT () (16)
where T1(%) = exp(—&/%) and IT*(%) = exp
x(—#™* /7). The boundary conditions are:

. (l).? -k . A~k ak A
'%"-C} = (1 — AT (95 + AT T (T5)

* =0

- _ a7
A e —00)=0, AF(+—00)=0,
Te =0) = F5(»)
The initial conditions are:
AFr=0=0, AF(=0)=0. (18)

The total thickness of the ablated layer per pulse is

o0

h,= / o()dt = hy 4+ Iy + Dy,
0
where o = v — v[Ty = T(c0)]. h, is the ablated layer

thickness during the transition state ¢ < ¢, before significant
material ablation starts, h, = wv¢(f, — t,) is the ablated
thickness within the regime of stationary ablation ¢, < <
t;, hy refers to the time after the laser pulse ¢ > ;. Here,
ablation may continue for a certain time due to the energy
stored within the irradiated surface layer [5]. Clearly, with
picosecond or femtosecond pulses the regime of stationary
ablation may not be reached. With such short laser pulses,
multiple-photon absorption processes become important.

2 Stationary Solutions
We now concentrate on stationary solutions of the boundary-

value problem. Stationary solutions are of particular impor-
tance in nonlinear problems because they permit to deter-
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mine the typical values of the various quantities. We consider
a single laser pulse whose intensity on the ablated surface is
constant, I = const. If we set all time derivatives in (13-15)
equal to zero we obtain the first integral

D= =T —HAT 4. . (19)
The tilde indicates stationary quantities. From (19) and the
boundary condition (17) we obtain

1

b= [~ (1 — AT (T
AF s SR
— SR 20)

From (20) and (16), we obtain the equation for the density
of excited species at the surface

AAS? 4+ BAT+C =0, 2n

S~

< ¥

Fig. 2. a Dependence of the functions A, and A, [see (22) and (25)]

on g™ for different values of % = I/, and b for different values
of Fs
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where

A= AT = s, II(F) — o pu IT*(FG),

B = B(%) = AAT + (¢ — 24) () — ¢ ITH(5),
C=CT) =T — (C+ 2, AF) ().

From (20) and (21) we obtain the equation

o= T (T, A (22)

The function A, is shown in Fig. 2a for different values of
g = Ig/I,. Here, the parameters given in (12) have been
employed.

With ¢ = const. (13) and (14) become independent from
(15) and they can be written as

A T s
d = é (1 — L ________:_) 23)
dn - Tsrr m(l — 247%)

with 5 = .7 /7 and the boundary conditions

A =1 =4 and A Fm=0)=0. (24)

Integration of (23) from 1 = 0 to n = 1 permits to calculate

the Figenvalues 7(./¢™). The asymptotic value of the right
part of (23) for =0 is

dA* I
dy {0 1404

The accuracy of the integration can be tested from

- 7(, [ 1 /10 Tk }
P ':.., 1 — = .’Jt (4) {3

From (23) and (24) we obtain the additional equation

=

7= T AN (Tt A (25)

Thus, in order to find 7 and ];v we have to solve the
system of transcendental equations (22) and (25). For the
case %4 < 1 we can solve (23) analytically, giving

—

1
== (26)
f\ * T4

Ay =

1

On the other hand, if .74, 3 1 and /y — ;11 < . where
Ay =057 = 0) we obtain

Ay = 1/ 27)
Figure 2b shows A, = 2
different values of .74

The spatial distribution of 7(<) and ./ () for the
limiting case 7 = 0 can directly be derived from (13) and
(14) which yields

/7 as a function of f«,* for

274l — T )T+ IN(F)T) = (28)
and
A = T @afll 2741 9
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The limiting value ./ is given by
Ay = ."73/{./(1 + 2.‘73/r) . (30)

The density of excited species 12 can be calculated from

the equation
A1(~‘7.<;:--’¢;.*) = (%, 15 %) G

Together with (20) and (21) we can also calculate 7 and
AZ.

3 Results and Discussion

We now discuss the results of the model calculations. First,
we consider the stationary ablation velocity 7, the surface
temperature rise _\/ﬁ and the surface concentration of
excited species /¢
then discuss the spatial distribution of ;_\.7:(_.;'), .
T ().

Figure 3 shows the velocity 7~ as a function of .7 = I /1,
for different relaxation times 4. It becomes LVI&JLIH that
o increases with 4. If we consider, for example, =2
and 4 = 0.01 we obtain for strongly absorbing polymers
@ =2 x 10° cm/s. For 10 ns pulses these values correspond
to a fluence of 200mJ and an ablated layer thickness of
0.2 um/pulse. This result is in reasonable agreement with
experimental findings [4].

The dependence of the surfuce temperature rise A F/;
ATy /T, on the intensity % = I./1, is plotted in Fig. 4 for
different values of #4. The full curves refer to the activation
energy AL = 3eV. With intensities 5 = 1-10 ([ =
107108 W,’cmz) and a thermal relaxation time 4 = 0.01
(ty == 10710 5) ablation requires a surface lunpmalurc rise
of AV a2 1.25-1.75 (Ty ~ 5-7 x 10°°C). With 4 > 0.1
the surface temperature near the ablation threshold is below
2 % 10°° C. This is in agreement with experimental data on

", as a function of the intensity .J;. We
17(+) and

16 '

0 10 20

I ]Ib—’

Fig. 3. Stationary ablation velocity 7 as a [unction of ./ = I/I, for
diffurull relaxation times 4
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ATS ! Tg

Is/.[b"_'

Fig. 4. Surface temperature rise A% = ATy/T; as a function of the
laser-light intensity % = I/1, for dlifelem relaxation times 4. Full
and dashed curves refer to activation energies AE = 3¢V and 4.5 eV,
respectively

the vibrational temperature of product species in polymer
ablation [4]. With higher activation energies, the differences
between thermal and photophysical ablation become even
more pronounced. This can be seen from the dashed curves
in Fig. 4, which have been calculated for AF = 4.5eV
and otherwise unchanged parameters. For a purely thermal
process, i.e. 4 = 0 and I /I, = 10, the surface temperature
rise AT,/T, increases by a factor of about 1.4. For times
4 > 0.1, however, the deviations between full and dashed
curves can be ignored. The figure also shows that A7
decreases with increasing 4. Thus, “cold” ablation which
is related to the desorption of excited species becomes
increasingly important. This is supported by the results
shown in Fig. 5. The concentration of excited species /¢ *,

0 10 20
L /Ib -

Fig. 5. Concentration of excited species on the surface, .

A *(+ = 0) as a function of intensity .7 = I/
of 4

I, for different values
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) pulses, ablation may be mainly photophysical, depending on
.

1.0

0.05

cld —

#:=00]
TN

0.2 !
0 10
/Iy —

Fig. 6. Coldness cld [see (32)] as a function of .&{ = I /I, for different
values of

20

strongly increases with »4. and saturates for high intensities
% = Ig/1,. _ ‘ _ _ _

To characterize the type of ablation mechanism, we define
the coldness

cld = ko 05" 5. (32)

The value cld = 0 corresponds to thermal ablation, while
cld = 1 characterizes photophysical ablation which is related
to the activated desorption of excited species.

Figue 6 shows the coldness cld as a function of intensity
I = 1y /1, for different values of 4. For very small values
of 4 the coldness increases with intensity. With .4 > 0.05
it already saturates at values %, < 1. With 4 > 0.1
(tr = 1077s) and % > 1 (Ig = 107 W/em?) ablation is
photophysical with cld ~ 1. Thus, even with nanosecond

2z, —*

distribution of

Fig. 7a-b. Spatial the stationary temperature,

ters. a Full curve: 7 = |, 4 = 1 (A% = 0.28); dotted curve: F = 5,

Subsequently, we discuss the spatial distribution of the
temperature, the concentration of excited species, and the
intensity. All quantities are normalized to the corresponding
values at the surface » = 0.

The spatial distribution of the normalized temperature,
A.-f"/ﬂ."/i = AT/ATy is shown in Fig. 7a for different
values of 7% and 4. The width of the temperature distri-
bution increases with intensity % and relaxation time ..
AT{:)/AI"’S is equal to unity with » = 0 and becomes zero
for # — o0. On an expanded scale a maximum at some fi-
nite distance «, == %4./2 < 1 can be seen (Fig. 7b, curve 1).
This maximum is related to the (finite) optical penetration
depth and the heat flux (7); it can cause an instability in the
planar evaporation front [15]. Except near the surface with
» <2 0.2, the temperature distribution is independent of 24
if & < 1. In the limiting case &4 = 0 (19) yields
AT (=3 Y J7) = 1 T(2) — A ¥ ). (33)

o
Figure 7b (curve 2) shows the change in curvature for a ten
times smaller absorption cross section o.

The spatial distribution of /" /4* = N*/N§ is plottet
in Fig. 8 for different values of % and 4.

The spatial distribution of the intensity 7~/~Z> = I/I
is shown in Fig. 9 for different values of % and 4. Both
() and F (<) depend on the parameters Ferr and 2/ T
The dependence on the latter parameter is not very pro-
nounced because -/ % changes only slowly with .7 (this
follows from Fig. 2a,b if we inspect the change in intersec-
tions A; = A,). On the other hand ./ *(+) and .7 (+) strongly
change with the parameter .Jg4.. In fact, for constant Z, this
parameter determines the extension of the bleaching zone.
The dash-dotted curves in Figs. 8 and 9 refer to the limiting
case » = 0 and %4 = 5 [see (28) and (29)]. The fig-
ures show that the extension of the bleaching zone strongly

1.05
T 1.00
N
E

095
b 090 ;

0 01 0.2
Zn"ZO'__>

A= 1 (A% = 0.44); dashed curve: 7 = 1, 4 = 0.1 (AF, = 0.62).
FFor all curves the cross section was o = 10717 ecm?. b Curve 1: 7 = 1,
Ap=1o=10"cm? Curve 2: Z =1, 4= 1,0 = 10" cm?
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10 -
N
\n
\

2 05 \ ]

= \

\
\'
AN

0 10 15

zlz,—*
Fig. 8. Spatial distribution of the concentration of excited species
A fAGF = N*JNE for different parameters. Full curve: Fo=1,
4 = 1, (5 = 0.29); Dotted curve: % = 5, 4 = 1 (g = 0.45);

10

Zlzg—>

Fig. 9. Spatial distribution of laser-light intensity, ;71;)/:7\; = [/I for
different parameters. Full curve: 75 = 1, 4 = 1; Dotted curve: % = 5,
4 = 1; Dashed curve: 7 = 1, 4 = 0.1; Dashed-dotted curve: 7 = 0
(Fatp = 5)

decreases with ablation velocity 7. This decrease is of the
order A+ = 74. Thus, with the frequently made assump-
tion 7 = 0, the width of the bleaching zone is significantly
overestimated.

4 Summary and Conclusion

The model calculations described in this paper permit to
interpret many features observed in UV-laser ablation of or-
ganic polymers. The main aspects, assumptions, and results
of this model can be summarized as follows:
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The total ablation velocity is determined by activated des-
orption of both ground-state species A and electronically ex-
cited species A™; for the respective activation energies we
assume AE > AE*. The rate equations for species A and
A* are solved together with the heat equation. Here, the
motion of the ablation front has been taken into consider-
ation. The heat source term is controlled by thermal relax-
ation of the excitation energy which is described by a single
time constant 7. With activation energies of A = JeV
to 5eV, AE® = 0.3 eV and relaxation times t; > 107 s
the model predicts realistic ablation rates at (moderate) sur-
face temperatures of about 2000° C. This is an important
difference to earlier calculations which predicted tempera-
tures of (6-12) x 103° C near the ablation threshold [7]. If
we assume a purely thermal process, i.e. if we set £, = 0,
the surface temperature obtained in our calculation rapidly
increases with increasing AF. The value of AF = 3eV
employed in the present calculations seems to be realistic
for polyimide (dissociation energy of C-N bonds is about
3.15eV [16]). In many cases, for example in aromatic com-
pounds, the bond breaking energies exceed this value consid-
erably (AF =~ 4.8 eV for C-H and C-O bonds, and 4.5 eV
for C-N bonds [13]). However, even with polyimide, the
fragmentation and ablation process requires the breaking of
several bonds, so that the effective activation energy may
be higher even in this case. Anyway, with higher values of
AF, the effects discussed in this paper are even more pro-
nounced. The relaxation times employed seem to be realistic
for some types of polymers, such as polyethyleneterephtha-
late and polyimide and photon energies higher than 4.4 eV,
but below 6.2 eV. With photon energies higher than 6.2 eV,
photochemical decomposition may dominate [9].

The present model ignores a number of effects which may
be important for a quantitative description of the experimen-
tal data. Among those are non-stationary contributions to
the ablation rate, the influence of stresses , multiple-photon
excitations, etc. In the present form, the model cannot be
applied to materials, where volume reactions become im-
portant as, e.g. in PMMA. It is evident that the description
of the laser excitation and energy-dissipation processes on
the basis of a two level system is a crude simplification. If
we would consider a three-level or even more complex sys-
tem, the relative contribution of single relaxation channels
may change significantly. For example, with the laser-light
intensities employed in polymer ablation, and with certain
relaxation times, stimulated emission may become unimpor-
tant. Nevertheless, in spite of these simplifications, the model
consistently describes many features observed in laser ma-
terials ablation.
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