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Abstract. The physical effects reducing the damage threshold of dielec-
tric films when exposed to multiple femtosecond pulses are investigated.
The measured temperature increase of a Ta,Os film scales exponentially
with the pulse fluence. A polarized luminescence signal is observed that
depends quadratically on the pulse fluence and is attributed to two-
photon excitation of self-trapped excitons that form after band-to-band
excitation. The damage fluence decreases with increasing pulse number,
but is independent of the repetition rate from 1 Hz to 1 kHz at a constant
pulse number. The repetition rate dependence of the breakdown thresh-
old is also measured for TiO,, HfO,, Al,O5, and SiO, films. A theoretical
model is presented that explains these findings. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1905343]
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1 Introduction

It is well known that the damage threshold fluence of di-
electric materials for multipulse exposures is lower com-
pared to single-pulse illumination, an effect that is some-
times called incubation.' > While this has been observed by
many investigators, there is little quantitative systematic
study concerning the physical origins of this effect. Optical
excitation of dielectric materials can result in the formation
of self—trapged excitons (STEs) and subsequently color
centers.®~'” These excitations can be long-lived with life-
times up to minutes, hours, and even months at room
temperature.®'” As such lattice defects can accumulate dur-
ing multipulse exposure, it is likely that they contribute to
the material incubation.

Systematic studies of femtosecond laser-induced dam-
age on oxide dielectric films revealed a dependence of the
single-pulse damage fluence Fy(1) on pulse duration 7,
and bandgap energy E, according to

Fn(1)~(cEg+c)) Ty, (1)

where ¢;=0.074+0.004Jcm fs *eV™!, ¢,=-0.16
+0.02Jem 2 fs™ %, and k=0.30+0.03 are material inde-
pendent constants.'®®) To obtain the critical incident flu-
ence when dealing with thin films, Eq. (1) must be divided
by a correction factor that takes into account interference
effects.!!® Equation (1) is explained as the result of the
interplay of multiphoton ionization and avalanche ioniza-
tion. Time-resolved studies of these films showed that a few
hundred femtoseconds after excitation, deep defect states
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are formed.'? For Ta,Os, for example, the single-pulse in-
cident damage threshold fluence varied from 0.60 J/em? for
7,=30fs to 1.8 J/em® for 7,= 1.3 ps.

The damage threshold fluence decreases from the single-
shot value F (1) with pulse number M until a saturated
value F (%) is reached.>>"* Illumination with a fluence
F<Fu(*) does not result in damage regardless of the
pulse number M.

In this paper, we present experimental and theoretical
results relating to femtosecond-laser-pulse-induced incuba-
tion effects in dielectric oxide films. The major results are
of general nature and should apply to most dielectric mate-
rials, where self-trapped excitons or color centers are
known to form as a result of optical excitation.

First, we present measurements of the dependence of the
damage threshold on pulse number and repetition rate. The
energy deposition into the material is studied by measuring
the temperature increase in the film as a function of pulse
fluence. The luminescence following excitation is studied
as a function of the excitation fluence and provides evi-
dence for the excitation of laser-induced defect states, such
as STEs. Finally, we present a phenomenological model
that can explain these experimental findings.

2 Experimental Section

All of the experiments were conducted on single-layer films
deposited on fused silica substrates. The excitation sources
were femtosecond-pulse Ti:sapphire oscillator-amplifier
systems operating at a wavelength of 780 and 800 nm with
a spatially Gaussian beam profile. The pulse durations var-
ied from 13 to 150 fs.

The measurement of the dependence of the breakdown
threshold fluence on repetition rate was performed on
TiO,, Ta,05, HfO,, Al,O4, and SiO, films, with an opti-
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Table 1 Sample parameters ng,, index of refraction at A=800 nm;
E,, bandgap energy; and m, order of multiphoton absorption.

Material no E,(eV) m
TiO, 2.39 3.3 3
Ta,05 217 3.8 3
HfO, 2.09 5.1 4
Al,O,4 1.65 6.5 5
SiO, 1.50 8.3 6

cal thickness of 6A/4 at 790 nm. These materials are com-
monly used in optical coatings. The films were deposited
using ion-beam sputtering (IBS). The samples were illumi-
nated with a burst of 100 pulses (7',,=30fs) at a center
wavelength of 800 nm. The material parameters are sum-
marized in Table 1. The technique used to measure the
damage threshold fluence was based on the measurement of
the ablation crater diameter as a function of the incident
pulse energy and extrapolation to a zero-diameter spot to
obtain the threshold ﬂuence corresponding to the center of
the Gaussian beam.”

The measurement of the dependence of the breakdown
threshold fluence on pulse number was done on a 6\/4
Ta,Os film deposited by IBS. The sample was illuminated
with 30-fs pulses at a repetition rate of 1 kHz. Depending
on the number of laser pulses, two techniques were used to
determine the breakdown threshold fluence. For the data
points with pulse numbers M <1000, the sample was illu-
minated by bursts containing a certain number of pulses.
The increased surface scattering of the laser light at dam-
aged sites is routinely exploited in damage detection.'® In
our experiment, the occurrence of damage was monitored
with a CCD camera-microscope detector. This enabled us
to monitor the intensity and distribution of light scattered at
the excited sample site.'® A distinct change of the scattered
intensity (pattern) of the weak amplified spontaneous emis-
sion was visible at the point of surface damage. For illumi-
nation we used the (amplified) spontaneous emission (ASE)
leaking through the amplifier. In a separate set of experi-
ments, we checked the scattering technique by off-line op-
tical microscopy. For the data points with M= 1000, we
measured the reflectance of the illuminated spot with a
weak probe pulse. The probe pulse arrived at the sample
approximately 1 ms after the main pulse and thus probed
the accumulated reflection change induced by the pulse se-
quence up to this point. A typical reflection curve as a func-
tion of pulse number M for a certain incident fluence is
shown in Fig. 1. The reflection gradually decreases with
pulse number. At a certain pulse number, the reflection sig-
nal increases sharply, which is the point at which damage
occurs. Note also that the reflection remains constant at the
decreased level if the pump pulse is blocked before damage
occurs. In this case, the reflection does not recover on a
time scale of several minutes. The experiment was repeated
for several fluences, each yielding a certain pulse number at
which breakdown was observed. For fluences slightly be-
low F (), the reflection decrease saturates after a certain
number of pulses.
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Fig. 1 Reflection of a weak probe pulse incident <1 ms after the
main pulse as a function of the pulse number. The arrow indicates
the onset of visible damage.

The damage detection techniques based on the scattering
method and the ablation crater diameter analysis were
cross-checked and provided' identical results within
*10%. The damage threshold determined with the scatter-
ing method and the technique based on the monitoring of
the probe reflection were compared for M =1000 pulses
and found to agree within *=5%.

The energy deposition into a magnetron-sputtered Ta,Os
film was characterized by the induced temperature change.
The optical thickness of the film was 10A/4 at 780 nm. To
this end, a sensitive laser calorimeter was built and
calibrated.'” The sample was illuminated with 150-fs pulses
centered at 780 nm at a repetition rate of 1 kHz. The pulse
fluence was adjusted by changing the laser spot size on the
sample while keepmg the incident pulse energy_ (0.2 mJ)
constant, with a maximum fluence of 0.4 J/cm®, slightly
below the breakdown threshold.

To study the luminescence, we focused a 100-MHz rep-
etition rate, 13-fs laser pulse train from the oscillator with a
microscope objective onto a 2A/4 thick Ta,Os IBS film.
The luminescence was recorded with a grating spectrom-
eter and a CCD camera.

3 Results

Figure 2 shows the damage threshold as a function of rep-
etition rate for 100 illumination pulses for five different
oxide films. The curves show that within experimental er-
ror, the multiple-damage threshold does not depend on the
repetition rate in the tested region from 1 Hz to 1 kHz. This
is in agreement with our observation that the damage
threshold depends only on the total number of delivered
pulses regardless of the illumination scenario. Identical
thresholds were observed for illumination with sequences
of bursts of pulses of varying length and duty cycle as long
as the total number of pulses was kept constant.

The damage threshold fluence data as a function of pulse
number for a Ta,Os film is shown in Fig. 3. The smgle -shot
incident threshold fluence was''® Fy(1)=0.6 J/em? at T
=30fs. The threshold fluence decreases with increasing
pulse number and saturates at a value Fy(*)=0.67
X F (1) at M~ 1000. These observations are in agreement
with the results of a round-robin experiment done on high-
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Fig. 2 Incident damage threshold fluence as a function of pulse
repetition rate for illumination with M=100 pulses and 7,=30fs.
Results are shown for five different oxide films.

reflection mirrors and antireflection coated windows, where
the coatings were made of Ta,0s/SiO, layers.”® In
contrast, in multishot experiments2 performed on bulk
fused silica, CaF,, and LiF samples F(°) is reached al-
ready at M <100.

The average temperature increase of a Ta,Os film as a
function of pulse fluence is shown in Fig. 4. The logarithm
of the temperature change increases approximately linearly
with the fluence.

The exposure of a Ta,0s film is accompanied by a weak
luminescence centered at Awz~2 eV. The luminescence
polarization is strongly peaked in the direction of the po-
larization of the excitation pulses. Figure 5 shows the de-
pendence of the luminescence power on the incident pulse
intensity. The fit line represents a quadratic dependence of
the luminescence power on the laser fluence. Note that the
luminescence spectrum does not extend to energies greater
than twice the photon energy of the excitation pulse 24 w; .
The maximum fluence used in the experiment was ~0.1
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Fig. 3 Damage threshold fluence as a function of the number of
illumination pulses. The data represented by the hollow squares
were collected under slightly different experimental conditions and
were normalized to the other data points. The solid line is the result
of simulations using the model based on Egs. (3) with parameter
values given in the text. The dashed line is a fit of the approximate
analytical model, cf. Eq. (5). The material was a Ta,Os film depos-
ited on fused silica. The repetition rate was 1 kHz.
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Fig. 4 Average temperature change (log plot) of the Ta,Os film as a
function of the incident fluence. The illumination took place with a
1-kHz, 150-fs pulse laser at 800 nm. The solid line is the result of
simulations using the model based on Eq. (3) with the same param-
eter values as in the case of the solid line in Fig. 3.

J/em?, slightly below the breakdown fluence'® F ()
=0.16J/cm® at 7,=13fs.

4 Discussion and Modeling

Two mechanisms can contribute to the generation of con-
duction band (CB) electrons—photoionization and electron
impact ionization, the latter of which can result in an expo-
nential increase of the number of excited electrons (ava-
lanche ionization) during the excitation. For pulses longer
than a few tens of picoseconds, the applicability of the
avalanche ionization model to intrinsic, bulk, single-shot
laser damage was refuted based on experimental evidence.'
In the ultrafast pulse domain, the relative contribution of
the two effects and their deqendence on material and pulse
parameters are still debated.'® 2" A rate equation for the CB
electron density was successfully applied to interpret ex-
perimental breakdown threshold data in the subpicosecond
pulse regime.>!!@16.1821.22 Within the framework of this
model, the initial energy deposition into Ta,Os at an
800-nm laser center wavelength takes place through a com-
bination of photoionization and avalanche ionization:
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Fig. 5 Luminescence signal at 550 nm from a 2\/4 Ta,O; film as a
function of pulse fluence (100 MHz, 13 fs). The solid line represents
a fit to a parabola.
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Fig. 6 Energy level diagram of Ta,Os: VB, valence band; CB, con-
duction band; level D, shallow trap; and level S, self-trapped exciton.

dNcg(1)

G = @Nes(DI(1) +Bs1(1)*, (2)
where I(¢) is the laser intensity inside the film, and « and
B are the avalanche and the three-photon absorption coef-
ficient, respectively. Damage occurs when a critical elec-
tron density'®?* is reached in the CB, which is of the order
of Nep o= 10> cm™3. This model leads to the pulse dura-
tion and bandgap scaling expressed'! in Eq. (1), valid for
single-pulse damage. For our simulations, we used a@=10.5
em”/J and B3=5.9X 10** cm® fs*/J*, which were obtained
from single-shot breakdown threshold fluence data re-
corded as a function of pulse duration.''®

Our modeling is based on the energy diagram sketched
in Fig. 6. Once in the conduction band, electrons can relax
to the valence band (VB) with a characteristic time constant
Typ or decay into shallow traps (D) and STEs (S) with time
constants T, and T, respectively. The latter processes are
assumed to follow bimolecular decay laws. The density of
self-trapped excitons saturates at a certain value Ng ...
STEs are well-known lattice defects observed in many
wide-gap dielectric materials. Time-resolved pump probe
measurements have shown that defects, possibly STEs,
with a binding energy larger than the single photon energy
at 800 nm (1.55 eV) form a few hundred femtoseconds
after excitation in TiO,, Ta,Os, and HfO, films.'? These
STEs are long-lived and can accumulate during illumina-
tion by a sequence of pulses. Shallow traps are typical for
coatings and manifest themselves as small tails in the trans-
mission spectrum near the bandgap observed in our oxide
films.

The quadratic fluence dependence of the luminescence
signal shown in Fig. 5 and the cutoff of the spectrum at
2h w; suggest that the STEs can be excited by the near-IR
(NIR) femtosecond pulses through two-photon absorption.
STE luminescence is known to be polarized due to the
well-defined transition dipoles associated with the corre-
sponding electron-hole recombination.’* As the structure of
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our investigated films is nearly amorphous, the STE ab-
sorption and fluorescence behavior is controlled by dipole
moments that are randomly oriented. However, excitation
with a linearly polarized laser is expected to result in a
polarized luminescence that peaks along an axis that is par-
allel to the laser polarization.

Figure 6 shows the simplest energy diagram that is in
accord with the experiments. The double-level structure in
the forbidden gap can explain a defect binding energy in
excess of 1.55 eV, the two-photon STE recombination lu-
minescence, and the fact that the self-trapping process oc-
curs through non-radiative processes at room temperature.

The electron density in the CB is described by the fol-
lowing set of rate equations:

dNcg(?)
%:aNCB“)I(f)+B31(’)3+0SNS(’)[(I)3
Neg(1) Np(t)
+opNp(t)I(t)— CTBD (I_Nl[;mx
_ Neg(1) (1— Ns(t))_Ncs(H
Ts NS.m’er TVB '
dNg(1) 3 NCB(T)( _Ns(’))
o = osNsI0™ = =l1-g ) ()
dNp(1) Ncg(1) ND(’))
dr _—GDND(t)I(,)+ Tp 1_ND.m;n( '

where N and N are the number densities of shallow traps
and ground-state STEs, respectively; Np ma and N ., are
the maximum shallow trap and STE densities, respectively;
and the quantities 3Aw; oy and hw; o, are the three- and
one-photon absorption cross sections of the STEs and the
shallow trap states, respectively. We neglected the effects of
the weak luminescence on the occupation numbers. The
two-step resonant ionization of the ground state STEs was
approximated with a three-photon absorption process.

The production of seed electrons in the CB that start the
avalanche process can proceed via three channels—(1)
multiphoton ionization from the VB, (2) two-photon ab-
sorption by the STE followed by a one-photon ionization
(lumped into a three-photon ionization), and (3) one-photon
ionization of shallow traps. Avalanche ionization acts then
on these seed electrons and can lead to a significant in-
crease in Ncg. Because of a resonant intermediate level,
the rate of CB electron production through channel 2 can be
comparable to that of channel 1 if a certain STE density is
reached. Thus, the damage threshold is expected to de-
crease with pulse number. Saturation of the exciton density
is responsible for the saturation of the damage threshold at
large pulse numbers. If Nj .«<<N, the ionization of shal-
low traps has a significant effect (relative to channels | and
2) on the CB seed electron production only at low fluences.

Simulations based on Egs. (3) were performed to repro-
duce F (M) and the fluence dependent temperature behav-
ior simultaneously. The quantities og and N .. were ad-
justed to match the pulse number, where the threshold
fluence saturates, and the ratio F,(%)/Fy(1). To explain
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the temperature increase A7 of the film and its dependence
on the incident fluence we assume that a steady state has
been reached, where the CB excitation produced by one
pulse completely relaxes before the next pulse arrives. We
further assume that the temperature increase is proportional
to the number of electrons excited to the CB by one exci-
tation pulse, which represents the total energy deposition
into the material. We adjusted N .. to reproduce the ap-
proximate linearity of the log(A7) versus F dependence,
where the o, value was set such that all of the shallow
traps are ionized by each consecutive pulse for our experi-
mental fluence regime. If Np .. is too small, the log(AT)
versus F curve deviates from a straight line at low fluences,
resulting in A7 values smaller than what was observed ex-
perimentally. We adjusted 7'y relative to a preset 7. The
simulation results were normalized to the experimental
data. Since the breakdown threshold is independent of rep-
etition rate from 1 Hz to 1 kHz, we can conclude that the
relaxation times T, Ty, and Tyg are much shorter than 1
ms.

The result of the simulation is shown by the solid lines
in Figs. 3 and 4, obtained with 7,=200fs, T¢=1 ps,
Tyg=1.1ps, op=500cm?/J, os=390cm®fs%/J%, Np max
=5%10"cm 3, and Ng =10 cm™3. With this set of
parameter values, the model can explain the most important
features of the experimental data. However, the extracted
value for the upper limit of the STE density N ., seems to
be too large, while Ty is too small. The reason why a large
N max value is predicted by the model can be understood as
follows. Saturation of the decrease of F, occurs when the
maximum defect density is reached. Due to the fast creation
of STEs, a large number of electrons are trapped after each
pulse. Therefore, an Ng ., much larger than the CB elec-
tron density produced by one pulse is necessary to allow for
a slow, gradual decrease of F, with M. With a much larger
Tyg (ie., Tyg/Ts>1), Ng . increases to just a few times
10**cm ™. The introduction of a transient state in the
model that decays into a final metastable state (STE or
color center) with low efficiency would lead to a lower
maximum defect density value. The exact physical origin
of such an intermediate and final state in Ta,Ojs is not clear
at this point. For SiO, and CaF,, however, formation of
different types of color centers by photoexcitation of hole
and electron self-trapped states was observed.”*® A lower
value for the critical electron density, Ncg . would also
result in a lower maximum defect density.

The ionization of shallow traps with a density of ap-
proximately 10'® cm™3 makes sure that the linearity of the
log(Ncg) versus F curve is maintained not only at high, but
at low fluences as well. However, the existence of shallow
traps does not affect the breakdown threshold as direct
band-to-band excitation and STE ionization dominate the
CB electron production at high fluences.

The approximately linear behavior of the log(AT) versus
F curve can also be understood based on Eq. (2), if we add
the effect of shallow traps and STEs. Under steady state
conditions, the ionization of STEs can be lumped into a
constant effective three-photon absorption coefficient, so
that 85 in Eq. (2) can be replaced by B3 =831t 05N max -
It o is large enough, the shallow defects are fully ionized
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by the leading edge of each laser pulse through one-photon
absorption even at low fluences. In the steady state, this
leads to a constant contribution to Ncg. Therefore, the
electron density trapped in the shallow defects can be con-
sidered as a “‘background” CB electron density with a
value equal to Np ..«» Which does not relax between con-
secutive laser pulses. With these assumptions, Eq. (2) was
solved analytically for Ncg assuming pulses with a square-
shaped temporal profile. We obtain for the CB electron den-
sity excited by one pulse, which is proportional to the tem-
perature increase:

*

1

_+_ ——
: exp(aF)

NCB-_—ND.muxeXp(aF) 1

L

ND.max

where the parameter N* = Blcﬁ»Fz/(an,). If the laser beam
has a spatial profile, F describes the fluence at a certain
location within the beam, for example, at the beam center.
The limits of Ncg in the low- and high-fluence regimes are
Np maxexp(aF) and Np .. exp(@F)N*INp ax, Tespec-
tively. On a logarithmic scale, the leading term in both
cases, Fa log(e), is linear in F. Note that without the back-
ground electron density (shallow trap states) and/or without
the avalanche ionization term the linear behavior of
log(Ncp) versus F cannot be reproduced.

We note that replacing the bi-molecular term describing
the CB electron trapping into state S in Eq. (3) by a mono-
molecular term leads to qualitatively similar results. How-
ever, the assumption of a maximum possible STE density is
still necessary in order to obtain the saturation behavior of
the damage threshold fluence as a function of pulse number.

To explore the parameter dependencies of the model ex-
pressed by Egs. (3) and to suggest a practicable fit function
to multiple pulse damage data we attempted an approxi-
mate analytical solution. As explained earlier, for fluences
near the critical fluence we can neglect the effect of the
shallow traps. With the simplifying assumption that in the
absence of STEs each (temporally square shaped) pulse ex-
cites N electrons to the conduction band that relax com-
pletely either into STEs or back to the VB before the next
pulse arrives, we can calculate the number of STEs after
M —1 pulses.”® The next excitation pulse produces a CB
electron density Neg(M)~F?B3G 1, *{1+0' N [ 1—(1
—TygB/Ts)Y 11}, where o'=05/B3, B=Nc/Ng max»
and G is the electron multiplication factor due to avalanche
ionization that is assumed to be independent of the laser
fluence. Damage occurs at a pulse number M’ for which
Ncg(M')=N, . This leads to a damage fluence as function
of pulse number:

3 3 3 3 Tyg ,\""'
FAON=Fa) + () - Ry 1-228] )

where Fi(1)=N,m/(B3G) and Fy(=)=Fy(1)/(1
+0'Ng max)- The dashed line in Fig. 3 shows the graph
according to F,()/Fy(1)=0.675 obtained from the data,
and a best fit value for (1—=BTyp/Ts)=0.991. A value
BTyg/T¢<<1 is in agreement with Ng ....>Nc predicted by
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the numerical model based on Egs. (3). The parameter val-
ues used in the numerical model yield BTyg/Ts=3
X 1074,

5 Summary

Femtosecond-laser-pulse-induced incubation effects in
Ta, 05 films were investigated experimentally and theoreti-
cally. In addition, the repetition rate dependence of the
breakdown threshold fluence was also measured for TiO,,
HfO,, Al,O;, and SiO, films. The observed incubation
behavior of Ta,O5 shows similarities to the incubation be-
havior of TiO,, HfO, (Ref. 12), and SiO, (Ref. 24). These
results suggest that the conclusions of our experiments on
Ta,Os are also applicable to other dielectric materials.

The decrease of the damage threshold with the pulse
number was explained with the accumulation and ioniza-
tion of self-trapped excitons. The formation of these exci-
tons occurs on a time scale much faster than 1 ms and the
lifetime of these defects exceeds tens of minutes. This ex-
plains the observation that the damage threshold is indepen-
dent of the repetition rate from 1 Hz to 1 kHz. Resonant
excitation of the excitons results in a weak luminescence
whose quadratic dependence on the excitation fluence is
characteristic for a two-photon absorption. A rate equation
model for the CB electron density that includes STEs and
shallow traps was solved to explain the multiple-pulse dam-
age behavior. This model was also successfully applied to
reproduce the measured temperature increase of the film
and its dependence on the excitation fluence. According to
the model, the STEs control the dependence of the damage
threshold fluence on the pulse number, while the shallow
traps are necessary to reproduce the observed temperature
increase at low fluences.
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