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Abstract. Ablation of organic polymers is described on the  Let us first enumerate experimental facts, which motivate
basis of photothermal bond breaking within the bulk materialfurther theoretical considerations. It is well-known that ab-
Here, we assume a first-order chemical reaction, which can bation rates are measured by different techniques that yield
described by an Arrhenius law. Ablation starts when the dension-equivalentresults, in particular near the threshold fluence
ity of broken bonds at the surface reaches a certain criticdbr ablationg,:

value.

In order to understand the ablation behavior near the™
threshold fluencepy,, non-stationaryregimes must be con-
sidered. The present treatment reveals several qualitative dif-
ferences with respect to models that treat ablationsasface
process: (i) Ablation starts sharply with a front velocity that
has its maximum value just after the onset. (ii) The transi-
tion to the quasi-stationary ablation regime is faster. (iii) Near
threshold, the ablated depithhas a square-root dependence
on laser fluence, i.eh, o (¢ — ) Y/2. The ablation velocity is
very high even neapy,. (iv) With ¢ ~ ¢r, ablation starts well
after the laser pulse. (v) The depletion of species is respon-
sible for the Arrhenius tail observed with fluencgs< ¢ih.

(vi) Residual modification of material has maximum near the
threshold. (vii)Stationaryregimes of ablation demonstrate  Different models were applied for the description of UV-
change of effective activation energy with laser intensity.  laser ablation of polymers. One can distinguish between the

The model calculations are applied to Polyimidephotochemicamodels [14—19], where electronic excitation
(Kapton™ H). Here, differences in single-pulse ablated depttresults in direct bond breaking (without thermalization), and
determined from mass loss and profilometry should be abouodels, where the bonds areermallybroken [20—27]. Ther-

The ablated depth measured by profilometry (optical
interferometer, mechanical stylus [4], atomic force mi-
croscope (AFM) [5]) startsharply at fluence¢ = ¢
(Fig. 1a). Similar conclusions can be drawn from reflec-
tivity [6] or acoustic response measurements [7].

— The ablation rate recalculated from mass loss measure-
ments using a quartz crystal microbalance (QCM) [8] or
mass spectrometry reveals an Arrhenius tail (Fig. 1b).

— Ablation is frequently accompanied by chemical god

physical modification of material within a certain depth.

With Polyimide (PI), for example, changes in the elec-

trical conductivity [9], optical transmission [10, 11], and

composition [12, 13] have been observed.

10 nm mal nature of the ablation process is supported by the obser-
vation of Arrhenius tails [8], the dependence of the ablation
PACS: 82.65; 82.50; 42.10: 81.15.Fg rate and threshold on the laser pulse repetition rate [28], and

pulse length [5, 25, 29].

For photophysicamodels both thermal and non-thermal
features are important. They consider either two independent
The physical and chemical mechanisms involved in the UVehannels of bond breaking [30, 31], or imply different bond
laser ablation of polymers [1, 2] are still under discussion. It idoreaking energies for ground state and electronically excited
generally agreed that in ns pulses in a primary step the energyiromophores [32, 33]. Such mechanisms may be important
of photons is transformed into the energy of electronic excifor psandfs laser pulses [25, 34].
tation. However, subsequent steps in the ablation process may From another perspective, the present models can be sub-
be quite different [3]. divided intovolumeandsurfacemodels. With surface models

the processes responsible for material removal take place only
* Corresponding author. within several monolayers from the surface. As a result, the
*On leave from: Institute of Applied Physics RAS, Nizhnii Novgorod, Velocity of the interface between the gaseous and condensed
Russia phase depends explicitly only on treurface temperature
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Arrhenius dependence of the recession velocity on tem-
perature:

v =voexp(—Ta/Ts) . (2)

Such modelsdo not however, describe sharp ablation
threshold observed with polymers in profile measure-
ments.

— Thermal volumenodels are often oversimplified [8, 20],
they frequently ignore the influence of the moving bound-
ary on the heat equation [22, 24], which resulted in un-
realistically high temperatures. Besides, in the reported
examples, they do not explain Arrhenius tails, thus losing
one of the main advantages of thermal models.

Thus, it looks attractive to combine volume features of
photochemical models and thermal features of surface models
in a single approach. The processes should be thermal, which
shall explain Arrhenius tails. The bulk nature of the decom-
position process shall describe sharp onset of ablation.

One comment is in place here. The modeling of depth-
fluence ablation curves high fluences is not sensitive to the
underlying mechanisms of ablation itself. At such fluences
ablation rate is mainly determined by the screening of the ra-
diation by the ablated products [26, 31]. This leads to some
type of logarithmic dependentg) [26, 40, 41]. For deeper
understanding of the mechanism of ablation, we shall place
emphasis on the near-threshold behavior, where screening is
unimportant.

The goal of the present article is to study the functional

150 relationships, which follow from the volume decomposition

FLUENCE ¢ [mJ/cmZ] model, and to emphasize its similarities to, and distinctions
from, the surface models.

Fig. 1a,b. Differences in ablated depth vs. laser fluence curves near single-

pulse ablation threshold for Pl KaptBh H. a Profile measurements per-

formed by AFM demonstrate sharp threshold [Bf{ laseri ~ 302 nn).

Different sets of data show results for different pulse duration (with con-

stant intensity).Lines are guides for the eyeb Mass-loss measurements L . . . .
performed with QCM for different wavelengths show Arrhenius tails [8] A schematic picture of the model is shown in Fig. 2. Light
absorption follows Beer’s law:

1 Model

or laser-light intensity. With volume models, the processesja_I __

: L X o =—al . 3)
which lead to the decomposition of material, take pladhin X
the bulkmaterial.

The volume and surface models investigated up to now
include:

— Photochemical surfaceodels [35]. These seem to be ir- Ts
relevant in ns laser ablation, as corresponding processes  _
require longer interaction times afa higher doses of s Mo

laser radiation.

— Photochemical volumeodels as considered in [14-18, \ KT, virgin ...
36] reveal asharpablation threshold and lead to a loga- 5 — | proken™ . enthalpy L 1-n, ; ..
rithmic dependence of the ablated depth per puise, D | i \/-——-

@ | *volatile oo

h=a""In(¢/¢m) , @)

n, O

N\

oL S
V(t) volume models
n=n_,orv=v(n)

wherew is the absorption coefficient. Such models may
also resultin a linear dependeriu@), if the movement of surface models

the ablation front is taken into account, and if the screen- v=v(T)

ing by ablation products is ignored. Thég not however,  Fig. 2. Schematic of the model. Intensity(dotted ling creates temperature

explain the Arrhenius tails observed in mass loss measurdistribution T within the material golid ling). Thermal bond breaking with
ments. the ratek(T) and negative heat effedt takes place within the volume. It

_ - produces the distribution of broken bongsand may create volatile species
Thermal surfacenodels [23’ 25,26, 32, 37]’ (deveIOped In trapped within the polymer matrix. Position of the interface is determined

connection with the |aser ablation O_f metals [38, 39] dO rety the surface concentration, = ny(x = 0), as opposed to surface models,
veal asmoothArrhenius-type ablation onset, due to the where it depends on the surface temperafyre: T(x = 0)
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The electronic excitations thermalize on @ time  surfacemodels developed for laser ablation of metals [38, 39]
scale [42]. Heating is described by the one-dimensional heaind successfully applied to laser ablation of polymers [23,
equation. Subsequently we employ a moving reference fram&5s, 26, 32]. Both models are purely thermal and use the 1-D

which is fixed with the ablation front. heat equation to calculate the temperature distribution. The
9H 9H 9 9T 9] movement of the interface must be taken into account. In the
g4 <K—) — — —L(1—npkoexp(—Ty/T).  volume model the velocity is determined by the concentra-
ot ox oax \ ox/) oXx tion of bonds at the surface, which requires solution of the

(4)  equation of chemical kinetics (6). The Arrhenius factor in this
equation depends on the temperature distribution within the

HereT is the temperatures the thermal conductivity, material. Thus, we consider layer by layer material removal,

T but it results from the volume decomposition of the polymer.
_ , , In thermal surface models the rate of evaporation is pro-
H=p / c(THd(T), ®) portional to the saturated vapor pressure and (6) and (7) are
To replaced by the single expression (2). The Arrhenius factor in

this expression depends only on the surface temperature, i.e.,

is the volumetric enthalpy witlt being the specific heat, i 4ssumes bond breaking only at the surface.

p (constant) polymer density, aifd the ambient temperature.

. ) ! ; Another difference concerns the ablation enthalpy. With
The last (Arrhenius) term describes thermally actl\(h%ted firstyslume models it enters as a sink in the heat equation (4),

order bond breaking within the bulk material=Iy, e Ny.  whereas with surface models it transforms the boundary con-
Ny, is the fraction of “broken” bonds per unit volume-In,  dition (8) into (see [39] for more details):
is the fraction of “virgin” bondsL = AHpNp is the enthalpy

per unit volume required to break all bonds;> 0 for en- oT
dothermic reactionsAHy is the enthalpy per bond ardy ~ —K—|  =-vL. (10)
total (initial) number density of bonds. The equation of chem- x=0
ical kinetics is S o .

These distinctions lead to several qualitative differences be-
Ny 9N tween the predictions of both models.
Tt Vax + (1 —no)koexp(—Ta/T) , ®) The most important factors not included into consider-

ation at this stage are: (i) no backward aodsubsequent
chemical reaction is assumed, (i) material properties do not

Equations (4) and (6) are coupled via the velocityWe  genend on chemical changes, (iii) screening of radiation by
assume that material is ablated when the number of brokgRa apjated products is ignored.

bonds at the surface reaches a critical value. Thus, the inter- These factors can be easily incorporated. However, our

face between the gaseous and the condensed phase is defgf s to study the thermal volume decomposition model in

mined by the requirement: its simplest formulation, to perceive its similarities and dis-
tinctions from the surface ablation models, and to obtain the
main predictions, which follow from such a model.

This relation defines the position of the interface, and there-
fore the velocity, implicitly. Another possibility is to define

v = v(Np|x=0) » (7b)

where the functior in the r.h.s. should be derived from mi- In laser ablation, the understanding of the stationary regime
croscopic considerations. The difference between (7a) ansf material removal (with constant incident intensityand
(7b) is similar to that between Stefan and Frenkel-Wilson forrecession velocity) is prerequisite for further studies. Its
mulations for the velocity of the melting front [3]. Iifiinp(0))  consideration for surface models allows one to understand
in (7b) sharply increases from zerom(0) ~ ne, (7b) be- many features of the laser ablation of metals. We consid-
comes identical to (7a). Thus, definition (7b) is more generalered stationary ablation within the model of Sect. 1 (with zero
and (7a) is its limiting case. ablation enthalpy. = 0) in [27] Here, we generalize the re-
The physical meaning of the interface between gaseousults toL # 0 and introduce concepts and notations, that will
and condensed phase is that the value of thermal conductiige subsequently used. In general, the stationary velocity of
ity K drops sharply across this interface, and the heat fluthe interface is determined by the energy conservation, and

wherekg is a pre-exponential factor.

Np|x=0 = Ner . (7a)

2 Stationary thermal volume decomposition wave

through the interface can be neglected. the temperature is such that the Arrhenius reaction rate is
fast enough to maintain this velocity. As a result, velocity is
—Kﬂ —0. 8) about linear with intensity, while (surface) temperature de-
X |y pends logarithmically orl in almost every thermal model.

N o ) Subsequent mathematical analysis reveals, however, some

The boundary conditions at infinity are obvious: differences between the surface and volume models.
Itis convenient to introduce a (positive) quantitywhich

Tlhxsoo=To,  Nplx—oo =0. ©) monotonously increases witly,.

We emphasize here the conceptual similarities and differ-
ences between the presghermal bulkmodel andthermal P=—In(1—np). (11)
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With this notation (6) can be rewritten the simpler form: The solution of this cubic equation exhibits Arrhenius-type
behavior as a function of surface temperaflyé-ig. 3b). To

3_b _ Ua_b 1K, (12) explain the observed change in activation energy, we divide

ot X both sides byC® and obtain two limiting cases:

We will often employ the saddle point approximation for theg,c3 « 1, v~C, B/C®>1, v~BY%. (20)

reaction rate. It uses Taylor expansionTohear the surface

under the assumptiofy/Ts > 1. The turnover between these two approximations occurs with
B~ C3i.e., with

k= koexp(—Ta/T) & ks eXp(—x?/12) (13) TR

_ _ _ 1/2 o, Tls s+ Lns
ke =kooXp—T/To) . Ik =1(To/T¥2, M= <L(1— ns)> Tk (21)

(14) In both cases the result (20) can be written in a form similar to

3T
2= -2Ts [ —
/ ox? : . ina
surface formula (2) with re-normalized activation energy and
Henceforth index “s” refers to the quantities at the surfacere-exponential factor.
x = 0. Iy characterizes the width of the reaction region, and

x=0

| is spatial width of the temperature distribution. The zero- = Yo &XP(—Ta/Ts) . (22a)
flux boundary condition (8) allows us to fird T/ax*(x = 0) T 2T [T TKe 13 e
from the heat equation: a=j3la Vo = 2027, X a(Hot Lno) , sy,
. 0°T (22b)
CspTs = Ks— +als—L(1—ngks. (15) LA—n
ol T,=Ta, v= koL ( ) Is>1. (22¢)

a(Hs+Lng) ’
In the stationary regime integrating (12) ovewe can relate

velocity v and temperature distribution: One can calculat&s andv from (18), (22) in the same way

as for the surface model with volumetric enthalpy of ablation

vbs = f kdx%glkks. (16)
0

INTENSITY I/aKTo
2x10°  4x10"  ex10*
The last equality assumes the approximate expression (13) f : :

the Arrhenius reaction ratein (12). This makes the depen- -
dence orsurfacetemperature dominant, resembling surface T -
S

models. Note however, that the width of reaction ztinee- 3
pends onl via (14) and (15). Ix10° |

One more relation betweeh, and v is provided by the ,/ 10
heat equation. It is convenient to combine the reaction er
thalpy and the heating enthalpy using (6):

9 9 o [ aT\ ol
2V Hetng) = = (kE) -2 17
[at ”ax}[ Ll ax< ax> ox (7

5x10° }

a)

TEMPERATURE T/T,

VELOCITY v/aD

Integrating this ovex in the stationary case with (8) one ob-
tains energy conservation:

V[Hs+Lng = Is. (18)

Equations (16) and (18) define stationargndTs. In all sub- 10
sequent expressions for Stefan-type boundary condition (7:
ner should be used in place of, while for the boundary 10°
condition (7b)v = v(ns), and (19) below becomes the tran-
scendental equation for the determinatiomgfor bg). . .
If one substitutesy andl from (14) and (15) into (16) 20 10 5
(assuming stationarity), and excludesusing (18); (16) can
be viewed as an (implicit) dependence of surface velocity ol TEMPERATURE T/T,
surface temperature: Fig. 3a,b. Parameters of stationary ablation for thermal volume decompos-
ition model. Normalized variables are used for convenience. Parameters are
> L(1—ngks given in Table 1a Dependence of stationary velocityolid curveg and sur-
vr-=C) =B, C= ﬁ ’ (19) face temperatured@shed curveon absorbed intensityp Dependence of
a(Hs+Lns) stationary velocity on surface temperature in Arrhenius coordinatésy In
ks 2 7 Ts TsKs vs. reciprocal temperature. Effective activation temperature for equivalent
B=|—)] —mx———. surface reaction changes fromi3T;, at low intensities tdly at high intensi-
bs 2Ta a(Hs+Lny) ties. This turnover can be seen only at the Arrhenius plot, figdlp ~ 4




Lne [39]. In[27] L = 0 was considered; = oo, and only the
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Here the values typical for strongly absorbing polymers

case (22b) was relevant. The dependence of velocity on intehave been assumed: thermal diffusiviy ~ 103 cné/s,
sity is almost linear in all intensity range (Fig. 3a). The de-o ~ 10° cm~1. For weakly absorbing polymers these coeffi-
pendencds(ls) is logarithmic, due to the Arrhenius exponent cients can be 10-£@imes larger.

in (22a). For estimations we assume~ bs ~ 0.5, Hs~ Lng,

Ts/Ta~ 0.1= 11 ~ 3TsKa and typical turnover intensities

I; for strongly absorbing polymers are so®\ /cn?. In

order to compare in (22) with v in surface models (2), we
assume that (the upper limit dfy in (6) is of the order of at-
tempt frequencyk ~ 103 s~1. Factorvg in (2) is of the order
of sound velocity [38]pg ~ 10° cm/s. For two cases in (22),

1/3

()

Table 1. Parameters used in calculations

~ 10 cmys,

vy ~ ko/a ~ 10P cmy/s. (23)

For generality, Figs. 3, 4, 6, 7 are plotted in dimen-
sionless variables. Possible dimensional values of parame-
ters, which are consistent with these figures are given in
Table 1 together with parameters used in the calculations for
PI.

One can see that for the stationary regime the surface
evaporation model resembles the model under study in sev-
eral respects. Itis not, however, its limiting case. In particular,
it can be shown that in the volume model maximum of tem-
perature is always reached at the surface. Instead of forma-
tion of subsurface temperature maximum observed in surface

Parameter Dimensionless Pl KaptthH References, notes (for PI)
calculations A =248nm

Absorptivity As 1 0.9 [55]
Absorption coefficienty cm/s 10° 3.2x10° [55]
Screening coefficientg cmy/s 0 0.4 Fitting, [31]
in Is(t) = Aslo(t) exp(—agh(t)
Thermal conductivityK 1072 1.55x 1073(T/T9)%28  Power fit to data [56,57]
W/cmK
Specific heat J/g K 1 2.55—1.59x Fit to data [56, 57],

x exp[(To— T)/460] which saturates witfT
Density p g/cm® 1 1.42 [57]
Thermal diffusivity D cn?/s 102 K/cp [56,57]
Ambient temperaturdy K 300 300
Activation energyT; K 21000=1.81¢eV 17400=1.5eV [46, 49, 50]
Volume pre-exponentiaty st 103 2.67x 10%2 Fitting parameter
Surface pre-exponentiah cm/s 108
Critical fraction 0.5 0.9 Conjectured from [48]
of broken bond$,
\olumetric reaction 0 2x 103 Calculated fromAHp
enthalpyL = AH,Ny J/cnm?® 1.2 x 10* (Fig. 3) andNg below
Reaction enthalpy B5=17400K 1.4 AHp <kgTa
per bondAHp eV see above foil,
Number density 5 1072 8.95x 1071 ~ 4 per monomer;
of bondsNy cm~2 [12] and Fig. 9
Mass fraction 0.5 0.47 [12,46,47]

in the volatile species, /m;

Laser pulse profild(t)

Laser pulse duratiom s
One unit of dimensionless
variable is

Time t* = 2Dt

Distanceh* = ah, x* = ax
Velocity v* = v/aD
Temperaturel * = T/To
Intensity I * = 1 /aKTy
Fluence¢* = ¢a/cpTo

Dimensionless combinations

«?Dr

Surface modebg/Da
Volume modelky/ Da?
Ta/TO

L/cpTo

lot/T exp(—t/7)

108

10-8s
10~5cm
10%cm/s
300K
0.3 x 10° W/cn?
3% 1073 J/cn?

10°
10°
70
40

Triangular, I max at
t = 0.66trwHM

15x 10~% (FWHM)
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models [39], the temperature distribution near the surface fla TIME &°Dt

tens off. As a result one can subdivide theaxis into two 1
regions. In the reaction region, absorbed energy goes into t g\:l"’
enthalpy of decomposition reaction. In the conduction regior -
reaction rate is small and absorptionis balanced by changes s
temperature. The size of reaction region (for high velocities E
is of the order of 1.

3 Transient regimes

ITY v/aD, DEP

Stationary regimes described in the previous section are seQ
dom reached in ns laser pulses. Besides, they cannot explé 5
near-threshold behavior. For this reason we now conside'—'>J
non-stationary regimes, such as approach to a stationary s
lution and regimes with the time-dependent intensity. Withbm
high fluences screening effects determine the ablation ra ™
for almost any ablation mechanism [26, 31], whereas neal'éJ
threshold shielding is negligible. Therefore, to discriminate 2
between different ablation models one has to study nea <
threshold behavior. We will assume constant material paran
eters, zero ablation enthalhy= 0, and Stefan-type condition 2
(7a), as this allows us to derive analytical results and to pel{j
ceive distinctions from the surface models. Consideration ot
the temperature-dependent parameters usually does not le 0 1

2
to new qualitative effects, though it can change the numbeirs TIME o Dt
significantly. Fig. 4a,b.Onset of ablation for volume and surface models with constant in-
tensity @otted curve | /KTy = 20. Other parameters are given in Table 1.
Surface temperatur@s - solid curve fraction of broken bonds at the sur-
face ng - dashed curverecession velocity - dash-dot and ablated depth

3.1 Onset of ablation in Stefan-type problem h - dash-double dota Volume model. Ablation starts sharply, @t when
YPEP ner is reached at the surface. Ablated depth has a square-root behavior. Vel-

ocity v is singular near onset and approaches stationary value from above.

Let us consider the laser pulse with- ¢y,. A critical fraction Surface temperature stabilizes very fasSurface model. Smooth ablation
of broken bonds near the surface, is produced at a moment ©nset velocity remains always finite
of time te, (Fig. 4a).

Before the movement of the front starts, the profile of bro
ken bondsy, (or b in (11)) is parabolic neax = 0, (Fig. 5,
t < tg), because temperatuii€x) and reaction rat&(T(x))
have zero derivative at the surface. Thug,=att,:

INTENSITY /KT,

(12) within approximation (13):
1/2

ks(t'
S( )dt/

ter
h(t) = A(t - tcr)l/2 ’ A= ks(tcr)// 2
X2 o |k(t/)
b(X) ~ b +b"(x = 0 - (24) (26)

Here prime stands for spatial derivative. After the onset of

ablationn, (andb) continue to increase within the volume,

and the position of the front in the laboratory system “slides” _= [

over the pre-create, profile, in a way that keeps = ng, = < interface moves

constant (Fig. 5). n, increases
Let us estimate the timé&t =t —t, in which ablation j |——e----2- <

front arrives at the point. At the pointx, bincreases with the cr ‘ I<t,

rateb(x = 0, t¢;) (dot stands for time derivative). This is valid

with the accuracy aboutt andx?, as follows from Taylor

expansion. Thus, the time neededIfox) to reachby, is:

// _ 2
Atz =0 t)x? (25)
2b(X == 0, tcr)

h() DISTANCE x

Fig. 5. Distribution of the broken bonds within the material. Before the start
. . of ablation € < t¢), the profile is parabolic near the surface, which leads to
ator can be immediately calculated from (12). The numeratog, explosive onset of ablation &= te;. As interface movest& te), finite

can be found by integrating the second spatial derivative oflope ofn,(x) near the surface is formed self-consistently

This yields the dependence of ablated depta x on time
near onset of ablation. Because: 0 fort < t., the denomin-
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teor > ——
alg

This holds as long as < I, and C’OT""/In [CplTa l:o} . (31)
als Der

t—tor < Ks/ks & TZ/TaTs. (27)
3.2 Behavior of the surface temperature near the onset of
Square-root dependence loft) in (26) leads to an infinite ablation

velocity at the initial moment (explosive onset of ablation): with t > t., Ts will increase slower, or even decrease, due to
the movement of the ablation front. The Green function of the
A (linear) heat equation (4) can be obtained for arbitrgty =

V= 2t —te)l/2 (28) oh/ot. Its Taylor expansion for smali yields for the surface
temperature immediately after the onset of ablation

The derivativedn,/dax(x = 0) £ 0 anymore, but becomes h2 92T

negative, and, finally (for the constant intensity) approacheds ~ Ts(h =0) + = -5 (h=0.x=0.t =tc)) . (32)

its stationary value (Fig. 3,> t¢). ) )

Figure 4 shows differences in the onset of ablation inT(h=0) refers to the case without interface move_ment. Thus,
the volume model (upper part) and surface model (loweP€ar¢m, changes inls are only due to changes in the pos-
part). Parameters are when possible identical and listed #on of the frontin the laboratory frame — the interface pen-
Table 1. Initial heating stages are similar. In the volume modegtrates the temperature distribution created befolre ablation.
ablation starts sharply and the velocity is initially singu- With square-root behavior of ablated depth rteart,, in (26)
lar. (In reality velocity is restricted by physical constrains, this predicts a jump in the time derivativis immediately
for example, by the sound velocity). Such an “explosion”afterter. With 9<T/9x< from (15) (withL = 0):
may be responsible for the acoustic signal, which was fre- A2 . als(ter)
quently used to determine ablation onset [7,43]. In the sufs=Ts(h=0,t) + — (Ts(h =0, te)) —
face model ablation starts earlier in an Arrhenius-type fash- 2Ds
ion and velocity does not significantly exceed its stationaryVith A from (29) the resulting time derivative is equal zero,
value. The differences are most pronounced near the onset.ile., Ts ~ const. in (32). This explains whyls stabilizes
the later stages both models predict similar quasi-stationaryuickly (Fig. 4). It has the tendency to remain constant even
regimes. for I(t) # constant.

For the case depicted in Fig. 4, the surface temperature at
the onset of ablation increases. Assuming thah (26) is _

a slow function in comparison witks, and using the saddle- 4 Near-threshold behavior for short pulses

point method near= t.,, one obtains witlh from (14):
o (Tt 2D, \¥2
A <T—52) K e (als/Csst—l) ken bonds are accumulated within the bulk during the time
- 12 when the material is hot. Thus, thermal history of the speci-
2D men becomes important. With~ ¢, ablation starts after
= (e—athcr/erf 22Dt _1) : (29)  the laser pulse and after the maximum temperafiies
cr reached at = t,, (Fig. 6a). Formally, withp — ¢ +0, the
burst of ablation occurs at — co. With surface model
The second equality was obtained using (14), (15) (withFig. 6b) the onset of ablation is smooth, the maximum of
L =0). The third equality refers to the constant parametergblation velocity coincides with the maximum of surface tem-
and laser intensityA — oo if heat conduction can be neg- perature, and the velocity remains always small. For volume
lected (denominator in (29) equals zero in this case). Witfinodel, despite small total ablated depth, the maximum value
heat conductionTs is lower,te; increases, whilé\ decreases.  of velocity is very big (singular) even near the threshold.
With very strong heat conductioh — 0. Explicitly, A is al- Let us discuss the fluence dependence of the single-pulse
most independent on kinetic parameteysnd T, or on the  near-threshold total ablated depth and the value of threshold
intensity. It is determined rather by the profile and duration ofjuence. Near the threshold, ablation does not influence the
the laser pulseA does however depend on them implicitly, temperature and the reaction rate. Therefore, one can assume,

via ter. Using a saddle-point approximation (i.e., assuminghat the profileb(x), which is parabolic near = 0,
that the majority of bonds are broken just befag we ob-

(33)

Differences between the volume and the surface model are
even more pronounced for near-threshold ablation by short
pulses with variable intensity. With volume mechanism bro-

t=ter

tain from (12): b(x) & (ber + Ab) (1= X?/1Z(tm)) (34)
is created nedr~ t, when the reaction rate has a sharp max-
for T2 imum. Afterwards, all material wit(x) > b is ablated.
ber = / ks() dt = ks_l_ 5. . (30) Therefore total ablated depth per pulgé = co) is:
0 als t=ter Ab 1/2
h(oo) ~ [b—} ) (35)
Cr

For constant parameters estimation from below can be ob-
tained neglecting heat conduction (this is realistic for poly-To relateh(oco) to the parameters of the laser pulse, we apply
mers in the initial stage of heating): the saddle-point method netay.
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TIME &°Dt 5 Ablation curves: depletion of species and real ablation
w O 4 8 One of the main motivations for the development of the vol-
: : ume thermal model was the observation o$laarp onset
T, ; T (t ) a) of ablation in profile measurements asmhooththreshold in
' S r

mass loss studies. The preceding discussion shows that vol-
ume decomposition model results in a sharp onset of ablation.

This, in contrast to the behavior expected for a purely surface

process, explains the first part of experimental observations.

Arrhenius tails are observed on polymers in mass loss
measurements neafy, [8]. This does not contradict the
present model, as the aforementioned results refer to a layer-
by-layer material removal and crater formation, revealed in
profile measurements. The contradiction disappears, if we as-
sume that the tails are due to a sub-threshold degradation of
polymer. In a previous paper [44] we considered two different
processes: the creation of volatile species and their depletion
from the volume, and surface ablation. Within the present
picture both processes result from the same bulk reaction. It
breaks the bonds, destroys polymer chains, and may simul-
taneously create trapped volatile species (Fig. 2).

With ¢ < ¢, all volatile fragments result in a mass loss,
which requires out-diffusion of trapped species and occurs on
the s or evenms time scale. As volatile species and bro-
ken bonds are produced in a pyrolytic reaction (6), this results

INTENSITY 1/aKT, TEMPERATURE T /T,

VELOCITY v/aD, DEPTH ah, FRACTION OF BONDS n

0 4 8 in an Arrhenius tail. Withp > ¢y,, volatile species leave the
, material together with the ablation products. When ablation
TIME oDt ceasesnp(x = 0) < n¢) some of the volatile species still exist

Fig. 6a,b. Near threshold ablation with smooth laser pulse for volume andbelow the surface and leave the material later. This results in
surface models¢a/coTo = 133, other parameters are given in Table 1. gn additional mass los$/ (per unit area), which does not
facen, - dashed curveracession velodiy - dash-dos and ablated depth  CONTTIDUte 10 the ablated (crater) depi, which is due to

h- dassh—double dota’\e/olume model. Agljation occurs after the pulsepand the deplenon of s.pe.mes, IS propprtlonal to the,number of bro-
after the maximum surface temperatufg was reached at,. Despite ken bonds left within the material after ablation, i.e., at the
small total ablated depth, ablation velocity is very highSurface model.  timet = teng of ablation BECAUSE these species do not diffuse on
Maximum of velocity corresponds to maximum in surface temperature angdhe nstime scale, their spatial distribution repeats that of the

velocity is small near the threshold broken bonds and can be calculated as:

o0
272\ Y2
bcr+Ab=/kS(t)dm < ’T,S) ke
) ~TsTa
Np is the total concentration of virgin bonds, amd the mass

At threshold one should setb = 0, find the maximum tem-  of yolatile products produced per broken bong,/m is the
peratureTm(t = tm) and recalculate it into threshold fluence mass fraction, related to volatile species (per bond). It de-
using heat equation. As(co) oc Ab'/? in (35), andbe+ Ab  pends on the chemistry of the process, but it is always less
in (36) increases linearly with — ¢ (in the firstorder)h has  than one (for PI it is about 0.5 [12]). In previous investiga-

a square-root dependence ®r- ¢y With constant parame-  tjons the ablated depth was calculated from the total mass loss

o0 M ) o0
M = mvNO/nb(x)dx, hy = = = /nb(x)dx. (38)
(36) ) pm ,

t=tm

ters, andlo < Tm, hp+ M. This is erroneous, because the depletion of species
172010742 12 may take place without any change in the surface profile.
h(co) ~ = [ m 0} <¢_¢th) , In order to compare the predictions of the model with such
al|l Im ®th measurements, we introduced the “deplyy related toM,
% 1/2 and also the total effective “depth’+ hy,.
th ~ CrTa |: i ] , Y= Lz [%} , The dependence dfy on fluence is shown in Fig. 7 by
Ase | OmIn[y/v/Iny] berDa? | b, the dashed line. Below threshold, an Arrhenius-type behav-

(37) ioris found. At high fluences)y becomes almost constant;

it has a sharp maximum neay,. This is because above the
" = Der is the dimensionless pulse duratiof(t*) =  threshold, the modified region, left after the ablation ceases,
Iot o e terfe/t* — G () dt; the dimensionless tem- is smaller than the modified region for near threshold flu-
perature, andAs the absorptivity.lp and r are defined in ences. Figure 8 illustrates the matters. Before the start of

such a way thap = lpr. The (dimensionless) expressions inreal ablation, distribution oh, and of volatile species is
square brackets can be calculated for a given temporal profifgarabolic near the surface, i.e., rather wide. As ablation front
of the pulse. moves, the smooth top of this distribution ablates together
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FLUENCE gu/cpT,

Fig. 7. Contributions of mass loss via volatile speciag (dashed ling and
real ablationh (solid ling) to the overall effective ablated depth=hy +h
(dotted ling. Arrhenius tails below threshold are due to volatile species. In
this regiondashedand dotted linescoincide. Real ablation starts sharply.
Modification of material and loss of volatile specieg have a sharp max-
imum neargp
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Fig. 8. Schematic, that explains the maximum of subsurface modification
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Polyimide Kapton

volatile fragment @
broken
bond
~O) 5 *@“

virgin
bond

Fig. 9. Monomer of Polyimide Kaptoi H. Carbonyl groups constitute the
majority of volatile species for Pl and their cleavage produces broken bonds

primary lost species being CO molecules [46,47] (Fig. 9).
This is in agreement with mass spectrometry (QMS) per-
formed fornslaser pulses [48]. Activation energies for the
degradation of Pl are about5 eV [46,49,50], This agrees
well with the analysis of ablation data on the basis of a purely
thermal surface models for ns [26] and pulses [25, 29].

Figure 10 shows the modeling of the single-pulse ablation
of PIl. Experimental points are taken from [8]. In calcula-
tions we used the (modified) code developed in our previous
work [25, 33,44,51] as well as the method of moments de-
signed for similar problems [26]. Parameters are listed in
Table 1. The picture demonstrates all characteristic features
revealed by Fig. 7. The singularity in slope observed ggar
is smoothened if boundary condition (7b) or more realistic
conditions are used. Threshold for real ablation lies higher
than the value that follows from the linear or logarithmic fit
of ablation curve. The theory predicts discrepancy between

near threshold shown in Fig. 7. When ablation starts, volatile species are ab1ass-l0oss and profile measurements of the ordetOafm

lated together with the materiat,(x) distribution becomes more steep and

near¢y,. The decrease of ablation rate at high fluences re-

the total number of broken bonds (and volatile species) under the surface

decreases. See also Fig. 5

with the material. Distribution, which is left after the ab-

lation, is not parabolic. It is narrower, which decreases itsg
contribution to the depletion-related mass loss. An increase ifE,
surface modification aroungl, was observed in conductivity [y
measurements [45]. |<T:

The total effective ablated depth (dotted line) is monot-p/
onous with fluence, but may exhibit an inflection point or >
singularity in slope. Such a behavior, reported, for exampleQ
in [8] is inherent in the present model, and does not requiré=
additional mechanisms related to the screening of the incorrﬁ
ing radiation, and is due to the square root dependence of re@d
ablation on fluence negi.

FLUENCE ¢ [mJ/cm’]

Fig. 10. Experimental [8] and theoretical curves of Pl ablation KnF

R

2 80 -
2x10° =
60 lﬁl.:l
2

40
1x10° o
20}, o
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6 Example: single-pulse ablation of polyimide

measurements predicted by the theory, we consider singl
pulse ablation of polyimide (PI). It is known, that Pl can lose
up to50% of its weight in thermal degradation; The polymer
chain destroys mainly via the breaking of imide rings [12],

laser. Parameters used in calculations are listed in Table 1. Mass loss via
volatile speciedy (dashed ling real ablatiorh (solid line), overall effect-

ive ablated deptth; = hy +h (dotted ling. Calculated maximum surface

To estimate the differences between the mass-loss and profitenperatureTs (dash-dotted ling saturates when real ablation starts. If

@wovement of the boundary due to ablation is neglectedreaches un-
realistic temperatures-5x 10°K as in [24]. Arrhenius tails are due to
volatile species, real ablation starts sharply. The theory predicts that near
the threshold of real ablation the difference between mass-loss and profile
measurements is aboli®—20 nm
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quires the consideration of screening. However the absorptions
coefficient of ablated productg, is smaller than in the pre-
vious analysis [26, 33], as initial decrease in the slope of the ©
ablation curve is due to the square-root behavior (37).

The obtained fit is to a certain degree ambiguous. Namely,
with higher values oh,, the threshold fluence for the real

parable accuracy by simultaneously changing the valués of
andm,/m; (andag). Thus, the picture should rather serve as

a guideline for the experiments, which target to determine ther1.
discrepancy between the mass-loss and profile measurements
in single-pulse ablation. There exists an inherent difficulty 12-

in this type of experiments near the threshold. AFM works
best with small areas, where the mass loss is undetectable,

whereas QCM requires big ablated areas inconvenient for the4.

profile analysis by the AFM due to large-scale roughness of
the material.

sultin essential decrease of thickness of thin polymer film due
to free volume relaxation [52]. In polymers with hard chains

hand, with Pl such phenomena as “hump” and “dent” forma-

tion are observed [53]. They impede the AFM measurementgs.

of ablation kinetics near the threshold.

The loss of volatile species and subsequent recombinatio
of radicals may lead to a carbonization [9] of the material ;5
and a second threshold in multiple-pulse ablation [48, 54]. We

suggested an explanation of this effect on the basis of compe&26.

tition between the ablation and carbonization [27].

28.
29.

7 Conclusions

It is shown, that bulk photothermal degradation of polymers

under the action of laser light may result in ablation. Thegz;.

developed model differs in several respects from the surface

models. It predicts a sharp (explosive) ablation threshold an@2.

the differences in ablation rates measured by profilometry an%3
mass loss (aboutO nmfor Pl). Near-threshold ablation oc-

curs significantly after the end of the laser pulse, and has highg.

values of ablation velocity, despite small ablated depth per

pulse. A similar theoretical approach can be applied to HTSC35- yL
36. R. Srinivasan, B. Braren: Chem. R8@, 1303 (1989)

oxidic (ferroelectric) perovskites, and other materials, where
a depletion of species for fluences< ¢ is observed [3].

A more detailed comparison with the experimental resultsss.

requires the consideration of backward amdsubsequent
chemical transformations, changes in material properties, etcg.
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