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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 alternatidglayers of TaOs and SiQ
and a single 500-nm thin film of T®s 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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[. INTRODUCTION breakdown thresholds, see for example Refs. 6 and 7.
A model that considers multiphoton absorption, impact

The study of pulsed laser induced breakdown of thin filmsionization, and local intensity enhancements due to interfer-
has been a subject of interest since the 1970s because of tBace can be used to fit the experimental data. We compare
need for optical coatings with high damage thresh¢tise, breakdown induced by single pulses from an amplifier to
for example, Ref. 1 and references theyeifhe breakdown breakdown with pulse trains from a femtosecond oscillator to
of thin films induced by nanosecond and picosecond pulsei§ivestigate the effects of incubation.
was explained on the basis of a thermal model involving
absorption by impurity centers and subsequent heat
diffusion? The threshold fluence was found to scale with the
square root of the pulse duratiqf;p. Recent work has con- The multiple shot experiments were performed with
centrated on the damage of bulk dielectric materials withpulses from a femtosecond Ti:sapphire oscillator. This laser
femtosecondfs) pulses. The damage phenomena is found troduced 10 fs pulses at 800 nm with an average power of
be highly deterministic in this regime. With femtosecond300 mW and 100-MHz repetition rate. The single shot ex-
pulses, energy is deposited into the material before any erperiments used pulses after amplification in a multipass
ergy transfer to the lattice can occur. Hence the theory ofl-kHz repetition-rate amplifier. A schematic diagram of the
bulk damage with long pulsg$>10 ps which is based on experimental setup of the breakdown studies is shown in
avalanche ionization, free-carrier absorpti@merse brems-  Fig. 1.
strahlung, and subsequent energy transfer to the lattice dur- The high fluences required for inducing breakdown with
ing the pulse is not applicable. pulses directly from the oscillator without amplification were

Dielectric breakdown in the femtosecond regime can beobtained by tightly focusing the pulses with a high-numerical
explained by the nonlinear excitation of electrons to the conaperture (NA-0.6) microscope objective. The objective’s
duction band via processes such as avalanche ionization, turadial dispersion properties were carefully characterized us-
neling ionization, and multiphoton absorption. When theing spectral interferomet.The information was used to
conduction-band electron density reaches a critical plasmprecompensate the second- and third-order dispersion of the
density of n,=10?* cm 3 (for A~800 nm), the material objective with a fused silica prism pair and a third-order
absorbs strongly through the process of inverse bremsstraldispersion mirror. The autocorrelation for the shortest pulse
lung resulting in ablation and permanent structuralduration at the focus was measured to7je- 13 fs with a
changed:® With recent advances in coating technology, thintwo-photon photocurrent detectd.ranslating one prism al-
films of very high quality can be produced. The breakdownlowed us to tune the pulse duration continuously between 13
of these films is expected to approach the limits determinednd 100 fs. Thevq,2 Spot size at the focus was measured to
by the intrinsic properties of the material rather than by im-be 60G-50 nm by scanning a metallic edge across the focus.
purities and defects. The maximum pulse energy at the focus was.5 nJ.

In this paper we study femtosecond pulse induced break- The threshold pulse duration was measured as a function
down of a single TgOsg thin film on a fused silica substrate of the incident fluence. Figure 2 summarizes the experimen-
and of a broadband dielectric mirror consisting of alternatingal results obtained with the mirror. For every data point the
quarter-wave layers of 1®s and SiQ (A=800 nm. The  pulse energy was kept constant while the pulse duration was
layers were deposited by ion beam sputterif®fS). Dielec-  decreased by translating one prism in the prechirper until
tric coatings produced by IBS are known for their nearlybreakdown occurred. The pulse fluence could be adjusted
bulklike refractive indices, low optical losses, and highwith a set of calibrated neutral density glass filters. The oc-
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FIG. 3. Measured threshold pulse duration as a function of the
T incident pulse fluence for the high reflecting mirfolots and the

500-nm-thick single layethollow squaresunder single shot illu-

variable attenuator

focusing element mination. The solid lines are a fit of the model described in the text.
The dashed line is a curve with local intensity faoter 0.9 anda
and B from the fit to the single layer. The dash-dot line is the fit to
CCD camera ———— the multiple shot mirror data from Fig. 2 shown here again for
comparison.
sample —— [ than the threshold, exposure of one and the same spot for

several minutes did not lead to damage. Once the pulse du-
FIG. 1. Experimental setup for multiple shot studies with anration was decreased breakdown with no visible time delay
oscillator and single shot studies with an amplifier. For single shobccurred. Also, the breakdown thresholds did not depend on
studies with the amplifier the focusing element i6=a50 cm lens  how long the sample was preexposed to the pulse train at
and the variable attenuator consists of/2 wave plate and polar- |evels below the breakdown threshold.
izing beam splitter combination. For multiple pulse studies done |n the single-pulse experiments, amplified pulses were fo-
with a pulse train from the oscillator, the focusing element is acsed onto the sample withfa=50 cm lens. Thev, .2 spot
100x/0.6 objective and the variable attenuator is a calibrated set ofj;e at the focus measured by scanning a slit across the beam
fiIter_s. The CCD camera was use_d in the single pulse experiments {92« found to be 632 um. The pulse energy could be tuned
monitor the scatter from the excited spot. with a combination of an/2 plate and a polarizing beam
splitter. The energy of each pulse was monitored with a cali-
currence of damage was clearly visible as a change in thgrated photodiode. The pulse duration was changed by tun-
scattered light intensity and distribution on a screen behln%g the prism pair compressor of the amp||f|er We moni-
the sample. Since the sample was illuminated with an infinitgored the scattering of the amplified spontaneous emission
pulse train, rapid ablation occurred once the threshold pulsgaSE) from the focal spot with a charge-coupled device
duration was reached. It should be noted that the breakdowtCD) camera, although we did not resolve the illuminated
threshold is extremely sharp. For pulse durations 1 fs longesite microscopically. Any pulse-induced changes of the scat-
ter from the spot when illuminated by only the ASE&eed

' - ' ; ' ' pulses from the oscillator were blocKeihdicated damage.
60 r i While similar to the detection by a photodiode, the two-
50'_ ] dimensional detection of the scattering distribution proved to
| be more sensitive. We confirmed the accuracy of this method
§ w0l _ in a separate set of experiments where we observed the ex-
- cited spot with a microscope. The sample was translated lat-
2 30} - erally after each shot to exclude pulse accumulatioouba-
2 tion) effects.
& 20} T Figure 3 shows the measurements done on the high re-
flecting mirror and the 500-nm %8s single layer. For each
10y o] data point the pulse duration was set with the compressor
0.12 0.16 020 024 028 032 036 and the pulse energy was tuned with M@ plate to find the
fluence (J/em’) breakdown threshold.
FIG. 2. Measured threshold pulse duration as a function of the Il. THEORY AND DISCUSSION

incident pulse fluence for multiple pulse studies done on the mirror
with the oscillator. The solid line is a fit of the model described in  All breakdown experiments showed a very sharp and re-
the text. producible threshold behavior which is characteristic for
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2T tions in the electric field. During these oscillations, they suf-
0 i sample ] fer momentum and energy changing collisions with the lat-
’ ! < first interface between tice. This process of inverse bremsstrahlung transfers energy
o8f | Ta,0, and SiO, - to the electrons in the conduction band. When the kinetic
Foo energy of these electrons exceeds a certain critical value
=, 06 | other electrons can be excited to the conduction band by
E 0.4k i collisions (impact ionization. The value of the critical en-
- ergy is given by*
021 1 . 5( .. ezEf ) "
i e.~1. e,
001 i ¢ g 4me,wf

1 1 1 L 1 1
00 05 1.0 15 20 25 3.0 35

distance (um) whereE, is the band-gap energgis the electron chargé&,

is the electric fieldw, is the carrier frequency of the incident
FIG. 4. Standing-wave intensity distribution in a high reflecting electric field, andng,= (1/m} + 1/m% ) ! is the reduced ef-
mirror consisting of 13 pairs of alternating4 layers of TaOs and  fective electron mass witm} being the effective electron
Sin (solid _Iine) and in the 500-nm single Iaye_édotted _Iiné. The  mass in the conduction band amef, being the effective
mirror-coating sequence &HL)*HA, whereH is the high refrac- electron mass in the valence band.
tive index Ta0s (ny=2.1) M4 layer, L is the low index The flux-doubling model used by Stuat al? results in
SIO; (n.=1.45) /4 layer,Sis the substrate, and stands for air.  ,, jhact ionization rate that is proportional to the intensity.

e i hold the rate of impact ionization given by
damage of bulk materials induced by femtosecond pulseéz.Or It to 2 L]
Together with the observed dependence of the threshold fiuEsPL(€ ~ €c)/€c]%, whereP~21 fs ~ (see Ref. 11 must be
ence on the pulse duration, this suggests that the breakdoWRUch greater than the rate of Joule healirff. whereo is

. . R . R .. . . . 2 . .
is due to intrinsic properties of the samples rather than due tEe conductivity. This is equivalent @wE{/Pe <1 which is

impurities and defects. satisfied for our experimental conditions if we use o,y

Intrinsic breakdown of dielectrics can be explained by=€¢/(2nw) and assumem}=m}=m. In the flux-
carrier generation due to high field ionization and impactdoubling limit every conduction-band electron that reaches a
ionization. If the so generated density of electrons in thekinetic energy ofe. immediately undergoes an ionizing col-
conduction band reaches a critical valug,~10?* cm 3)  lision leaving essentially no electrons with kinetic energy
breakdown occur$® The carrier generation is controlled by greater thar. in the conduction band.
the local pulse intensity. Figure 4 compares the standing- Using the approximations explained above, the rate of
wave intensity distribution in a single 500-nm film with that electron excitation to the conduction band can be written as
in the mirror structure. The mirror consists of a,Ug dn
quarter-wave X =800 nm) layer followed by 13 pairs of —=an(t)ql(t)+8,[q1(t)]™ 2)
SiO,/Ta,O5 quarter-wave films and the fused silica substrate. dt
From Fig. 4 one can expect that the breakdown fluence fofyhere « is the impact-ionization coefficients,, is the
Fhe mirror is below that for the _smg_le layer. Also the mirror m-photon absorption coefficient(t) is the incident pulse
is most likely damaged at the first interface betweepOka  intensity, andq is a correction factor that takes into account
and SiQ. As W|II be explalned_below, the_excnatlon is con- interference effects in the coatings, cf. Fig. 4.
trolled by multiphoton absorption. }@s (SiO,) has a band The solution to Eq(2) for a pulse with a Gaussian tem-
gap of ~4.1 eV (9 eV). With our excitation wavelength poral profile andm=3 is given by
(~1.55 eV) we need a threefsix-) photon absorption to

i i ic |i i 3/2 3
excite TgOg (SiO,). Thus breakdown is likely to occur first 4 I: 2) Bs((i—F) ft o383 300 o |,

o) J-w

in the high-index TgOs layer. This was confirmed by ex- n(t)=e"
periments that yielded a breakdown threshold for.St@at is 3)
~4 times higher.
The rate of excitation of electrons to the conduction bandvherey(z) = (qaF/2)[erf(a z) + 1], a=2In 2/7,, ny is the
in the presence of a strong electric field was derived bypackground electron density,, is the pulse duration, and
Keldysh!® The exact Keldysh expression simplifies to anis the pulse fluence. The coefficientsand 85 are unknown
expression for multiphoton absorption in the low-field, high-and are to be determined from the experimental data. To this
frequency limit, and to the tunneling expression in the low-end we fit the single pulse data of the 500-nm layer with
frequency, high-electric-field limit. It turns out that for our n(«<)=n.,, wheren(=) is determined from Eq3). The fit
range of excitation intensities and a broad range of reducedith the local intensity factogq=0.53 is shown as a solid line
electron-hole massesn,>0.2m, (where m, is the free- in Fig. 3 and yieldse=10+1.0 cnfJ" ! and 83=9.6=5
electron mass the exact Keldysh field ionization can be ap- X 10?* cm®fs? J~2. The error bars are due mainly to the un-
proximated by a multiphoton absorption process. certainty in the spot size measurements. A fit of the model to
The other important mechanism for electron excitation isthe mirror data with the local intensity factqe=0.9 (cf. Fig.
avalanche or impact ionization. The electrons excited to thd) gives a=9.7-1.0 cnfJ ! and B;=7.2+1.5x10*
conduction band by strong field ionization undergo oscilla-cm®fs? J~2. This is in good agreement with the material pa-
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rameters obtained from the study of the single layer. The g [Ty 10

main difference between the mirror and single-layer data is TRLOTE o o

the different intensity enhancement factpiTo illustrate this 6x107| \\ 8

we calculated the damage threshold usingnd B85 from the 5x10°F \

single layer andy from the mirror. The so obtained dashed T a1t \ 18 ~

line (cf. Fig. 3 agrees well with the experiment. @ N \\ In ~§
The fit values are insensitive to the value mf for n, BT A <

<10 cm 3. The value ofa shows an order of magnitude o 2x107 o,

agreement with those observed for otkteulk) dielectrics*® 1x10% \

The fit value of the three-photon ionization coefficighyt is ol 1o

typical for a three-photon band-gap material predicted by TV a——

Keldysh's theory!® Under the assumption tham,=m,, a 10° 10" 10° 10° 10" 10° 10° 10" 10° 107

cubic fit to Keldysh’s exact model predict@;~10%° v ()

cm®fs” 372 for a three-photon band-gap material. FIG. 5. Fit values of the three-photon ionization coefficigat
A closer inspection of Eq(3) with the values fore and  (solid line) and avalanche coefficient (dashed lingas a function
B3 obtained from the single shot experiments reveals that fopf the decay parameter.
short pulse durationg-20 fs) about 30% of the carriers are
generated by multiphoton absorption. The contribution of;<1 ns!* Figure 5 shows the dependence of the fit results
avalanche ionization to the free-carrier generation increas&sr the multiphoton absorption and impact-ionization coeffi-
with increasing pulse durations over the measured range, ar@:ﬁ’ents as a function of over a range for WhIChD<1
reaches about 96% for 140-fs pulses. This is in accordance For r<1 ns the fit is independent of and yields «
with the prediction$ that multiphoton absorption plays a =9 0+2 cr?J- ! and B3=6+3.5x 10?° cm® fs? J~°. Again
large role in the carrier generation in the short pulse limit andhe errors are due mainly to uncertainties in the spot size.
avalanche begins to play an increasingly dominant role as th@/hile « agrees with the value obtained from the single pulse
pulse duration is increased. experiment, the multiphoton coefficient is larger by about an
Multiple pulse accumulation effectsincubation) are  order of magnitude. Hence incubation effects of ty(pe
known to lower the breakdown threshold of materi@$>  ajone cannot explain the experimental data. The nature of the
This is also supported by our measurements with the pulsghserved incubation is such that it affects the generation of
train from the femtosecond oscillator, cf. Fig. 2. On the otherseed carriers on which the avalanche ionization acts. There is
hand, the functional dependence of the threshold fluence Ogh effective increase in the mu'tiphoton absorption Coefﬁ_
the pulse duration for the single and multiple pulse case igjent g, which can arise due to material modificatiincu-
very similar. This suggests that the principal damage mechasation processes of typ@)] caused by, for example, stress

nisms are the same. The exact physical nature of the incubgevelopment due to defect formatféror a change in the
tion is largely unknown and depends on the material. Tjeformation potential.

discuss our multiple pulse data let us distinguish between
two different accumulation effects accumulation of elec-
trons in the conduction band governed by an effective relax-
ation timer and (ll) a continuous material modification dur- Damage induced on 'E@S Sing|e |ayers and a mirror con-
ing the excitation by the pulse train. sisting of TaOs/SiO, pairs of quarter-wave layers was stud-
To include(i) we add a relaxation term/7 to Eq.(3). If  jed with single femtosecond pulses and pulse trains. The
we neglect the relaxation during the femtosecond pulse eXpreakdown is highly deterministic and can be explained by

IV. SUMMARY

citation we obtain an electron density aftérpulses multiphoton absorption and impact ionization when local in-
[ (4mn2\32 (qF\3 e o, tensity enhancements due to interference effects are taken
ny=e% ( ) 3(7) Jwe A dx+ng into account. Under multiple pulse illumination the break-
P down threshold is reduced. It can be explained by incubation
1—pN p—pN mechanisms that increase the multiphoton absorption coeffi-
X 1-p —Ng 1-p’ 4 cient. Our data suggest that the breakdown is determined by

intrinsic material properties rather than by impurities and
where p=exp@aF—T/7) with T being the time period be- defects. It is conceivable that the obtained values for the
tween two successive excitation pulses. To be consistenpact-ionization coefficient and multiphoton absorption co-
with our experimentsp<<1 must be satisfied. Otherwise efficient can be used as figures of merit to predict laser pulse
breakdown would occur after a sufficiently large numbeer induced breakdown in high-quality dielectric thin films.
of pulses independent of the fluence. Fpr1, the limit
n(N—o)=n, can be calculated from E¢4) and the result
can be used to fit the data. Note that the limit-0 repro-
duces the single pulse result of E). The quantityr is a This project was supported in part by N$Grant No.
phenomenological decay time that describes effects such &HY-9601890 and NATO (Contract No. CRG-940652
carrier recombination, trapping and diffusion. Recent experi-The authors thank T. Apostolova, V.M. Kenkre, J. Krueger,
ments on other dielectric materials suggest that the value af. Mclver, and E. Welsch for valuable discussions.
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