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Femtosecond laser pulse induced breakdown in dielectric thin films
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Laser-induced breakdown of a high-quality mirror consisting of alternatingl/4 layers of Ta2O5 and SiO2

and a single 500-nm thin film of Ta2O5 were studied with amplified and unamplified femtosecond pulses. The
experimental data can be fitted with a model taking into account multiphoton absorption, impact ionization,
and local intensity enhancements due to interference effects in the films. Incubation effects are observed when
the coatings are damaged with multiple pulses from a femtosecond oscillator. The results indicate that state of
the art, high-quality thin films show a damage behavior that is similar to bulk materials. Defects and impurities
play a negligible role.
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I. INTRODUCTION

The study of pulsed laser induced breakdown of thin fil
has been a subject of interest since the 1970s because o
need for optical coatings with high damage thresholds~see,
for example, Ref. 1 and references therein!. The breakdown
of thin films induced by nanosecond and picosecond pu
was explained on the basis of a thermal model involv
absorption by impurity centers and subsequent h
diffusion.2 The threshold fluence was found to scale with t
square root of the pulse durationAtp. Recent work has con
centrated on the damage of bulk dielectric materials w
femtosecond~fs! pulses. The damage phenomena is found
be highly deterministic in this regime. With femtoseco
pulses, energy is deposited into the material before any
ergy transfer to the lattice can occur. Hence the theory
bulk damage with long pulses3 ~.10 ps! which is based on
avalanche ionization, free-carrier absorption~inverse brems-
strahlung!, and subsequent energy transfer to the lattice d
ing the pulse is not applicable.

Dielectric breakdown in the femtosecond regime can
explained by the nonlinear excitation of electrons to the c
duction band via processes such as avalanche ionization,
neling ionization, and multiphoton absorption. When t
conduction-band electron density reaches a critical pla
density of ncr51021 cm23 ~for l;800 nm!, the material
absorbs strongly through the process of inverse bremss
lung resulting in ablation and permanent structu
changes.4,5 With recent advances in coating technology, th
films of very high quality can be produced. The breakdo
of these films is expected to approach the limits determi
by the intrinsic properties of the material rather than by i
purities and defects.

In this paper we study femtosecond pulse induced bre
down of a single Ta2O5 thin film on a fused silica substrat
and of a broadband dielectric mirror consisting of alternat
quarter-wave layers of Ta2O5 and SiO2 (l5800 nm!. The
layers were deposited by ion beam sputtering~IBS!. Dielec-
tric coatings produced by IBS are known for their nea
bulklike refractive indices, low optical losses, and hi
0163-1829/2001/63~4!/045117~5!/$15.00 63 0451
s
the

es
g
at

h
o

n-
f

r-

e
-
n-

a

h-
l

n
d
-

k-

g

breakdown thresholds, see for example Refs. 6 and 7.
A model that considers multiphoton absorption, impa

ionization, and local intensity enhancements due to inter
ence can be used to fit the experimental data. We com
breakdown induced by single pulses from an amplifier
breakdown with pulse trains from a femtosecond oscillato
investigate the effects of incubation.

II. EXPERIMENT

The multiple shot experiments were performed w
pulses from a femtosecond Ti:sapphire oscillator. This la
produced 10 fs pulses at 800 nm with an average powe
300 mW and 100-MHz repetition rate. The single shot e
periments used pulses after amplification in a multip
1-kHz repetition-rate amplifier. A schematic diagram of t
experimental setup of the breakdown studies is shown
Fig. 1.

The high fluences required for inducing breakdown w
pulses directly from the oscillator without amplification we
obtained by tightly focusing the pulses with a high-numeri
aperture (NA;0.6) microscope objective. The objective
radial dispersion properties were carefully characterized
ing spectral interferometry.8 The information was used to
precompensate the second- and third-order dispersion o
objective with a fused silica prism pair and a third-ord
dispersion mirror. The autocorrelation for the shortest pu
duration at the focus was measured to betp;13 fs with a
two-photon photocurrent detector.9 Translating one prism al-
lowed us to tune the pulse duration continuously between
and 100 fs. Thev1/e2 spot size at the focus was measured
be 600650 nm by scanning a metallic edge across the foc
The maximum pulse energy at the focus was;1.5 nJ.

The threshold pulse duration was measured as a func
of the incident fluence. Figure 2 summarizes the experim
tal results obtained with the mirror. For every data point t
pulse energy was kept constant while the pulse duration
decreased by translating one prism in the prechirper u
breakdown occurred. The pulse fluence could be adjus
with a set of calibrated neutral density glass filters. The
©2001 The American Physical Society17-1
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currence of damage was clearly visible as a change in
scattered light intensity and distribution on a screen beh
the sample. Since the sample was illuminated with an infin
pulse train, rapid ablation occurred once the threshold p
duration was reached. It should be noted that the breakd
threshold is extremely sharp. For pulse durations 1 fs lon

FIG. 1. Experimental setup for multiple shot studies with
oscillator and single shot studies with an amplifier. For single s
studies with the amplifier the focusing element is af 550 cm lens
and the variable attenuator consists of al/2 wave plate and polar
izing beam splitter combination. For multiple pulse studies do
with a pulse train from the oscillator, the focusing element is
1003/0.6 objective and the variable attenuator is a calibrated se
filters. The CCD camera was used in the single pulse experimen
monitor the scatter from the excited spot.

FIG. 2. Measured threshold pulse duration as a function of
incident pulse fluence for multiple pulse studies done on the mi
with the oscillator. The solid line is a fit of the model described
the text.
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than the threshold, exposure of one and the same spo
several minutes did not lead to damage. Once the pulse
ration was decreased breakdown with no visible time de
occurred. Also, the breakdown thresholds did not depend
how long the sample was preexposed to the pulse trai
levels below the breakdown threshold.

In the single-pulse experiments, amplified pulses were
cused onto the sample with af 550 cm lens. Thev1/e2 spot
size at the focus measured by scanning a slit across the b
was found to be 6362 mm. The pulse energy could be tune
with a combination of al/2 plate and a polarizing beam
splitter. The energy of each pulse was monitored with a c
brated photodiode. The pulse duration was changed by
ing the prism pair compressor of the amplifier. We mo
tored the scattering of the amplified spontaneous emis
~ASE! from the focal spot with a charge-coupled devi
~CCD! camera, although we did not resolve the illuminat
site microscopically. Any pulse-induced changes of the sc
ter from the spot when illuminated by only the ASE~seed
pulses from the oscillator were blocked! indicated damage
While similar to the detection by a photodiode, the tw
dimensional detection of the scattering distribution proved
be more sensitive. We confirmed the accuracy of this met
in a separate set of experiments where we observed the
cited spot with a microscope. The sample was translated
erally after each shot to exclude pulse accumulation~incuba-
tion! effects.

Figure 3 shows the measurements done on the high
flecting mirror and the 500-nm Ta2O5 single layer. For each
data point the pulse duration was set with the compres
and the pulse energy was tuned with thel/2 plate to find the
breakdown threshold.

III. THEORY AND DISCUSSION

All breakdown experiments showed a very sharp and
producible threshold behavior which is characteristic

t

e
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e
r

FIG. 3. Measured threshold pulse duration as a function of
incident pulse fluence for the high reflecting mirror~dots! and the
500-nm-thick single layer~hollow squares! under single shot illu-
mination. The solid lines are a fit of the model described in the te
The dashed line is a curve with local intensity factorq50.9 anda
andb3 from the fit to the single layer. The dash-dot line is the fit
the multiple shot mirror data from Fig. 2 shown here again
comparison.
7-2
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damage of bulk materials induced by femtosecond pul
Together with the observed dependence of the threshold
ence on the pulse duration, this suggests that the breakd
is due to intrinsic properties of the samples rather than du
impurities and defects.

Intrinsic breakdown of dielectrics can be explained
carrier generation due to high field ionization and imp
ionization. If the so generated density of electrons in
conduction band reaches a critical value (ncr;1021 cm23)
breakdown occurs.4,5 The carrier generation is controlled b
the local pulse intensity. Figure 4 compares the stand
wave intensity distribution in a single 500-nm film with th
in the mirror structure. The mirror consists of a Ta2O5
quarter-wave (l5800 nm! layer followed by 13 pairs of
SiO2/Ta2O5 quarter-wave films and the fused silica substra
From Fig. 4 one can expect that the breakdown fluence
the mirror is below that for the single layer. Also the mirr
is most likely damaged at the first interface between Ta2O5
and SiO2. As will be explained below, the excitation is con
trolled by multiphoton absorption. Ta2O5 (SiO2) has a band
gap of ;4.1 eV ~9 eV!. With our excitation wavelength
~;1.55 eV! we need a three-~six-! photon absorption to
excite Ta2O5 (SiO2). Thus breakdown is likely to occur firs
in the high-index Ta2O5 layer. This was confirmed by ex
periments that yielded a breakdown threshold for SiO2 that is
;4 times higher.

The rate of excitation of electrons to the conduction ba
in the presence of a strong electric field was derived
Keldysh.10 The exact Keldysh expression simplifies to
expression for multiphoton absorption in the low-field, hig
frequency limit, and to the tunneling expression in the lo
frequency, high-electric-field limit. It turns out that for ou
range of excitation intensities and a broad range of redu
electron-hole masses,mr.0.2me ~where me is the free-
electron mass!, the exact Keldysh field ionization can be a
proximated by a multiphoton absorption process.

The other important mechanism for electron excitation
avalanche or impact ionization. The electrons excited to
conduction band by strong field ionization undergo osci

FIG. 4. Standing-wave intensity distribution in a high reflecti
mirror consisting of 13 pairs of alternatingl/4 layers of Ta2O5 and
SiO2 ~solid line! and in the 500-nm single layer~dotted line!. The
mirror-coating sequence isS(HL)13HA, whereH is the high refrac-
tive index Ta2O5 (nH52.1) l/4 layer, L is the low index
SiO2 (nL51.45) l/4 layer,S is the substrate, andA stands for air.
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tions in the electric field. During these oscillations, they s
fer momentum and energy changing collisions with the l
tice. This process of inverse bremsstrahlung transfers en
to the electrons in the conduction band. When the kine
energy of these electrons exceeds a certain critical valueec ,
other electrons can be excited to the conduction band
collisions ~impact ionization!. The value of the critical en-
ergy is given by11

ec'1.5S Eg1
e2EL

2

4mervL
2D , ~1!

whereEg is the band-gap energy,e is the electron charge,EL
is the electric field,vL is the carrier frequency of the inciden
electric field, andmer5(1/me* 11/mev* )21 is the reduced ef-
fective electron mass withme* being the effective electron
mass in the conduction band andmev* being the effective
electron mass in the valence band.

The flux-doubling model used by Stuartet al.4 results in
an impact-ionization rate that is proportional to the intens
For it to hold the rate of impact ionization given b
ecP@(e2ec)/ec#

2, whereP'21 fs21 ~see Ref. 11!, must be
much greater than the rate of Joule heatingsEL

2 wheres is
the conductivity. This is equivalent tosEL

2/Pec!1 which is
satisfied for our experimental conditions if we uses5smax

5e2/(2me*vL) and assumeme* 5mev* 5me . In the flux-
doubling limit every conduction-band electron that reache
kinetic energy ofec immediately undergoes an ionizing co
lision leaving essentially no electrons with kinetic ener
greater thanec in the conduction band.

Using the approximations explained above, the rate
electron excitation to the conduction band can be written

dn

dt
5a n~ t !q I~ t !1bm@q I~ t !#m, ~2!

where a is the impact-ionization coefficient,bm is the
m-photon absorption coefficient,I (t) is the incident pulse
intensity, andq is a correction factor that takes into accou
interference effects in the coatings, cf. Fig. 4.

The solution to Eq.~2! for a pulse with a Gaussian tem
poral profile andm53 is given by

n~ t !5eg(t)F S 4 ln 2

p D 3/2

b3S qF

tp
D 3E

2`

t

e23a2x22g(x) dx1n0G ,
~3!

whereg(z)5(qaF/2)@erf(a z)11#, a52Aln 2/tp , n0 is the
background electron density,tp is the pulse duration, andF
is the pulse fluence. The coefficientsa andb3 are unknown
and are to be determined from the experimental data. To
end we fit the single pulse data of the 500-nm layer w
n(`)5ncr , wheren(`) is determined from Eq.~3!. The fit
with the local intensity factorq50.53 is shown as a solid line
in Fig. 3 and yieldsa51061.0 cm2 J21 and b359.665
31024 cm3 fs2 J23. The error bars are due mainly to the u
certainty in the spot size measurements. A fit of the mode
the mirror data with the local intensity factorq50.9 ~cf. Fig.
4! gives a59.761.0 cm2 J21 and b357.261.531024

cm3 fs2 J23. This is in good agreement with the material p
7-3
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rameters obtained from the study of the single layer. T
main difference between the mirror and single-layer data
the different intensity enhancement factorq. To illustrate this
we calculated the damage threshold usinga andb3 from the
single layer andq from the mirror. The so obtained dashe
line ~cf. Fig. 3! agrees well with the experiment.

The fit values are insensitive to the value ofn0 for n0
<1018 cm23. The value ofa shows an order of magnitud
agreement with those observed for other~bulk! dielectrics.4,5

The fit value of the three-photon ionization coefficientb3 is
typical for a three-photon band-gap material predicted
Keldysh’s theory.10 Under the assumption thatmr5me , a
cubic fit to Keldysh’s exact model predictsb3'1025

cm3 fs2 J23 for a three-photon band-gap material.
A closer inspection of Eq.~3! with the values fora and

b3 obtained from the single shot experiments reveals that
short pulse durations~;20 fs! about 30% of the carriers ar
generated by multiphoton absorption. The contribution
avalanche ionization to the free-carrier generation increa
with increasing pulse durations over the measured range,
reaches about 96% for 140-fs pulses. This is in accorda
with the predictions4 that multiphoton absorption plays
large role in the carrier generation in the short pulse limit a
avalanche begins to play an increasingly dominant role as
pulse duration is increased.

Multiple pulse accumulation effects~incubation! are
known to lower the breakdown threshold of materials.12,13

This is also supported by our measurements with the p
train from the femtosecond oscillator, cf. Fig. 2. On the oth
hand, the functional dependence of the threshold fluence
the pulse duration for the single and multiple pulse cas
very similar. This suggests that the principal damage mec
nisms are the same. The exact physical nature of the inc
tion is largely unknown and depends on the material.
discuss our multiple pulse data let us distinguish betw
two different accumulation effects—~i! accumulation of elec-
trons in the conduction band governed by an effective re
ation timet and~ii ! a continuous material modification du
ing the excitation by the pulse train.

To include~i! we add a relaxation termn/t to Eq. ~3!. If
we neglect the relaxation during the femtosecond pulse
citation we obtain an electron density afterN pulses

nN5eqaFF S 4 ln 2

p D 3/2

b3S qF

tp
D 3E

2`

`

e23a2x22g(x) dx1n0G
3

12pN

12p
2n0

p2pN

12p
, ~4!

where p5exp(qaF2T/t) with T being the time period be
tween two successive excitation pulses. To be consis
with our experimentsp,1 must be satisfied. Otherwis
breakdown would occur after a sufficiently large numberN
of pulses independent of the fluence. Forp,1, the limit
n(N→`)5n` can be calculated from Eq.~4! and the result
can be used to fit the data. Note that the limitp→0 repro-
duces the single pulse result of Eq.~3!. The quantityt is a
phenomenological decay time that describes effects suc
carrier recombination, trapping and diffusion. Recent exp
ments on other dielectric materials suggest that the valu
04511
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t<1 ns.14 Figure 5 shows the dependence of the fit resu
for the multiphoton absorption and impact-ionization coe
cients as a function oft over a range for whichp,1.

For t,1 ns the fit is independent oft and yieldsa
59.062 cm2 J21 andb35663.531025 cm3 fs2 J23. Again
the errors are due mainly to uncertainties in the spot s
While a agrees with the value obtained from the single pu
experiment, the multiphoton coefficient is larger by about
order of magnitude. Hence incubation effects of type~i!
alone cannot explain the experimental data. The nature o
observed incubation is such that it affects the generation
seed carriers on which the avalanche ionization acts. The
an effective increase in the multiphoton absorption coe
cient b3 which can arise due to material modification@incu-
bation processes of type~ii !# caused by, for example, stres
development due to defect formation12 or a change in the
deformation potential.

IV. SUMMARY

Damage induced on Ta2O5 single layers and a mirror con
sisting of Ta2O5/SiO2 pairs of quarter-wave layers was stu
ied with single femtosecond pulses and pulse trains. T
breakdown is highly deterministic and can be explained
multiphoton absorption and impact ionization when local
tensity enhancements due to interference effects are ta
into account. Under multiple pulse illumination the brea
down threshold is reduced. It can be explained by incuba
mechanisms that increase the multiphoton absorption co
cient. Our data suggest that the breakdown is determine
intrinsic material properties rather than by impurities a
defects. It is conceivable that the obtained values for
impact-ionization coefficient and multiphoton absorption c
efficient can be used as figures of merit to predict laser pu
induced breakdown in high-quality dielectric thin films.
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FIG. 5. Fit values of the three-photon ionization coefficientb3

~solid line! and avalanche coefficienta ~dashed line! as a function
of the decay parametert.
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