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Femtosecond laser induced damage of optical coatings
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Single pulse laser-induced damage threshold (LIDT) was investigated for electron beam evaporated optical
coatings, including ZrO2 and HfO2 single layers, ZrO2/SiO2 and HfO2/SiO2 high-reflective (HR) coatings,
using a 50-fs, 800-nm Ti:sapphire laser. The experimental results showed that the damage thresholds of
HfO2 single layer and HfO2/SiO2 HR coating were higher than those of ZrO2 single layer and ZrO2/SiO2

coating, respectively. Namely, the wider the band gap was, the higher the LIDT would be. Meanwhile,
single layer showed higher LIDT than corresponding HR coating. A theoretical model based on conduction
band electrons produced by photoionization and impact ionization was applied to discuss the damage
mechanism. According to the model, the damage thresholds were also calculated and accorded with
experimental results. In addition, the surface morphologies of the samples after laser irradiation were
observed by Leica optical microscopy to get precise evaluations of damage characteristics.
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Optical coating, such as high-reflective (HR) coating,
anti-reflective (AR) coating and filter, is an essential
part in the optical system. For example, HR coatings
will serve as the fundamental part of multi-layer di-
electric pulse compressor grating and ultra-broadband
mirrors used in the chirped pulse amplification (CPA)
and optical parametric CPA (OPCPA) laser systems.
However, laser-induced damage in optical coatings is al-
ways a limiting factor in the development of high-power
laser systems[1]. The onset of even small damage sites
within an optical coating can eventually degrade the
beam quality sufficiently to prevent optimum laser op-
eration. Therefore, it is necessary to study the dam-
age of optical coatings. In the past several years, laser-
induced damage of optical coatings with nanosecond laser
was performed extensively. The damage threshold, dam-
age morphology and damage mechanism were reported
in detail[1−3]. While recent work has concentrated on
the damage of bulk dielectric materials with femtosec-
ond lasers[4−6].

In this work, single pulse laser-induced damage thresh-
old (LIDT) was investigated for electron beam evapo-
rated optical coatings, including ZrO2 and HfO2 single
layers, ZrO2/SiO2 and HfO2/SiO2 high-reflective (HR)
coatings, using a 50-fs, 800 nm Ti:sapphire laser. The
damage thresholds of all samples were reported. A the-
oretical model based on conduction band electrons pro-
duced by photoionization and impact ionization was ap-
plied to discuss the damage mechanism. In addition, the
surface morphologies of the samples after laser irradia-
tion were observed by Leica optical microscopy to get
precise evaluations of damage characteristics.

ZrO2 and HfO2 single layers, ZrO2/SiO2 and
HfO2/SiO2 HR coatings were used. All the samples were
prepared in the same coating chamber by conventional e-
beam deposition and at the same deposition conditions.
Designs of coating stacks for single layers and HR coat-
ings are given by

G|4H|Air, (1)
G|(H3L)(2H2L)142H|Air, (2)

where G indicates BK7 glass substrate (Φ30 × 3 mm).
L and H stand for low refractive index material (SiO2)
and high index oxide (HfO2 or ZrO2), respectively, with
quarter wavelength optical thickness (QWOT).

Laser-induced damage test for all samples was per-
formed in the 1-on-1 mode, that is, each location on
the sample was irradiated by only one laser pulse. The
experimental setup is shown in Fig. 1.

Laser pulses with 50-fs duration, 800-nm center wave-
length, and 1-kHz repetition rate were emitted from an
amplified Ti:sapphire laser system. A half-wave plate
and a polarizer were used to vary the laser energy. The
pulse energy was measured by energy meter from a split-
off portion of the beam. The surface of the sample was
positioned perpendicular to the direction of the incident
laser beam in the focal plane of a lens with a focal length
of 160 mm. A Gaussian spatial beam profile with a radius
(1/e2) of ∼ 20 μm in the spot was achieved. The sample
surface was monitored in-situ with a charge-coupled de-
vice (CCD) and a cold light source.

The surface morphology after laser irradiation is an
important part to get precise evaluations of damage
characteristics. The damage morphologies of all samples
were observed by Leica microscope as shown in Fig. 2.

For the damage morphologies of all samples (Figs.
2(a)−(d)), the damage induced by defects or impurities
and thermal melting or boiling around the spot presented
in the long pulse regime are not evident. There is clear
edge. This indicates that thermal diffusion and defects
or impurities do not play an important part in the dam-
age of optical coatings for femtosecond laser. Moreover,

Fig. 1. Experimental setup used for laser damage test.
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damage crater is confined to a small region and occurs
only over an area with sufficient intensity to produce ion-
ization. Meanwhile, from Figs. 2(b) and (d), it can be
seen that the damage morphologies of ZrO2/SiO2 and
HfO2/SiO2 HR coatings are obviously layered. That is,
damage in HR coatings may occur layer by layer. This is
different from that observed for single layers (Figs. 2(a)
and (c)).

The damage morphology was used not only for precise
view of laser damage but also for determining the LIDT.
The areas of spots damaged were measured with an opti-
cal microscopy. The relation between spot area and laser
fluence is given by[6]

D2 = 2ω2
0 ln

(
φ0

φth

)
, (3)

where φ0 denotes the maximum laser fluence, φth is
threshold fluence, D is the diameter of a damage crater.

Then it is possible to determine the threshold fluence
from a plot of the square of the crater diameter versus
the logarithm of the laser fluence. The damage threshold
fluence is calculated (Eq. (3)) from linear extrapolation
(D2 → 0) of the data points depicted in the plot. The
relative error of the LIDT-determination amounts to
±15%, which is mainly due to the uncertainty in the
spot size measurements. Then the damage thresholds
of all samples were calculated by this method and are
shown in Fig. 3.

It can be seen that the thresholds of HfO2 single layer
and HfO2/SiO2 HR coating were higher than those of
ZrO2 single layer, ZrO2/SiO2 HR coating, respectively.
Meanwhile, HfO2 single layer has higher LIDT than
HfO2/SiO2 HR coating does, and ZrO2 single layer has
higher LIDT than ZrO2 /SiO2 HR coating does. That
is, the LIDT of single layer is higher than that of the
corresponding HR coating.

In general, the damage of bulk material in femtosecond
regime is intrinsic[4−7]. It can be explained by the nonlin-
ear excitation associated with the high electromagnetic
field of electrons to the conduction band via processes
such as impact ionization, tunneling ionization, and
multiphoton absorption[8]. When the conduction-band

Fig. 2. Damage morphologies of all samples. (a) ZrO2 single
layer; (b) ZrO2/SiO2 HR coating; (c) HfO2 single layer; (d)
HfO2/SiO2 HR coating.

Fig. 3. Experimental damage thresholds of all samples.

electron density reaches a critical plasma density (1021

cm−3, for λ ∼ 800 nm), the material absorbs strongly
through the process of inverse bremsstrahlung result-
ing in ablation and permanent structural changes[4−8].
While the defects or impurities and thermal diffusion play
a negligible role in the damage for the optical coating
samples in our experiment as mentioned above, so the
damage in the optical coatings is intrinsic, too. Then
like bulk material, photoionization and impact ioniza-
tion are responsible for the damage. As a result, a simple
model including producing the conduction band electrons
by photoionization and impact ionization was used to ex-
plain the damage mechanism.

The rate of electron generation due to excitation is
written as

dne

dt
= WPI + WIIne(t), (4)

where ne(t) is the electron density, WPI is the photoion-
ization rate described by Keldsh theory[9], WII is the
impact ionization rate[10].

In fact, the carrier generation is controlled by the local
pulse intensity. Due to interference effects in film, the
local intensity enhancements exist. Figure 4 shows the
field distributions of ZrO2 single layer and ZrO2/SiO2

HR coating calculated with TFCalc film design software.
For HfO2 and HfO2/SiO2 HR coating, the distributions
are the same.

Combined the Eq. (4) with the laser intensity distribu-
tion of single layers, ne = 1021 cm−3 taken as the damage
criteria the theoretical damage thresholds of ZrO2 and
HfO2 single layers were calculated and are shown in
Fig. 5. It shows that the LIDT of HfO2 is higher than
that of ZrO2. While the mainly different parameter value
for two kinds of samples is band gap energy in our cal-
culation, and HfO2 (5.6 eV) has a wider band gap than
ZrO2 (5.0 eV). In fact, according to the expressions of
WPI and WII, the wider the band gap was, the smaller
the WPI and WII in Eq. (4) would be. Namely, it would
be more difficult to excite HfO2 than ZrO2. So HfO2

single layer would have a higher LIDT, and this is in
accord with the experimental result.

Figure 4 also indicates that the ZrO2/ SiO2 HR coat-
ing is most likely damaged at the first interface between
ZrO2 and SiO2, which has the maximum of the field
distribution. ZrO2 (SiO2) has a band gap of 5.0 eV
(7.8 eV). Thus damage is likely to occur first in the
high-index ZrO2 layer. Then, for both the single layer
and the HR coating, the damages all occurred first in
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Fig. 4. Distributions of laser intensity for ZrO2 single layer
and ZrO2/SiO2 HR coating.

Fig. 5. Theoretical damage thresholds of all samples.

the ZrO2. As a result, the damage thresholds for ZrO2/
SiO2 and HfO2/SiO2 HR coating were also calculated
and are shown in Fig.5. Then it can be seen that the
LIDT of the ZrO2/SiO2 HR coating is lower than that of
the ZrO2 single layer. This relation would exist between
HfO2/SiO2 HR coating and HfO2 single layer, too. These
are consistent with experiment. Meanwhile, HfO2/SiO2

HR coating show a higher LIDT than ZrO2/SiO2 HR
coating because HfO2 has a wider band gap than ZrO2.

However, there is difference between experimental re-
sults and calculated data. Because there are many pa-
rameters in our calculation and it is difficult to get the

accurate values.
Femtosecond pulse laser-induced damage of opti-

cal coatings including ZrO2 and HfO2 single layers,
ZrO2/SiO2 and HfO2/SiO2 HR coatings is investigated.
The damage morphologies of all samples are different
from that induced by nanosecond laser. The heat dif-
fusion plays a negligible role in the damage. The damage
thresholds of all samples were reported and showed that
the wider the band gap was, the higher the LIDT would
be. Meanwhile, single layer showed higher LIDT than
corresponding HR coating. A simple model is used to
explain the damage mechanisms and calculate the the-
oretical damage thresholds, which agrees with our mea-
surements.
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