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Abstract: The decrease of laser-induced damage threshold (LIDT) of optical materials when
irradiated with multiple laser pulses is an important phenomenon commonly known as the optical
fatigue effect. In case of pulsed femtosecond irradiation fatigue is usually attributed to incubation
of laser-induced lattice defects. In this study, standard S-on-1 LIDT test was complimented with in
situ time-resolved digital holographic microscopy (TRDHM) to quantitatively investigate fatigue
of catastrophic damage for HfO2 and ZrO2 single layer ion-beam-sputtered optical coatings. It
was identified that ablation (critical damage) was preceded by exponential increase in optical path
length visible as positive phase shift (subcritical damage). Atomic force microscopy was used to
show that physical damage originates as localized 100 nm wide nanogrooves perpendicular to
laser polarization. A novel link was established between LIDT fatigue and mechanical fatigue
crack growth from cyclic loads which allowed construction of a unified numerical fatigue model
that reproduced both S-on-1 and TRDHM experimental data.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The decrease of laser-induced damage threshold (LIDT) of optical materials when irradiated
with multiple laser pulses, the so-called fatigue effect, is a well-known phenomenon inherent to
almost all types of solids [1]. This effect is of major importance in high power laser applications
as it limits the lifetime of critical laser components [2]. Fatigue effect can be readily observed
by performing standardized S-on-1 test procedure [3] (where S stands for number of pulses)
which measures probabilistic time to failure data at multiple irradiation fluence values. However,
these tests are usually performed for a relatively small number of pulses (compared to real life
applications) therefore predictive models are needed to extrapolate LIDT to higher number of
pulses in order to estimate the expected lifetime of optical components.

In femtosecond regime fatigue was observed for various irradiation conditions [4] and is usually
attributed to incubation of laser-induced or native intra-band gap states in the material [1,5,6]
which leads to subsequent destabilization of lattice, nanocracking and subsequent catastrophic
damage [7]. Presence of such defects was confirmed experimentally in bulk materials and
coatings during the past few decades using various pump-probe techniques [5,8,9]. Accordingly,
the current simplified picture of physics related to material degradation is as follows: an intense
laser pulse non-linearly ionizes the material, conduction band electrons relax to self-trapped
excitonic or other transient states, which are then converted to permanent defects or color centers
[5]. Density of defects accumulates with subsequent laser pulses [10] and catastrophic damage
occurs when critical density is reached [11]. Generic incubation models based on this picture
were suggested and applied to a wide range of materials [12]. However, the exact nature of the
incubation process or the critical density of such defects needed for predictive extrapolation
models remains unknown.
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In our recent study we have shown that multiple damagemodes with different fatigue behaviours
can exist on the same sample [13]. Therefore, the goal of this study is to investigate the fatigue of
catastrophic laser-induced damage mode in greater detail with several experimental techniques.
The aforementioned S-on-1 test was used to get the overall picture of the fatigue effect in selected
single layer coatings, while time-resolved digital holographic microscopy (TRDHM) experiments
were used for quantitative imaging of the irradiated area at selected fluence values.

2. Materials and methods

2.1. Single-layer coatings

Hafnia (HfO2) and zirconia (ZrO2) single-layer ion-beam-sputtered (IBS) coating samples were
chosen for the fatigue studies. These are low absorption, high refractive index (bandgap is
5.6 and 5.3 eV respectively) dioxide materials used for coatings in the near-UV to IR spectral
regions that can be used for applications which require high LIDT in the femtosecond regime
[14]. Specifically, 25.4 mm diameter, 1 mm thickness fused silica substrates were coated with
2 QWOT at 1030 nm coatings (248 nm and 246 nm for hafnia and zirconia respectively) by
ion-beam sputtering (IBS) for use in the experiments.

2.2. S-on-1 fatigue experiments

In order to extract the characteristic laser-induced damage fatigue curves for single layer
dielectric coating samples, a modified S-on-1 damage threshold test was performed (schematic
representation of experimental setup is provided in Fig. 1). Sample sites were irradiated with
10n (n = 0, 1, . . . , 6) number of pulses at the same fluence level, thus producing a grid in the
fluence and number of pulses space. The irradiation was repeated for fluences with a fluence
step of 0.015 J/cm2 starting with the fluence below laser-induced damage threshold at specified
number of pulses and finishing with the fluence above 1-on-1 damage threshold. Commercial
femtosecond Yb:KGW laser (Pharos, Light Conversion) generating pulses at a central wavelength
of 1030 nm and pulse duration of 304 fs (FWHM) with repetition rate of 50 kHz was used for
irradiation. Laser beam was focused to 73.6 µm beam diameter (1/e2) at the front surface of the
samples. Both investigated samples were exposed at 45 deg. angle of incidence by using linear s
polarization. Ex situ damage inspection was performed with differential interference contrast
(DIC) microscope (BXFM, Olympus). LIDT of the catastrophic failure mode was evaluated for
each pulse class separately as an average between the lowest damaged fluence level and the one
below it to produce characteristic LIDT fatigue curves.

Fig. 1. Schematic representation of S-on-1 laser-induced damage setup: λ/2 – half-wave
plate, P – thin film polarizer, BD – beam dump, L – focusing lens, S – sample, placed on a
motorized stage.

2.3. TRDHM fatigue experiments

Even though S-on-1 experiments are commonly used for identifying fatigue and extrapolating
LIDT to longer irradiations, they lack quantitative information about processes that precede
catastrophic damage events. Therefore, additional in situ digital holographic microscopy
experiments (schematic representation of experimental setup is provided in Fig. 2) were performed
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on the single layer samples in order to investigate the irradiated coating area between laser
pulses with 2D transmittance and phase shift resolution. Another Yb:KGW laser (Pharos,
Light Conversion) was used to generate pump pulses of wavelength 1030 nm, pulse duration
380 fs (FWHM), beam diameter 43 µm at 1/e2 intensity level. Probe pulses were generated
using in-house non-collinear optical parametric amplifier (NOPA) by pumping it with the third
harmonic of the same laser. NOPA produced pulses with central wavelength of 529 nm and pulse
duration of 30 fs (FWHM). Beam diameter of the probe pulses was more than 10 times larger than
the pump’s. Pumping was performed at 45 deg. angle of incidence while probing was performed
from the rear (to avoid distortion of the phase front) at 0 deg. angle of incidence. Both pump and
probe pulses had linear s polarization. During the experiment, digital holograms were recorded
in single shot regime 1 second after the peak of the pump pulse using CCD camera (pixel size
3.45 µm). Such delay was chosen in order to avoid transient effects and detect only long-lived
laser-induced changes that are relevant to the subsequent laser pulses. Digital holograms were
reconstructed after the experiment using numerical convolution algorithm to retrieve relative
transmittance and phase shift images. Regions of 5 x 5 µm were selected separately for each test
site at highest phase shift areas and averaged to produce transmittance and phase shift signals.

Fig. 2. Schematic representation of time-resolved digital holographic microscopy (TRDHM)
experiment setup: λ/2 – half-wave plate, BS – beam splitter, P – thin film polarizer, BD –
beam dump, L1, L2 – focusing lenses, MO – microscope objective, CCD1, CCD2 – digital
CCD cameras, S – sample, placed on a motorized stage.

Four fluence levels between 1-on-1 and 250-on-1 LIDT were selected empirically for each
coating (see Fig. 3). At each fluence level 15 test sites were irradiated with up to 250 laser pulses
at 0.5 Hz repetition rate while recording digital hologram between each pulse. Repetition rate
was limited by the acquisition speed of the holographic imaging system. Irradiation was stopped
after catastrophic damage of the coating occurred to prevent contamination of nearby sites with
ablation products.

2.4. Observation of subcritical damage morphologies

Since TRDHM fatigue experiment described in the previous section was performed until
catastrophic damage became apparent, all traces of damage precursor morphologies were
removed due to ablation. Therefore, additional experiment was performed at several test sites by
reconstructing holograms in situ between laser pulses at 0.5 Hz and manually stopping irradiation
after changes in transmittance and phase shift were detected (just before the critical damage
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Fig. 3. Characteristic S-on-1 catastrophic damage fatigue curves for HfO2 and ZrO2 single
layers coatings. Irradiation conditions: wavelength – 1030 nm, pulse duration – 304 fs,
beam diameter (1/e2) – 73.6 µm, repetition rate – 50 kHz.

has occurred). Irradiated sites were inspected afterwards using differential interference contrast
microscope (BXFM, Olympus) and atomic force microscope (Dimension Edge, Veeco) in order
to identify the nature of catastrophic damage precursors.

3. Results and discussion

3.1. S-on-1 damage test

Characteristic damage curves for catastrophic failure mode of HfO2 and ZrO2 coatings are
provided in Fig. 3. HfO2 exhibited higher LIDT at all tested pulse numbers. Fatigue effect is
evident for both coatings: HfO2 LIDT decreased from 1.84 J/cm2 at single pulse irradiation to
1.05 J/cm2 at 106 pulse irradiation while ZrO2 LIDT decreased from 1.43 J/cm2 at single pulse
irradiation to 0.76 J/cm2 at 106 pulse irradiation. LIDT appears to reach fatigue limit after around
104 pulses for both coatings. It is important to once again note that these damage curves were
obtained for catastrophic damage only. ZrO2 exhibited additional damage mode (laser-induced
color change) which was studied in our previous study [13].

3.2. Investigation of fatigue with TRDHM

S-on-1 fatigue curves were used to select four fluence levels at equal intervals in the highest
slope range for each coating at which TRDHM fatigue experiments were performed (dotted
and dashed lines in Fig. 3 for zirconia and hafnia respectively). Survival functions for critical
damage, estimated using Kaplan–Meier method [15], are provided in Fig. 4. Not all test sites
were damaged after irradiation with 250 laser pulses at the lowest fluence levels. It is evident that
multiple pulse critical damage is a stochastic, defect-driven process since deterministic process
would have produced step-like survival functions.

Several stages of laser-induced damage initiation were observed at all investigated fluence
levels during irradiation. Typical cases for both coatings are provided in Fig. 5. Localized
changes mostly in phase shift (subcritical damage) were observed near the center of the beam
(areas P1 and P2 in Fig. 5), which increased in the positive direction exponentially (Fig. 5(c, d))
until eventually delamination (critical damage) occurred (pulse 47 for HfO2 and pulse 28 for
ZrO2 in Fig. 5) and caused sudden loss of relative transmittance as well as negative phase shift
due to material removal. Subsequent laser pulses caused propagation of critical damage along
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Fig. 4. Survival functions obtained using Kaplan–Meier estimator at four fluence levels for
each coating (dashed and dotted lines in Fig. 3): (a) – HfO2, (b) – ZrO2.

the beam propagation direction. In the context of this paper, subcritical damage is defined as any
changes in the coating that causes it to lose some of its properties (e.g. phase retardation) but not
macroscopic structural integrity (e.g. delamination).

Fig. 5. Example of typical phase shift and relative transmittance data at 1 s probe delay for
a single TRDHM test site: (a, b) – selected phase shift and relative transmittance images for
HfO2 and ZrO2 respectively, (c, d) – phase shift averaged in 5 x 5 µm P1 and P2 regions
marked as squares in (a) and (b).
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Phase shift evolution signals (analogous to (c) and (d) in Fig. 5) for all damaged test sites
are provided in Fig. 6. The observed positive phase shift during repeated irradiation is believed
to be caused by laser-induced defect formation [16] or lattice compaction due to the release
of excess energy in molecular bonds [17]. Both of these mechanisms were previously shown
to be proportional to irradiation dose and would be seen as positive phase shift in TRDHM
experiments. It can also be observed that the median amount of phase shift before critical damage
(horizontal lines in Fig. 6) is inversely proportional to irradiation fluence. Previous fluorescence
measurements have shown that at high fluence values damage is reached before significant amount
of laser-induced defects is generated, while irradiation at lower fluences causes accumulation of
more laser-induced defects before damage event occurs [16]. Such observation might be caused
by lower trapping efficiencies at higher fluence values or by other mechanisms that cause damage
at higher intensities before significant number of defects is induced, however further studies are
needed to fully understand this effect.

Fig. 6. Phase shift at 1 s probe delay averaged in 5 x 5 µm region for damaged sites at all
tested fluences: (a) – HfO2, (b) – ZrO2. Horizontal lines indicate median phase shift for
each fluence.

3.3. Morphology of subcritical damage

Typical morphology of subcritical damage is provided in Fig. 7. From optical microscopy
Nomarski images it is evident, that subcritical damage originates at localized absorption centers.
Higher resolution AFM images shows that the localized subcritical damage sites on the surface of
both HfO2 and ZrO2 single layer-coatings are made from nanogrooves featuring a width of around
100 nm. The subcritical nanogrooves are, as expected, oriented perpendicular to irradiation
polarization [2,18]. In our experiment nanogrooves reached a length of around 1–2 µm before
critical damage occurred. It is interesting to note that other authors have observed growth of
nanogrooves to tens of micrometers without reaching critical damage at lower fluences and higher
pulse numbers [2,18]. Experimental results suggest that damage process has three distinct stages:

1. Initiation – subsequent laser pulses induce localized incubation, i.e. accumulation of
native or laser-induced defect states, which provide seed electrons for nonlinear ionization
for subsequent laser pulses [19]. Material compaction due to excess energy stored in the
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bridging bonds can also occur [17]. Localization may be caused by inhomogeneity of the
coating or substrate material [10] (some parts of the material are weaker than the others) or
by scattering from the rough surface [20,21] (some parts of the coating experience higher
intensity than others). Initiation stage corresponds to positive phase shift in regions P1 and
P2 in Fig. 5.

2. Subcritical damage – when local electron density reaches a critical value (i.e. when
defect states provide enough seed electrons), transparent solid is converted to plasma
which results in formation of nanovoids (10–1000 nm) which were observed in both bulk
materials (volume and surface) [7,22] and coatings [11]. Local electric field modification
around surface nanovoids leads to polarization-dependent nanoablation (perpendicular
to polarization in the case of linear polarization) [2,7,18,23]. It was shown that growth
of a single nanogroove is linear with pulse count at fluences much lower than 1-on-1
LIDT [18]. Nanovoids and nanogrooves induced by multiple laser pulses can cause phase
retardation [24], which was observed in situ with TRDHM experiments in this study. Even
though subcritical damage stage is visible in AFM images provided in Fig. 7(d) and (h),
our experimental setup was not able to distinguish this stage from the initiation stage and
to determine its exact threshold.

3. Critical damage – when density of subcritical damages reaches a critical point, delamination
of the coating followed by rapid damage crater growth occurs. Delamination can occur
due to mechanical failure because of high density of subcritical damage [11], or due to
ablation, caused by high intensity regions due to scattering from subcritical damage [25].
This stage corresponds to large areas of negative phase shift in Fig. 5(a) and (b).

Fig. 7. Typical morphology of subcritical damage for HfO2 and ZrO2: (a, e) – phase shift
images after irradiation, (b, f) – phase shift averaged in regions P1 and P2 for all pulses used
for irradiation, (c, g) – Nomarski microscope images for the same regions as phase shift
images (a, e), (d, h) – AFM images for square regions in Nomarski images (c, g).

Similar process was observed in materials like fused silica [7], silicon carbide [26], single-
[11,18] and multi-[27] layer dielectric coatings.

3.4. Numerical fatigue model

In order to simulate characteristic S-on-1 damage fatigue curves using data from TRDHM
experiment, a stochastic numerical LIDT experiment was constructed. Individual test sites were
simulated having randomly distributed defects. Number of defects in each site was determined
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by Poisson distribution given defect density N and site area. Since phase shift incubation is
exponential (see Fig. 5(c, d)), phase shift ∆φn,i of a single defect i (at position ri while peak
intensity is I0) after n laser pulses is:

∆φn,i(I0, ri) = ∆φ1,i(I0, ri)Rn−1
i (I0, ri), (1)

where ∆φ1,i – phase shift after first pulse and Ri – growth (incubation) rate. We assume that
∆φ1,i is proportional to the amount of free electrons generated during the pulse. For irradiation
conditions of the S-on-1 experiment, this number is proportional to multiphoton ionization rate
(MPI) [13], therefore:

∆φ1,i(I0, ri) = σImi (I0, ri), (2)
where σ is proportionality constant, Ii – local intensity at position ri and m – order of multiphoton
ionization (m = 5 for both HfO2 and ZrO2 at 1030 nm). We assume Gaussian beam profile with
peak intensity I0 and beam diameter ω0:

Ii(I0, ri) = I0 exp

(
−2

r2i
ω2
0

)
(3)

Phase shift incubation growth rate R and critical phase shift ∆φc are intensity dependent and can
be determined by fitting experimental TRDHM phase shift data. Model similar in nature to crack
growth models used for simulating mechanical fatigue crack growth from cyclic loads [28] was
used for incubation growth rate (Fig. 8(b)):

Ri =


1 : Ii ≤ Ith,∞

αIβi
(
1 − Ith,∞

Ii

)γ
+ 1 : Ith,∞<Ii<Ith,1

∞ : Ii ≥ Ith,1

(4)

where α, β, γ are fit parameters, Ith,1 – LIDT for a single laser pulse, Ith,∞ – LIDT for infinite
amount of pulses. Common assumption of crack growth model (verified experimentally [28,29])
which we adopt is that there exists a threshold (in this case Ith,∞) below which incubation does
not occur (R is equal to 1). In the region Ith,∞<Ii<Ith,1 growth rate follows a power law function.
R is infinite at intensities above Ith,1, because direct coating ablation becomes the dominant
catastrophic damage mode and screens the simulated fatigue mode. This simplified model was
chosen because it explains why we observe catastrophic damage when nanogrooves are only
1-2 µm in length, while other authors have observed similar nanogrooves of around few tenths
of micrometers in length at lower fluences and larger numbers of pulses without catastrophic
damage [2,18].

Table 1. Fatigue model parameters for for HfO2 and ZrO2.

∆φ1 R ∆φc

σ m α β γ η θ

HfO2 2 · 10−4 5 0.0018 13.1 0.2 10 −10

ZrO22 4 · 10−4 5 0.12 9.8 0.7 0.45 −10

A simple power law equation was used for critical phase shift ∆φc with fit parameters η and θ
(Fig. 8(c)):

∆φc(I0) = ηIθ0 , (5)
Critical damage for I0 after n laser pulses occurs if total phase shift ∆φn becomes larger than
critical phase shift ∆φc:

∆φn(I0) =
∑
i
∆φn,i(I0, ri), (6)



Research Article Vol. 28, No. 17 / 17 August 2020 / Optics Express 25343

Fig. 8. Proposed fatigue model for HfO2 and ZrO2 S-on-1 catastrophic damage curves
(a) along with TRDHM data and fits for phase shift incubation growth rate R (b) and
critical phase shift ∆φc (c) (Eqs. (4) and (5) respectively). Fit parameters are provided in
Table 1. Dashed lines in (a) and (b) represent fatigue model where growth rate R would be
proportional to intensity over the whole range.

∆φn(I0) ≥ ∆φc(I0), (7)

Simulated S-on-1 characteristic damage curves (parameters in Table 1) for HfO2 and ZrO2 are
provided in Fig. 8(a) and are in good agreement with experimental data. It is important to
reiterate that most of the parameters were determined directly from TRDHM data (Fig. 8(b) and
(c)). Only σ (proportionality constant) and γ (determines curvature in the Ith,∞ region) were
adjusted to satisfy S-on-1 LIDT data constraints. Surface defect density parameter had no effect
on LIDT, however N = 4 · 106 cm−2 was the best value for surface defect density to qualitatively
reproduce variance of damaged sites at single intensity level for both HfO2 and ZrO2.

HfO2 and ZrO2 exhibited different nonlinear growth rates for incubation of subcritical damage
(∼I13.1 and ∼I9.8 respectively) however the nature of this difference is not yet understood
considering that coatings have similar band-gaps and density of localized subcritical damage
appears to be both qualitatively and quantitatively similar.

4. Conclusions

LIDT fatigue effect of HfO2 and ZrO2 single layer IBS coatings was investigated in femtosecond
regime. S-on-1 test confirmed existence of fatigue effect for catastrophic damage in these
materials: 106-on-1 LIDT decreased to only 57% and 53% of 1-on-1 LIDT for HfO2 and ZrO2
respectively. Digital holographic microscopy was used to identify incubation of subcritical
damage (increase in optical path length visible as positive phase shift), which preceded critical
damage (ablation). Quantitative phase shift data from TRDHM experiments showed that this
incubation is exponential in nature and that growth rate of this exponential process and critical
phase shift, at which catastrophic damage occurs, are nonlinear functions of irradiation fluence.
AFM microscopy was used to show that subcritical damage is made up of localized nanogrooves
(100 nm wide, 1–2 µm long) oriented perpendicularly to laser polarization.

A link was established between LIDT fatigue and mechanical fatigue crack growth from cyclic
loads which allowed construction of a fatigue model constrained by both S-on-1 and TRDHM
experimental data. It was shown that incubation growth rate (as well as incubation threshold) is a
nonlinear function of fluence and the proposed model predicts that it should deviate from power
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law function when fluence approaches fatigue limit. These novel findings should be taken into
account when extrapolating LIDT fatigue.

Further studies are needed to investigate subcritical damage growth at fluences closer to fatigue
limit as well as to explain the differences seen in incubation growth rate for different coatings.
More interdisciplinary work is also needed to incorporate well established mechanical fatigue
analysis techniques into the field of LIDT research.
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