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Abstract

Ablation of organic polymers is described on the basis of photothermal bond breaking within the bulk material. Here, we
assume a first order chemical reaction, which can be described by an Arrhenius law. Ablation starts when the density of
broken bonds at the surface reaches a certain critical value. In order to understand the ablation behavior near the threshold
fluence, f , non-stationary regimes are considered. The present treatment reveals several qualitative differences withth

Ž .respect to models which treat ablation as a surface process: i Ablation starts sharply with a front velocity that has its
Ž . Ž .maximum value just after the onset. ii The transition to quasi-stationary ablation is much faster. iii Near threshold, the

Ž .ablated depth has a square-root dependence on laser fluence, fyf . iv With fff , ablation starts well after the laserth th
Ž .pulse. v The depletion of species is responsible for the Arrhenius tail with fluences fFf . q 1999 Elsevier Science B.V.th

All rights reserved.
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1. Introduction

The physical mechanisms in UV–laser ablation of
w xorganic polymers are still under discussion 1,2 . The

w xmodels proposed include photochemical 2–5 , pho-
w xtothermal, and photophysical models 6 . Such mod-

w xels may be divided into surface models 7–9 , and
w xÕolume models. With volume models 10 , the chem-

ical process occurs within the bulk material. Previous
investigations either considered heat conduction as a
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correction, or ignored the effect of the moving inter-
face, which resulted in unrealistic temperatures
Ž 4 . w xabove 10 K 11 . Consistent models should ex-
plain the sharp onset of ablation observed at fffth

in certain types of ablation rate measurements, the
Arrhenius tail observed with fFf in other typesth

w xof experiments 12 , and the dependence of the abla-
w xtion rate on the repetition rate 13 and the duration

w xof the laser pulse 9,14 .
In the present article we shall apply the model

w xintroduced in Ref. 15 to non-stationary regimes
and the description of the ablation process near the
threshold.
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2. Model

A schematic picture of the model is shown in Fig.
Ž .1. The reference frame is fixed with the moving

Ž .ablation front. For one-dimensional 1D heat con-
duction, the heat equation can be written as

E H E H E E T E I
sÕ q K y 2.1Ž .ž /E t E x E x E x E x

Here, T is the temperature, K the thermal conductiv-
Ž .ity, and I x the laser beam intensity which obeys

Beer’s law. T is the ambient temperature, H the0

volumetric enthalpy, c the specific heat and r the
density. First order thermally activated bond break-
ing within the material can be described by

E n E nb b
sÕ q 1yn k exp yT rT 2.2Ž . Ž . Ž .b 0 aE t E x

Here, n is the fraction of bonds which are broken,b

1yn the fraction of virgin bonds. k is of the orderb 0

of the IR vibrational frequency. The material decom-
poses when the number of broken bonds at the
interface reaches a critical value, i.e. if

n sn 2.3Ž .b crxs0

The following boundary conditions are assumed:

E T
<yK s0, T sT , n s0 2.4Ž .x ™` 0 b x™`E x xs0

For stationary ablation, such a model is similar to
surface thermal evaporation with re-normalized acti-

Ž .Fig. 1. Schematic of the model. The intensity I dotted line
Žcreates a temperature distribution T within the bulk material solid

. Ž .line . Thermal bond breaking with a rate k T takes place within
the volume. It produces the distribution of broken bonds nb
Ž .dashed line and creates volatile species. The position of the

Ž .interface is determined by the surface concentration n xs0 'b

n .cr

w xvation temperature and pre-exponential factor 15 .
Stationary considerations, however, do not apply
near f , in particular for short pulses.th

3. Transient behavior

We now consider the transition to stationary abla-
Ž .tion. It is convenient to rewrite Eq. 2.2 by introduc-

Ž . Ž .ing positive b'yln 1yn , which increases withb
Ž .n the same holds for b and nb cr cr

E b E b
sÕ qk exp yT rT 3.1Ž . Ž .0 aE t E x

We often employ the saddle point approximation for
the reaction rate, which uses a Taylor expansion of T
near the surface, under the assumption T rT 41.a s

k exp yT rT fk exp yx 2rl 2 3.2Ž . Ž .Ž .0 a s k

1r2k 'k exp yT rT , l ' T rT ,Ž . Ž .s 0 a s k s a

2E T
2l 'y2T r 3.3Ž .s 2E x xs0

The index ‘s’ refers to the surface xs0. l charac-k

terizes the width of the region, where the reaction
takes place. l is the spatial width of the temperature

Ž . 2 2distribution. Condition 2.4 allows to find E TrEx
Ž .xs0 from the heat equation:

E 2T
˙c rT sK xs0 qa I 3.4Ž . Ž .s s s s2E x

Ž .Let us assume that n or b is reached at tcr cr cr
Ž . Ž . Ž .Fig. 2 . The solution of Eq. 3.1 for arbitrary Õ t
can be written with the help of the method of
characteristics. Details of the derivation and the nu-

w xmerical procedure will be reported elsewhere 16 .
Using

<b t) t sconstant'b , 3.5Ž . Ž .xs0 cr cr

it is possible to obtain for the initial stage of ablation
1r2h t sA ty t ,Ž . Ž .cr

1r2
tcr

Af k t k t d t l t 3.6Ž . Ž . Ž . Ž .Hs cr s k cr
0

Ž .The meaning of Eq. 3.6 is simple. Before ablation,
Ž .the profile n x is parabolic near xs0, becauseb

Ž . Ž Ž ..the temperature T x and reaction rate k T x have
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Fig. 2. Onset of ablation for Isconstant. Dotted curve at t )

cr

when b is reached at the surface. The following dependences arecr
) Ž . Ž .included: Surface temperature T solid , b dashed , front ve-s s

) Ž . ) Ž .locity Õ dash-dotted , ablated depth h dash-double dotted .
This figure, along with Fig. 3 and Fig. 4, uses dimensionless
variables: t ) s a 2Dt, h) s a h, Õ) s ÕraD, T ) sT rT , I )

s s 0

s IraKT , f ) sfarcrT . Parameters in this figure, along0 0

with Fig. 3 and Fig. 4, satisfy the conditions: A s1, a 2Dt s1,s
2 5 Ž .k rDa s10 , T rT s70, n s0.5 b s0.69 . They corre-0 a 0 cr cr

spond, e.g., to t s10 ns, Ds10y2 cm2rs, a s105 cmy1 ,
k s1013 sy1 , T s21,000 K '1.81 eV, T s300 K, cs1 Jrg0 a 0

K, r s1 grcm3. For these numbers, the dimensionless units are:
time 10 ns, temperature 300 K, length 0.1 mm, intensity 300
kWrcm2, fluence 3 mJrcm2. Such parameters are typical for
excimer-laser ablation of strongly absorbing polymers.

zero derivative there. The number of broken bonds
below the surface is very close to n . After the onsetcr

Žof ablation the concentration n in the laboratoryb
.frame continues to increase. As a result, the inter-
Žface its position h is determined by the condition

Ž . .n h sn propagates explosively. The velocity hasb cr
Ž .y1r2 Ž .a singularity ÕA ty t near f Fig. 2 . Incr th

reality Õ is restricted by physical constrains, e.g., by
the sound velocity.

For the case depicted in Fig. 2, the surface tem-
perature T increases before the onset of ablation.s

ŽUsing the saddle-point method fastest reaction just
. Ž .before t , one obtains from Eq. 3.6 :cr

2Tt scr
b s k t d tfk ,Ž .Hcr s s ˙T T0 a s tstcr

1r2 1r2˙T T 2 Da s s
Af l sk2 ž /ž / ˙T a I rc rT y1s s s s tsttst crcr

3.7Ž .

The second equality for A was obtained by using Eq.
Ž . Ž .3.3 for l and Eq. 3.4 . A is equal to infinity ifk

heat conduction is neglected. With heat conduction,
t increases while A decreases. A depends explicitlycr

on the profile and duration of the laser pulse and
implicitly on k and T , via t . For constant parame-0 a cr

Ž . w xters, T t is known 1 , and t can be estimateds cr
Ž .from Eq. 3.7 .

3.1. Surface temperature

After the ablation onset, T will increase slower,s

or even decrease, due to the movement of the abla-
Ž .tion front. The Green function of the linear heat

Ž . Ž .Eq. 2.1 can be obtained for arbitrary Õ t 'EhrEt.
Its Taylor expansion for small h yields for the
surface temperature

h2 E 2T
T fT h'0 q h'0, xs0, ts tŽ . Ž .s s cr22 E x

3.8Ž .
Ž .T h'0 refers to the case without movement. Thus,

near f , changes in T are only due to changes inth s

the position of the front in the laboratory frame—the
interface penetrates the temperature distribution cre-

Ž . Ž .ated before ablation. With h from Eq. 3.6 , 3.8
˙predicts a jump in the time derivative T . Withs

2 2 Ž . Ž .E TrEx from Eq. 3.4 and A from Eq. 3.7 the
resulting time derivative is equal to zero, i.e., T fs

Ž .constant in Eq. 3.8 . This shows why T quicklys
Ž .stabilizes Fig. 2 . It has the tendency to remain

Ž .constant even for I t /constant.

4. Near threshold behavior for short pulses

Broken bonds are accumulated during the time
when the material is hot. With fff , ablationth

starts after the laser pulse and also after the maxi-
Ž .mum temperature T is reached Fig. 3 . Considera-m
Ž .tion similar to that leading to Eq. 3.6 , yields for the

Ž .total ablated depth per pulse h ts` .
1r2

Db tcr
h ` f l t , b s k t d t ,Ž . Ž . Ž .Hk m cr sb 0cr

`

Dbs k t d t 4.1Ž . Ž .H s
tcr
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Fig. 3. Near threshold ablation for smooth laser pulse
Ž . Ž .I t s I trt exp y trt . Ablation occurs after the pulse and0

after the maximal surface temperature T ) was reached at t ) ;m m

f ) s13.3. The other parameters and notations are the same as in
Fig. 2.

This allows the following interpretation. The profile
Ž .b x , which is parabolic near xs0

b x f b qDb 1yx 2rl 2 t 4.2Ž . Ž . Ž . Ž .Ž .cr k m

is created mainly at tf t when the reaction ratem

has a sharp maximum. Afterwards, all material with
Ž .b x )b is ablated. In reality, of course, b Fb atcr s cr

Ž .any moment. To relate h ` to the parameters of the
laser pulse, we note, that near the threshold, the
influence of ablation on the evolution of the tempera-

Ž Ž ..ture and reaction rate in Eq. 4.1 can be neglected.
Ž .This allows to combine two integrals in Eq. 4.1 and

to apply the saddle point method near t :m

1r22
` 2p Ts

b qDbs k t d tf kŽ .Hcr s sž /¨yT T0 s a
tstm

4.3Ž .
At threshold one should set Dbs0 and find the

Ž . 1r2 Ž .temperature at ts t . As h ` ADb in Eq. 4.1 ,m

h has a square-root dependence on f near f . Withth

constant parameters, and T <T0 m

1r21r21 2u I fyfm 0 th
h ` f ,Ž . ž /a I fm th

crT t )a
f f ,th A a 'u ln yr ln ys m

1r2
k 2pu0 m

ys 4.4Ž .2 ¨b Da yucr m

t ) sDa 2t is the dimensionless pulse duration,
) ) )

) y1 t t yt ) ) ) )1Ž . Ž .u t ' I H e erfc t y t I t d t the di-(0 0 1 1 1

mensionless temperature, and A the absorptivity. Is 0

and t are defined in such a way that fs I t . The0

expressions in square brackets can be calculated for
a given temporal profile of the pulse.

5. Depletion of species and real ablation

The main conclusion of the preceding discussion
is that volume degradation results in a sharp onset
of ablation. This is in contrast to the behavior ex-
pected for a purely surface process. Ablation of
polymers reveals also an Arrhenius tail in mass loss

w xmeasurements near f 12 . This does not contradictth

the present model, as the preceding discussion refers
to a layer by layer material removal and crater
formation, revealed in profile measurements. In a

w xprevious paper 17 , we considered two different
processes: the creation of volatile species and their
depletion from the Õolume, and surface ablation.
Within the present picture, both processes result
from the same bulk reaction. It breaks the bonds,
destroys polymer chains, and simultaneously creates
trapped volatile species. For example with polyimide
Ž . w xPI , these are mainly CO molecules 18 cleaved

w xfrom imide rings 19 which leads to carbonization of
the material and a second threshold in multiple-pulse

w xablation 20 . Typical activation energies for the
w xdegradation of PI are about 1.5 eV 21 , which are in

w xagreement with the analysis of ablation data 8,9,14 .

Ž . Ž .Fig. 4. Real ablated depth h solid line , h dashed line relatedM

to mass loss due to depletion, M, and the total effective ‘depth’
Ž .h q h dotted line . m rm s0.5. The laser parameters are theM v t

same as in Fig. 3, and the other parameters as in Fig. 2.
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With f-f , all volatile species result in a massth
Ž .loss. As the number of broken bonds obeys 2.2 ,

this results in an Arrhenius tail. With f)f ,th

volatile species leave the material together with the
Ž Ž .ablation products. When ablation ceases n xs0b

.-n some of the volatile species still exist belowcr

the surface and leave the material afterwards. This
Ž .results in an additional mass loss, M per unit area ,

Ž .which does not contribute to the ablated crater
depth. M, which is due to the depletion of species, is
proportional to the number of broken bonds left
within the material after ablation, i.e., at time ts tend

of ablation.

`

Msm N n x d x ,Ž .Hv 0 b
0

`M mv
h ' s n x d x , 5.1Ž . Ž .HM b

r m 0t

N is the total concentration of virgin bonds, and m0 v

the mass of volatile products produced per broken
bond. m rm is the mass fraction, related to volatilev t

Ž .species per bond . It depends on the chemistry of
Žthe process, but it is always less then one for PI it is

w x.about 0.5 19 . In previous investigations the ablated
depth was calculated from the total mass loss hrq
M. This is erroneous, because the depletion of species
may take place without any change in the surface
profile. In order to compare the predictions of the
model with such measurements, we introduced the
‘depth’ h related to M, and also the total effectiveM

‘depth’ hqh .M

The dependence of h on fluence is shown inM

Fig. 4 by the dashed line. Below threshold, an
Arrhenius-type behavior is found. At high fluences,
h becomes almost constant; it has a sharp maxi-M

mum near f . This is because aboÕe threshold, theth

modified region ablates together with volatile
species, which decreases their contribution to the
depletion-related mass loss. An increase in surface
modification around f was observed in conductiv-th

w xity measurements 22 .
Ž .The total effective ablated depth dotted line is

monotonous with fluence, but may demonstrate an
inflection point or singularity in slope. Such a behav-

w xior, reported, e.g., in Ref. 2 is inherent in the
present model and does not require additional mech-

anisms related for example to the screening of the
incoming radiation by ablated products.

6. Conclusions

It is shown, how bulk photothermal degradation
of polymers by laser light may result in ablation. The
model predicts a sharp ablation threshold and the
differences in ablation rates measured by profilome-
try and mass loss. A similar description can be
applied to other materials such as HTSC, oxidic
Ž .ferroelectric perovskites, and other materials, where
a depletion of species for fluences fFf is ob-th

w xserved 1 . A direct comparison with the experimen-
tal results requires the consideration of the heat
effect of bond breaking reaction, backward andror
subsequent chemical transformations, changes in ma-
terial properties, screening of incoming radiation,
etc. This is the prospect for further research.
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