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Abstract: Defects in optical coatings are a major fac-
tor degrading their performance. Based on the nature of
defects, we classified them into two categories: visible
defects and non-visible defects. Visible defects result from
the replication of substrate imperfections or particulates
within the coatings by subsequent layers and can increase
scattering loss, produce critical errors in extreme ultravio-
let lithography, weaken mechanical and environmental
stability, and reduce laser damage resistance. Non-visible
defects mainly involve a decrease in laser damage resist-
ance but typically have no influence on other properties
of optical coatings. In the case of widely used HfO,/SiO,
dielectric coatings, metallic Hf nano-clusters, off-stoichi-
ometric HfO, nano-clusters, or areas of high-density elec-
tronic defects have been postulated as possible sources for
non-visible defects. The emphasis of this review is devoted
to discussing localized defect-driven laser-induced dam-
age (LID) in optical coatings used for nanosecond-scale
pulsed laser applications, but consideration is also given
to other properties of optical coatings such as scatter-
ing, environmental stability, etc. The low densities and
diverse properties of defects make the systematic study of
LID initiating from localized defects time-consuming and
very challenging. Experimental and theoretical studies of
localized defect-driven LID using artificial defects whose
properties can be well controlled are highlighted.
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1 Introduction

Optical coatings are enabling technology for the develop-
ment of modern optical systems. The final performance
of an optical system is highly correlated with the perfor-
mance of optical coatings. Unfortunately, defects, that
are unavoidable in real-world optical coatings, some-
times lead to critical performance degradation. With the
ever-increasing requirement to improve the sensitivity
of high-precision applications such as ring-laser gyro-
scopes [1] and gravitational-wave detectors [2], etc., the
total loss of optical coatings has been pushed to the level
of parts per million (ppm). A few localized defects in
optical coatings can substantially increase the scattering
loss to tens or hundreds of ppm [3]. Extreme ultraviolet
(EUV) lithography has also introduced a new challenge
for defect control [4]. Due to the very short wavelength,
defects with diameters of a few nanometers in the Mo/Si
multilayer can disturb the phase of light reflected from a
mask, thereby producing critical errors in the lithographic
image of the mask pattern. In practice, optical coatings
are frequently used in hygrothermal and even harsher
environments. Defects open the channels for moisture
or contaminant to diffuse into the coatings and generate
localized high stress, which reduces the environmental
stability of optical coatings and causes mechanical failure
[5]. It has also been well recognized that LID in optical
coatings is driven by localized defects. It is probably fair
to say that most studies exploring the defect-related prop-
erties of optical coatings are devoted to investigating the
influence of defects on laser damage resistance of optical
coatings. Following the construction of fusion-scale lasers
such as the National Ignition Facility [6], Laser Megajoule
[7], Shenguang [8], etc., research on LID in optical com-
ponents becomes more and more extensive and intensive.
The aim of this review is to summarize important find-
ings on defect-related properties of optical coatings with a
strong emphasis on localized defect-driven LID.
According to their nature, defects in optical coat-
ings are categorized into two types: visible defects and
non-visible defects. For visible defects, their origin and
growth in coatings are first discussed. Then the influ-
ence of visible defects on the performance of coatings is


www.degruyter.com/aot

66 —— X.ChengandZ.Wang: Defect-related properties of optical coatings

discussed. Consideration is also given to the solutions to
reduce visible defects. For non-visible defects, attention
is mainly devoted to LID initiating from nano-absorbing
defects.

There are some points that should be noted in the fol-
lowing sections in relation to LID in optical coatings. We
placed an emphasis on LID in optical coatings irradiated
by nanosecond-pulsed laser from near ultraviolet (UV) to
near infrared (IR) regions. There are two reasons for this
decision. One is that these coatings are widely used in
fusion-scale lasers and are the most extensively studied.
Another is that localized defects play a more dominant
role in LID of optical coatings at the nanosecond regime
rather than at the picosecond and femtosecond regimes.
In a further attempt to narrow the scope of this review,
only HfO,, Ta,0,, and SiO, dielectric coatings are consid-
ered. More importantly, we focus on LID studies using arti-
ficial defects, because artificial defects whose properties
are well known and controlled promote reliable and effi-
cient experimental studies and enable meaningful com-
parisons with simulation results.

2 Visible defects

2.1 Origin and growth of visible defects
2.1.1 Nodular defects

Nodular defects grow from particulates or seeds into
an inverted conical shape with a domed top protruding
above the surface of the coatings. Nodules have been
observed in optical coatings prepared by different deposi-
tion technologies, such as thermal evaporation [9], elec-
tron beam evaporation (EBE) [10], magnetron sputtering
[11], ion beam sputtering [12], chemical vapor deposition
[13], plasma polymerization [14], etc. It is fair to say that
nodules are the most extensively studied defects in optical
coatings. Focused ion beam (FIB) technology has been
widely used to cross-section nodules to expose the depth,
composition, and shape of seeds. The origin of seeds has
been well documented and is classified into two catego-
ries. Seeds could either be on the substrate surface due to
insufficient cleaning, recontamination during handling,
pumping, electron gun warming up, or presputtering
processes, etc., or they could also be within the coatings
because the evaporation or sputtering source can produce
particulates by several mechanisms including arcing,
electrostatic repulsion, gas explosions, temperature-
induced solid-state phase, etc.
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A collection of cross-sectional scanning electron
microscope (SEM) micrographs showing different origins
of seeds is given in Figure 1. In Figure 1A-C, the coatings
are HfO,/SiO, multilayers that were prepared by the EBE
process. In Figure 1D, the coating is a Ta,0,/Si0, multi-
layer prepared by a magnetron sputtering process. The
light layers are high-index materials of HfO, or Ta,0,, and
the dark layers are SiO,. By comparing the seed contrast
with the contrast of the deposited materials, the composi-
tion of the seed can be inferred. Figure 1A gives the mor-
phology of a nodule that was created from a seed on the
substrate [15]. The seed could be organic material whose
index is close to SiO,. The nodule in Figure 1B originated
from dark seeds that might result from the splattering of
the SiO, evaporation source [12]. Figure 1C shows that the
nodule was created from a light seed that was ejected from
the HfO, evaporation source [16]. The nodule in Figure 1D
originated from an elongated SiO, seed, the cause of which
might be electrostatic repulsion of charged particles from
the sputtering target or shutter. The defect in Figure 1D
does not resemble a classic nodular geometry [11], and
this type of defect is sometimes called a spatter defect.

Here we limit the discussion of nodular growth to
the most widely studied case: films deposited on rotating

Figure1 Cross-sectional SEM images of different nodules to show
their origins. (A) From a seed on substrate surface [15], (B) from an
Si0, seed within the multilayer (reproduced from Stolz et al. [12]),
(O) from a HfO, seed within the multilayer (reproduced from Liu et al.
[16]), and (D) from an elongated SiO, seed within the multilayer
(reproduced from Stolz et al. [12]).
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substrates by the EBE process. The growth behavior of
nodules has a direct influence on their geometric charac-
teristics and boundary structure. A simple model has been
proposed to represent the geometries of classic nodules
initiating from spherical seeds, where the nodular diam-
eter, D, is related to a constant, C, to the seed diameter, d,
and to the seed depth, t, via the relation D=sqrt(Cdt) [11],
as shown in Figure 1A. The coefficient, C, indicates how
bigger a nodule will grow compared with the seed. Due to
a self-shadowing effect of the seed and to the insufficient
mobility of evaporated atoms, discontinuous bounda-
ries between the nodule and the surrounding thin films
usually exist with many voids, which affect the mechani-
cal stability of the nodule.

Here the influence of seed diameter and deposition
condition on nodular growth is demonstrated by investi-
gating artificial nodules that grow from silica microspheres
on substrates. Figure 2 shows the cross-sectional patterns
of nodules initiating from artificial silica microspheres
with diameters of 0.6, 0.9, and 1.9 um [17]. HfO,/SiO, high-
reflection (HR) coating in Figure 2A-C was prepared by
the EBE process. These nodules possess an aspect ratio of
D=sqrt(4dt). Seeds having a larger diameter shadow the
incoming evaporation flux more effectively and cause more
voids, which results in more discontinuous boundaries
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between nodule and surrounding film. Moreover, shadow-
ing effects become weaker as the film grows. The bounda-
ries gradually heal and become more continuous compared
with the boundaries near the seeds. HfO,/SiO, HR coating
in Figure 2D-F was prepared by the ion-assisted deposition
(IAD) process. Because the mobility of evaporated atoms
is greatly enhanced by ion bombardment, these nodules
possess a smaller aspect ratio of D=sqrt(2.5dt). This obser-
vation is in accordance with the simulation results that a
smaller nodular diameter would result from either a higher
mobility of deposited atoms or a smaller incident angle of
evaporated atoms [18]. Moreover, the boundary continuity
between the nodules and surrounding films is also signifi-
cantly improved by increasing the mobility of deposited
atoms. For a nodule initiating from a 1.9 um seed, the dis-
continuous boundaries heal much faster and are close to
being continuous after the growth of the whole stack. More
continuous boundaries lead to stronger mechanical and
environment stability.

2.1.2 Defects originating from substrate imperfections

When a brittle material, such as glass, is ground and pol-
ished, irreversible deformation can occur if the critical

Figure 2 Cross-sectional SEM images of different nodules that grow from artificial silica microspheres; EBE process: (A) 0.6 um,
(B) 0.9 um, (C) 1.9 um; IAD process: (D) 0.6 um, (E) 0.9 um, (F) 1.9 um [17].
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resolved shear stress exceeds the elastic yield stress. All
surfaces of machined glass substrates are imperfect to
some extent. Scratches and digs are commonly identified
as surface irregularities. The US Military Surface Quality
Specification, MIL-PRF-13830, has been the most widely
adopted standard to specify surface imperfections. Two
numbers are always specified, for example, 40-20; the
first number specifies the maximum width of scratches
on the surface in tenths of a micron, and the second
number defines the average maximum diameter of a dig
in hundredths of a millimeter. Implied specifications of
MIL-PRF-13830 also count the sum of smaller scratches
and digs. Usually, 10-5 represents a precise standard for
very demanding high power laser applications. However,
scratches are more usually classified according to their
morphologies rather than dimensions to predict their
laser damage resistance. Figure 3 shows three categories of
scratches that were prepared and observed by Suratwala
et al [19]. Plastic scratches appear smooth and shallow
without showing any irregularity along their path, and are
often referred to as sleeks. Brittle scratches appear jagged
and nearly discontinuous, with small lateral cracks. Mixed
scratches contain both plastics modification and cracks.
Brittle-type scratches can induce sub-band gap absorp-
tion and significantly reduce the LID damage threshold
of uncoated optics, whereas plastic-type scratches are
usually benign.

Scratches and digs affect the nucleation of depos-
ited atoms and the formation of subsequent layers. The
growing layers will replicate the defective features to

Mixed
Brittle fracture / Plastic abrasive wear

Plastic
Abrasive wear

Sleek + lateral
fracture

Sleek + trailing
indent fracture

TH

Sleek + trailing
indent + lateral
__fracture
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some degree, causing the defects to propagate towards
the surface of coatings. Two examples that were prepared
by the sputtering and EBE processes are presented here
to show the influence of these defective features on the
morphology of multilayer coatings. Figure 4 presents
transmission electron microscope (TEM) micrographs
showing cross-sectional views of a reflective multilayer
consisting of 50 bilayers of Mo and Si on substrates with
tiny scratches [20]. When using a smoothing deposition
technique, the topography of the scratch expands towards
the top of a multilayer from 20 nm wide to 60 nm wide,
but the depth of the defect becomes shallower as the film
grows thicker, as shown in Figure 4A. If a non-smooth-
ing deposition technique is used, the defect topography
is more or less preserved throughout the multilayer, as
shown in Figure 4B. Another example is provided to show
that the alteration of the layer topography can be more sig-
nificant if the scratches have bigger and more complicated
structures. Figure 5A is an SEM image showing a cross-
sectional view of a HR coating of 24 alternating HfO, and
Si0, layers deposited on a substrate with trailing indent
scratches [21]. The growing layers follow the morphol-
ogy of the highly deformed trench and lose their planar
nature. Figure 5B is a cross-sectional view of a 1 um wide
substrate sleek overcoated with HR coating. The coating
can self-heal over the first several layers and completely
recover its flatness during the coating growth. Figure 5C
shows the morphology of the multilayer coating deposited
on a wider sleek with three ripples. Although the result-
ing coating demonstrates a self-healing nature, it does

Brittle fracture

Trailing indent
fracture

Trailing indent
+ lateral
fracture

Figure 3 Categories of different types of scratches observed in samples (reproduced from Suratwala et al. [19]).
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Figure 4 Cross-sectional TEM images of Mo/Si multilayers deposited on substrate scratches. The dotted white lines show how much the
topography of a defect expands laterally from the bottom to the top of the coatings: (A) on a 20 nm wide scratch with smoothing deposition,
(B) on a 40 nm wide scratch with non-smoothing deposition (reproduced from Sugawara et al. [20]).

not completely achieve planarity, thus forming a dome 2.2 The influence of defects on LID of optical
on the top layer. The above results demonstrate that the coatings

morphology of the resulting defect is affected not only by

the morphology of substrate imperfections but also depo-  2.2.1 Nodular defects

sition conditions. The influence of these defects on the

properties of optical coatings will be discussed in detailin  For HR coatings and polarizers working in the near IR
the following sections. region, nodules are the most problematic defects that

Conductive layer for SEM imaging ~ =a®

Dielectric multilayer~7.5 um ')

BK7 Substrate .’

Figure 5 Cross-sectional SEM images of a Hf0,/SiO, HR coating deposited on substrate scratches: (A) on an etched trailing indent type
scratch, (B) on an unetched, sleek type scratch, and (C) on an etched sleek type scratch (reproduced from Qiu et al. [21]).
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decrease the laser-induced damage threshold (LIDT).
Previous works on nodule-driven LID in optical coatings
will be reviewed from four aspects: experimental studies,
mechanical stability, electric-field (E-field) enhancement,
and solutions to eliminate seeds or to lower the impact of
existing seeds.

2.2.1.1 Experimental studies of nodular damage

Groups from the Lawrence Livermore National Labora-
tory have carried out pioneering work on determining
which types of nodules are the most susceptible to LID.
They developed statistics on the heights and diameters of
nodules in HfO,/SiO, HR coatings and found that defects
with heights larger than 0.6 um were most susceptible
to LID [22]. Subsequent research from the Kaiser group
showed that nodular defects with heights >1 um rather
than 0.6 um were vulnerable to LID [23]. Such a discrep-
ancy between the critical heights of nodules in different
HfO,/SiO, HR coatings is very usual, because the com-
position and lodging depth of seeds can be very differ-
ent for coatings prepared by different vendors, and these
factors have a huge influence on the damage resistance of
nodules.

For real nodules, the seed density is usually very low
and the diameter, absorption, and lodging depth of seeds
are very difficult to predict, control, or reproduce. This
complex situation makes the systematic and quantitative
study of nodular damage very difficult. Creating nodules
from artificial seeds whose properties can be well con-
trolled offers the possibility of studying the LID of nodules
in a more reliable and efficient way. Poulingue et al. have
used diamond and silica seeds on the substrate surface to
create artificial nodules [24]. The damage testing results
showed that the nodule size was the critical parameter
for the damage threshold, whereas nodular density was
not critical. They also found that the critical seed size was
between 0.5 and 1 um, which is in good agreement with
previous conclusions. Wei et al. investigated the damage
behaviors of artificial nodules that were created from
much smaller gold and SiO, nanoparticles [25]. A qualita-
tive conclusion that both the composition and size influ-
enced the structure and the LIDT of nodular defects was
obtained.

Recently, we have created artificial nodules from
monodisperse seeds and studied their damage charac-
teristics [17], where the seed diameters, seed absorp-
tion, and film absorption were varied independently
to evaluate their influence on the LIDTs of nodules.
Figure 6 shows the statistical ejection fluences of artifi-
cial nodules. LIDTs of nodules monotonically decrease
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with increasing diameter of silica microspheres. Com-
pared with the EBE process, the IAD process actually
improved the boundary continuity but increased the
film absorption. The 40 ppm absorption of IAD films
was too high, which decreased the ejection fluences of
nodules significantly. Absorbing seeds also significantly
decreased the laser damage resistance of nodules. The
above orthogonal experiments showed that there are
many factors affecting the laser damage resistance of
nodules apart from seed diameter and nodular height.
It is impractical to predict the laser damage resistance
of nodules without knowing their properties in detail.
Taking 60 J/cm? (10 ns) as a required fluence (func-
tional damage is not considered here), the control of
seed diameter for different deposition processes and
different seed absorptivity was very different. For HR
coatings prepared by the EBE process, non-absorbing
seeds whose diameter is larger than 1.4 pm should be
removed to meet the required fluence, whereas absorb-
ing seeds whose diameter is larger than 0.5 um must
be removed to obtain an LIDT higher than 60 J/cm? For
HR coatings prepared by the IAD process, non-absorb-
ing seeds whose diameter is larger than 0.9 um must
be removed to meet the required fluence. Such orthogo-
nal experiments also provide valuable information for
the optimization of cleaning and deposition processes.
The damage behaviors of nodules initiating from
seeds of different sizes and absorptivity can basically
be explained from the aspects of boundary imperfec-
tion and E-field intensification. The following sections
detail the damage mechanisms of nodules.

180
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Figure 6 Statistical ejection fluences of artificial nodules that were
prepared by EBE and IAD processes; the seeds were monodisperse
silica microspheres and Hf-coated silica microspheres.
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2.2.1.2 Understanding nodular damage from the aspect
of mechanical stability

A general description of the thermomechanical damage
of nodules irradiated by a nanosecond pulse laser is
given as follows [26]. The nodules are first heated after
absorbing the intensified light in the nodules. The dis-
continuous boundary between the nodules and the sur-
rounding coatings restricts heat flow and increases the
temperature gradient, developing stresses between the
hot nodules and the colder surrounding films. When this
stress reaches a critical value, the mechanically unstable
nodules are ejected. Both light intensification (or E-field
enhancement) in nodules and mechanical instability con-
tribute to nodular damage. Here the mechanical behavior
of nodules is first discussed. Poulingue et al. designed an
experiment to analyze the damage initiating from nodules
through a purely mechanical approach [27]. The artificial
nodules were obtained by dispersing diamond particles
on polished aluminum substrates before the deposition of
the layers. Mechanical damage was progressively induced
by pulling the samples in tension in an SEM. In situ obser-
vation showed that bigger nodular defects opened cracks
at lower strains. One illustration is given in Figure 7. It was
observed that nodular defects with a mean diameter larger
than 4 um are always associated with cracks. This result
is in fairly good agreement with their laser damage test
result that nodular defects with a diameter above 4 um
were frequently ejected. This is an ingenious approach
showing that nodules are mechanically weak and the LID
of nodules can be at least partially explained by a frac-
ture-based model.

2.2.1.3 Understanding of nodular damage from the
aspect of E-field enhancement

The E-field intensity (|E]) distribution determines the
spatial distribution of the absorbed laser energy in the
area surrounding a nodule, knowledge of which is an
important precondition to understanding the subsequent
complex processes of temperature distribution, stress
response, and mechanical damage. With the exception
of the thermomechanical effect, the interaction between
the intense field and the materials, via linear and non-
linear processes, can initiate ionization or other reactions,
leading to damage at the regions where local field maxima
occur. Without clear knowledge of the |E|? distributions
and of how those distributions affect the damage behavior
of nodules, it is impossible to gain a true understanding of
LID initiating from nodules.

The focusing effect of the domed nodules first comes
to mind, and Murphy [28] has suggested that the domed
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Figure 7 SEM micrograph showing the crack opening from nodular
defects initiating from diamond seeds (reproduced from Poulingue
et al. [27]).

nodules might act as microlenses focusing the laser light
and thereby causing local damage. However, he assumed
an average dielectric constant for the HR coating. Dijon
et al. further improved the microlens model by consider-
ing the reflectivity distribution over the surface of nodules
[26]. The angle of incidence differs from the nominal angle
when the point of incidence moves from the center to the
edge of a nodule. And the thickness of the coated layers
on the nodule edge somewhat deviates from the designed
thickness due to the shadowing effect during deposition.
As a result, the light may penetrate through HR coatings
along the nodular edge. Then the nodule tends to act as a
microlens that focuses light, as shown in Figure 8.

The microlens model is very simple and should be
qualitatively correct. However, it is certainly very crude

Incident light

Transmittedflight

Figure 8 Proposed explanation for an enhanced transmission of
the mirror above the seed. On the edge of the nodule, the angle of
incidence of the light is very different from the nominal angle of the
mirror due to the spherical shape of the defect (reproduced from
Dijon et al. [26]).
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because no diffraction effect or interference effect is taken
into consideration for the close ratio of the nodular diam-
eter to the laser wavelength. A numerical solution is the
more appropriate approach dealing with such a compli-
cated problem. DeFord and Kozlowski made the first finite
difference time domain (FDTD) model of E-field enhance-
ment in nodular defects and demonstrated that a nodule
could result in an E-field enhancement that was 3.5 times
higher than the incident E-field strength [29]. However,
their code limited calculations to rotationally symmetric
two-dimensional cases only and also neglected polariza-
tion effects. Stolz et al. first clearly demonstrated that a
nodule was exposed to a range of incident angles and to
opposite polarizations at orthogonal cross-sections [30],
and thus only a three-dimensional (3D) FDTD code could
sufficiently mimic the E-field enhancement in nodules.
Because this concept is critical to the understanding and
interpretation of the FDTD simulation results, we will
briefly restate their classic work here. A theoretical nodule
is created by depositing a quarter-wave reflector design
[air:L(LH)*:glass] over a 1 um spherical seed. The nodular
geometry is selected as D=sqrt(8dt) by assuming uniform
deposition over the spherical seed. Given the hemispheri-
cal shape of the defect, the nodular defect has an angular
range defined by Equation (1):

o otd
¢=2cos [2t+d} )

where t is the film thickness and d is the seed diameter. At
normal incidence to the defect-free region of the coating,
the incidence-angle range (0) of the defect is shown in
Equation (2):

0<0<? @
2
y
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A pol.
< > < >

v

“S” pol.
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Even for normal incidence cases, polarization effects
become significant, as illustrated in Figure 9. A nodule
exposed to a linearly polarized laser beam is actually
exposed to both ‘S’ and ‘P’ polarization (TE and TM) at
orthogonal cross-sections. And the angular reflection
bandwidths (ARBs) of the HR coating is very different for
‘S’ and ‘P’ polarization, which directly affects the percent-
age of light penetration through the nodule edge and the
resulting E-field enhancement. Thus, only a 3D FDTD
modeling can realize polarization effects and give the
right simulation results.

Using a 3D FDTD code, Stolz et al. carried out in-
depth studies [31, 32] to investigate the dependence of
E-field enhancement on seed properties, incident angle,
centering wavelength, etc. Here we give several exam-
ples. Figure 10 shows the simulation results of a series of
D=sqrt(8dt) nodules that were created from deeply embed-
ded seeds. For the normal incidence case, light intensifi-
cation increases with increasing inclusion diameter. For
the 45° incidence case, light intensification does not show
a strong dependence on inclusion diameter. Simulations
were performed from 20° to 60° to obtain the influence
of incident angle on light intensification. Interestingly,
maximum light intensification occurred at 25°. Some of
the observed dependences can be explained by a compari-
son between the incident angular range (IAR) of a nodule
and the ARB of HR coatings, whereas other dependences
still cannot be simply explained. Other reasons, such as
resonant effect, may play a role here [33]. Figure 11 shows
the E-field intensity distributions of a nodule as a function
of wavelength, incident angle, and polarization, where
light intensification focal spots shift away from the central
axis with increasing incidence angle. For the same defect
geometry, wavelength changes lead to very different elec-
tric field profiles and light intensification magnitudes.

“S” pol.

v

Figure 9 Normalincidence irradiation of a nodular defect has different polarization orientations for orthogonal cross-sections (reproduced

from Stolz et al. [30]).
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Figure 10 Lightintensification of a deeply embedded inclusion (24 layers) as a function of spherical inclusion diameter, incidence angle,
and polarization (left-hand panel) and as a function of incident angle and polarization for a constant spherical inclusion diameter of 1.0 um
(right-hand panel) (reproduced from Stolz et al. [32]).

dangerous from the viewpoint of laser damage resistance,
and helps in guiding the optimization of the deposition
process.

Their simulation results revealed the dependence of
E-field enhancement on the properties of the nodule,
which helps in knowing which types of nodules are more
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Figure 11 Lightintensification simulations of a coating nodule with a 1 um diameter inclusion as a function of wavelength, incident angle,

and polarization (reproduced from Stolz et al. [32]).
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However, E-field simulations of nodules are far from
comprehensive. Nodules with different aspect ratios have
been reported [17, 34], but systematic studies of 3D FDTD
modeling of E-fields in nodules have been limited to a
D=sqrt(8dt) geometry. The influence of nodular geom-
etries on E-field enhancement is still not very clear. More-
over, the correctness of E-field simulation results has not
been directly proven from experimental results, which
prevents the achievement of a clear understanding of the
damage process of nodular defects and restricts detailed
studies of subsequent thermal, stress, and mechanical
simulations. A recent advance achieved by us has shown
excellent agreement between the damage morphologies
and the simulated |E|? distributions of artificial nodules
[35]. Two types of nodular, as shown in Figure 2, were
systematically and comparatively studied to reveal the
dependence of E-field distribution on nodular geometries
and then to show how E-field distributions affect the
damage behavior of nodules.

First, the D=sqrt(4dt) nodules were studied and com-
pared to the widely studied D=sqrt(8dt) nodules. Figure 12
presents the geometric modeling of nodules used for elec-
tric field simulations. For D=sqrt(4dt) nodules, the result-
inglayers that form above the seed are tangent spheres, and
the point of tangency is the intersection point between the
spherical seed and the substrate surface. For D=sqrt(8dt)
nodules, the resulting layers that form above the seed are
concentric spheres. An interesting finding is that the IAR
of the D=sqrt(4dt) aspect ratio nodules is much larger
than that of the D=sqrt(8dt) aspect ratio nodules for the
same seed diameter. And the IAR of bigger nodules for
both geometries is already larger than the P-polarization
ARB of the HfO,/SiO, HR coating that is designed to work
at normal incidence. Because the two nodular geometries
have different IARs, the portion of the laser beam that can
penetrate through the multilayer stack will be different,
probably resulting in different E-field enhancement.

Incident
beam
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Figure 13 shows the P-polarized |EJ?> distributions
for the two nodular geometries initiating from 0.3, 0.6,
0.9, 1.45, and 1.9 um silica microspheres. The differences
between the |E|? distributions for the two nodular geom-
etries are dramatic. For the D=sqrt(8dt) nodular geom-
etry, |E|* distributions calculated by our FDTD code are
very similar to the results given by Stolz et al., where the
maximum |EJ]> was located at the upper central axis of the
nodules. Compared to the D=sqrt(8dt) nodular geometry,
the D=sqrt(4dt) nodular geometry results in very differ-
ent |E? distributions. The positions of the |E|*> maxima
are much deeper and even occur within the seeds for the
larger nodules. Moreover, the D=sqrt(4dt) nodular geom-
etry also leads to much higher |E]? enhancement than the
D=sqrt(8dt) nodular geometry. The observed differences
in the |E|? distributions can be primitively explained from
the aspect of the different IARs of the two nodular geom-
etries. However, the focusing or resonance effects may
also play a role. More work is needed to achieve a better
understanding of |E|> enhancement in nodules.

To find out whether the simulated |E|? distributions
are correct and to reveal how the |E|? distributions affect
the thermomechanical damage of nodules, the artificial
nodules were damaged by a nanosecond-pulsed laser
and an FIB instrument was used to examine the cross-
sectional damage morphologies of the ejected nodules.
Figure 6 shows that nodules initiating from the 0.3 and
0.6 um non-absorbing silica seeds could not be damaged
at the maximum fluence of our laser damage test facility,
thus our interest here is mainly in the vulnerable nodules
initiating from bigger seeds. Figure 14 shows the damage
morphologies of nodules initiating from 0.9, 1.45, and 1.9
um silica seeds. The damage morphologies in the left-
hand column are considered to be the representative ones.
Upon careful examination of the damage morphologies
of the nodules initiating from the 1.9 and 1.45 um seeds,
we reached the conclusion that the silica seeds were not

Incident
beam

Figure 12 The geometries of nodules initiating from a 0.9 um silica microsphere that were used for electric field simulations. (A) Nodule
with a D=sqrt(4d?) aspect ratio, (B) nodule with a D=sqrt(8dft) aspect ratio [35].
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Figure 13 FDTD-simulated P-polarized |E| 2 distributions: (A1-A5) for the D=sqrt(4dt) nodular geometry and (B1-B5) for the D=sqrt(8dt)

nodular [35].

ejected but rather melted. Only when strong light inten-
sification occurs in seeds, as is the case in our simula-
tion results, can such melting-like damage morphologies
occur for silica seeds whose absorption is extremely low.
Interestingly, for the damage morphology of the nodule
initiating from the 0.9 um silica seed, the nodule was
not ejected along the most unstable boundaries, that is,
in the vicinity of the seed, but was instead ejected from

the upper, more continuous boundaries. We can infer
that the initial damage originated at the middle region
of the film stack where the coating materials melted due
to intense |E|%, in agreement with the simulation results.
Although we attempted to make identical nodules by cre-
ating them from monodisperse silica microspheres, the
ejection fluences and damage morphologies of nodules
initiating from the same-sized seeds still exhibited some
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differences. The images in the right-hand column of
Figure 14 show the complexity of nodular damage. These
damage morphologies did not show a good relationship
with simulated |E|? distributions and were thought to be
unrepresentative. For example, the 1.9 um seed did not
melt when the film stack was ejected along the bounda-
ries, the 1.45 um seed did not show obvious melting-like
damage morphology, and there was no evidence that the
initial damage started from the middle of the film stack for
the nodule initiating from the 0.9 um seed. We think that
the main reason for this complexity is the poor mechani-
cal stability of nodules prepared via EBE. When there is
fluctuation in the seed diameter, a slight variation of seed
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absorption or some other unknown changes, mechani-
cal instability will combine the impact of all fluctuations
and result in different damage morphologies, which
actually have a negative effect on our judgment of the
impact of |EJ? distributions on nodular damage. Because
FIB measurement is very expensive and time-consuming,
it is impossible to ascertain the representative damage
morphologies by exposing a large number of nodules.
Therefore, we prepared another series of nodules to more
efficiently demonstrate the influence of |EJ* distributions
on their damage behaviors. The basic idea was to make
the boundaries more continuous to reduce the influence
of mechanical instability. Meanwhile, film absorption

S i 5 . ¥
" A >
s SRR
- |

1.9um seed 1.9um seed

[.45um seed 1.45um seed

Figure 14 Damage morphologies of nodules revealed by FIB technology. (A1-A3) Damage morphologies that exhibited good agreement
with the simulated |E|? distributions. (B1-B3) Damage morphologies that showed some deviation from the simulated |E|? distributions [35].
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was purposely increased to amplify the contribution of
the electric field to nodular damage. The D=sqrt(2.5dt)
nodules that were prepared by the IAD process, as shown
in Figure 5, are good examples for further confirming that
a direct link between |E|? distributions and damage mor-
phologies exists.

For HR coatings prepared by the IAD process, the
ejection of nodules created from 0.3 um seeds always
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occurred with catastrophic damage, and it was impos-
sible to find or inspect subtle damage morphologies of
ejected nodules. Here, we investigated the link between
|E|? distributions and damage morphologies of nodules
initiating from 0.6, 0.9, 1.45, and 1.9 um silica seeds.
Figure 15 shows the P-polarized |E|? distributions and
the corresponding nodular damage morphologies.
The most obvious change of the |EJ?> distributions for

D=sqrt(2.5dt) nodules

P-polarized | EI? profiles
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Figure 15 Comparisons between simulated |EJ? distributions and the damage morphologies of nodules prepared via the IAD process.
(A1-A4) FDTD-simulated P-polarized |E|? distributions, (B1-B4) damage morphologies [35].
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the D=sqrt(2.5dt) geometry is that the peak |E|* posi-
tions shift upward by some distance compared to the
D=sqrt(4dt) geometry. Now, most strong |E|? regions are
located within the film stack. Because the film absorp-
tion is much higher now, the impact of E-field on nodular
damage will be amplified. The damage morphologies of
nodules initiating from 1.9 and 1.45 um seeds have two
notable features. The first is that neither the seeds nor
deeper layers were melted, but rather were cut apart in
the middle. The second is that the film stack was not
ejected along existing boundaries, but was destroyed
around the central part of the film stack. These features
can be perfectly explained from the aspects of |E|? distri-
butions, film absorption, and mechanical stability. The
absorbed heat or temperature increase is determined by
the combined effect of |E|? and film absorptions. Because
the absorption of films prepared via IAD is much higher
than that of the seeds, the temperature peak will occur
in the film stack according to the simulated |E|* profiles.
Moreover, the temperature gradient and stress response
will be much more localized to the |EJ? distributions due
to the high absorption of the films. The film stack melts
first, and then a strong tensile stress is generated along
the axis of the nodules, which is intense enough to cut
open either the deep layers or the seeds. Because bound-
ary continuity was significantly improved during IAD,
the coating materials are merely sprayed out near the
melting region rather than at the boundaries. Nodules
initiating from 0.9 um seeds also show unique damage
morphologies, with only the top several layers being
destroyed. This result is in excellent agreement with the
simulated |EJ> profiles in which the positions of peak
|E]> are only located in the top several layers. As for the
nodules initiating from the 0.6 um seeds, the strong |E|?
positions are located in the upper part of the film stack,
so, naturally, the upper part of the film stack is melted
and destroyed.

For a series of nodules prepared via the EBE and IAD
processes, the damage morphologies almost completely
reproduce the |EJ? distributions, which convincingly prove
the correctness of the |EJ]? simulations and also demon-
strate exactly how |EJ? distributions affect the damage
morphologies of the nodules. Our findings provide more
information on the damage process of the nodules and
lay a good foundation for subsequent thermal, stress, and
mechanical simulations. Pre-existing thermal-mechan-
ical modeling of nodular defects, including tempera-
ture gradient, associated stress, state changes (such as
melting), material removal, etc., can be further improved
with detailed knowledge of the damage morphologies of
ejected nodules.
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2.2.1.4 Solutions to control nodular defects

Nodules initiating from particulates on the surface of sub-
strates are addressed first. The cleaning of substrate sur-
faces is important in the manufacture of all types of high
quality coatings. The common cleaning methods, such as
swab and solvent, detergent and water cleaning, ultra-
sonic cleaning, laser-assisted particle removal, etc., have
been reviewed by Bennett [36]. In addition, the inspecting
methods for assessing cleaning efficiency, including visual
inspection using the naked eye or a magnifying glass, dark
field or Nomarski microscope, total internal reflection
microscopy, total integrated scattering or angle-resolved
scattering, etc., were also discussed. For the manufacture
of high LIDT coatings, ultrasonic aqueous cleaning, with
or without mechanical scrub, is the most commonly used
technique. Further discussions are devoted to ultrasonic
aqueous cleaning. The particles are removed from the
surface by the combined effects of chemical etching, a net
repulsive interaction between the particles and surface,
and the mechanical force that is exerted by the imploding
of small bubbles created by the ultrasonic energy [37]. The
acoustic boundary layer thickness, corresponding to the
diameter of particles that can be most efficiently removed,
is determined by Equation (3):

d= 21/1/(,0 3)

where v, is the kinematic viscosity of the solution and w
is the ultrasonic frequency. As the diameter of particles
decreases, the ultrasonic frequency needs to be increased
to remove them effectively. It is also important not to use
too intense and/or long-term ultrasonic agitation because
surfaces can be roughened by the combined action of
etching by the solutions and the mechanical effect of the
ultrasound. Poor cleaning is much worse than no clean-
ing. The optics industry uses a variety of specialized
ultrasonic processes to clean optical surfaces. A cleaning
protocol presented by Rigatti is provided as an example
to show how sophisticated the high-level cleaning process
is [38]. The process includes four main steps. A detailed
process flow chat is presented in Figure 16.

Splattering from the evaporation source is another
type of seed to form nodules. Here we limit our discus-
sion to the case of HfO,/SiO, coatings prepared by the
EBE process. When HfO, are used as the evaporating
materials, most nodules in HfOz/SiO2 coatings initiated
from splattered HfO, seeds that are created due to the
temperature-induced phase transformation of the HfO,
material [39]. Between the cooled edges of the HfO, plug
in contact with the water-cooled crucible and the molten
surface in contact with the electron beam, HfO, undergoes
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Figure 16 LLE cleaning method CM1-93 (reproduced from Rigatti [38]).

a monoclinic-to-tetragonal phase transformation near
1700°C resulting in a 3.8% volumetric expansion that
can produce lots of particle ejections. An important tech-
nological breakthrough in manufacturing high damage
threshold coatings is to prepare HfO, layers from a metal-
lic Hf source in a reactive environment [40]. Hf has higher
thermal and electrical conductivity than HfO, and has no
temperature-induced phase transformations, the defect
density drops by a factor of 3-10, with the majority of
nodular seeds now of SiO, composition.

It is also challenging to avoid silica spattering during
evaporation due to its poor thermal and electrical conduc-
tivities. Some key deposition parameters, such as e-gun
voltage, e-gun emission current, sweep pattern, and dwell
time, etc., can be adjusted to reduce particle ejections from
the SiO, evaporation source [41, 42]. It has been reported
that an arc suppressor unit could suppress anomalous
electric discharges (arcing) during electron beam evapo-
ration, which will directly help to maintain the stability
of deposition rate and reduce the spattering from the SiO,
source [15]. Filtering of ejected particles from the evapo-
ration source, using electrostatic defection, rotating fans,
baffles, and gas jet momentum control, have been pro-
posed [39]. Although the success of the filtering concept
has been limited, future technical progress may achieve
the full potential of these techniques [43].
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Although deposition and cleaning technologies evolve
quickly, it is still impractical to eliminate all the seeds that
can initiate nodular defects; alternative solutions need to
be developed. Stolz et al. recently demonstrated a planari-
zation technique to deal with nodules initiating from engi-
neered pillars [44]. Based on the fact that the ion beam
etching rate of SiO, is slower at higher incident angles,
pillars were overcoated with a planarization layer utilizing
a smoothing process consisting of successive SiO, depo-
sition and etching. When the planarization layer is thick
enough, a near-perfect mirror coating can be deposited
on the planarized surface. The geometric minimization of
coating defects significantly improves the laser resistance
to more than 100 J/cm? (10 ns pulse length). The planari-
zation effectiveness is clearly seen in the cross-sectional
micrograph of 1 um tall, 2 um diameter cylindrical pillars,
as shown in Figure 17.

Laser conditioning of dielectric thin film coatings
at exposure levels below the catastrophic laser damage
threshold has been widely used to increase the func-
tional LIDT [45]. Although the mechanisms for laser
conditioning are not completely understood, gentle
nodular ejection has been accepted as the main mecha-
nism to improve the functional laser damage resist-
ance of HfO,/SiO, multilayer coatings working at 1064
or 1053 nm. Gentle nodular ejection can be viewed
as benign damage which does not create dangerous
plasmas modifying properties of coating materials or
leading to delaminations of layers. Benign nodular
ejections leave smooth-edged pits that are mechani-
cally more stable than nodules. Moreover, FDTD sim-
ulations show that E-field enhancement in coatings
with smooth-edged pits is also much weaker compared
to that in coatings with nodules [46], as shown in
Figure 18. Thus, benign nodule ejection pits can survive
much higher fluences and the pits are not inclined to
grow with repetitive irradiations.

Figure 17 Control defect (left), 1 um thick planarization layer (center), and 2 um thick planarization layer (right) (reproduced from Stolz

et al. [44]).
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Figure 18 (A) The E-field distribution within HR coatings with a pit, which is 4 um in diameter and 4.2 um in depth. (B) The simulated field
strength profile along film depth at the edge of the pit as marked in (A) by the red line (reproduced from Shan et al. [46]).

2.2.2 Defects originating from substrate imperfections

For fusion-scale laser systems, the substrate diameter is
over half a meter. Severe scratches on such huge substrates
are inevitably created with current polishing technologies.
The influence of scratches on LID of antireflection coat-
ings is very similar to the case of bare substrates [47, 48],
which will not be discussed here. The scratch-induced
laser damage in HR coatings will be discussed here with

emphasis on the dependence of LIDT on scratch charac-
teristics and the mechanisms that lead to LID.

Qiu et al. have combined experimental approaches
with theoretical simulations to delineate the correlation
between laser damage resistance of coating layers and
the properties of pre-engineered scratches on BK7 sub-
strates [21]. The scratches with widths ranging from 15-30
pum, 30-45 pum, to 45-60 um were created by dragging the
sample surface across a pad that contained imbedded
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Figure 19 Laser damage initiation and growth threshold for HR coating on BK7 substrate with surface scratches of different widths (repro-

duced from Qiu et al. [21]).
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silica spheres. Some scratches were also etched to check
whether this technique, which works very well for trans-
parent optics, is also applicable to HfO,/SiO, HR coatings
that are prepared by the EBE process. Although this tech-
nique creates scratches in a similar matter to grinding or
polishing, the absence of polishing and cutting residues
means that it cannot mimic real scratches completely.
What this technique does provide is nominally uniform
and reproducible scratches for the reliable study of LID.
The damage testing results for samples with different
scratch widths are summarized in Figure 19. The initiation
fluence for all three scratch widths (non-etched) is the
same at ~42 J/cm?. The growth threshold depends on the
scratch width; the smaller the scratch width, the higher
the fluence required for the damage site to grow. For
scratch widths larger than 25 um, etching of the substrate
before coating reduced the damage threshold. Scratches
narrower than 20 um did not generate growing or propa-
gating damage sites over the range of fluences tested in
this study.

LID initiating from scratch-perturbed HR coatings can
be interpreted with regard to mechanical properties and
|E|* enhancement. Figure 5A shows that the layers growing
on wide scratches are not continuous. Their thermome-
chanical stability is much worse than perfect films. When
laser irradiation induces a strong temperature gradient
and associated stress, thermomechanical damage initi-
ates preferentially at these unstable scratch-perturbed
structures. E-field modeling can also provide insight into
LID initiating from scratch-perturbed structures. The dis-
tribution of |E|?is simulated using the FDTD method based
on the cross-sectional image of the coatings growing on
a substrate-etched sleek (Figure 20A). Figure 20B shows
that light intensification as high as 4 times exists in the
top layer of the coating, which indicates that damage
could happen at a lower damage threshold compared to
a defect-free region of the coating. Light intensification at
scratch-perturbed structures apparently depends on the
shape of the scratch on the substrate. Etching widened
the scratches, resulting in a larger area of the coating that
modulated the electric field, and leading to higher mag-
nitude intensification. Stronger E-field enhancement may
thus be the reason why etching of the substrate before
coating reduces the laser damage resistance.

To minimize surface scratches and subsurface damage
in optical substrates, conventional processes, such as
grinding, lapping, bowl-feed polishing, float polishing,
etc., have been re-optimized, and new technologies, such
as magnetorheological polishing, fluid jet polishing, laser
polishing, etc., have been proposed and developed to
improve the surface and subsurface quality beyond any
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15 pm

Figure 20 (A) Cross-sectional SEM images of HR coatings growing
on a sleek. (B) Distribution of E-field intensification within scratch-
distorted coating (reproduced from Qiu et al. [21]).

level previously attained. Detailed discussion of polish-
ing is beyond the scope of this review. More materials can
be found in the SPIE conference series: Laser-Induced
Damage in Optical Material.

2.3 The influence of defects on other
properties of optical coatings

2.3.1 Scattering

Scattering from localized defects in optical coatings
can severely degrade the performance of high-precision
optical systems. For example, modern image detection
systems commonly employ optical coatings immediately
in front of detector arrays, which is particularly susceptible
to the scattering of coating defects because light leakage
through a defect is not averaged out over the whole detec-
tor array but is imprinted upon the pixel directly beneath
it. For the special case where a band-pass filter is mounted
before the detector, the out-of-band rejection dropped by
as much as three orders of magnitude as the filter was
brought from the far field to a position directly in front
of a detector [49]. This phenomenon is known as the Sti-
erwalt effect and is caused by scattering from defects in
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filters. Moreover, the evolution of high-sensitivity applica-
tions has pushed the total loss of optical coatings to the
ppm level. Among different loss mechanisms, light loss
due to scattering is usually pronounced. Except for rough-
ness, the presence of a few localized defects in the coat-
ings could be a significant source of scattering loss [3].
Although numerous studies have explored the depend-
ence of scattering loss on surface roughness, interface
correlation, and bulk irregularities [50-58], only a few
studies have investigated scattering from defects [59-64].
To narrow the scope of this section, only recent advances
on scattering from defects on single surfaces are reviewed.

Zerrad et al. have presented a very good numerical
analysis to show the impact of localized defects on scat-
tering and the deduced root mean square (rms) rough-
ness [65]. They considered a low roughness plane silica
surface that was illuminated by a collimated beam at the
wavelength A=847 nm in air. The bidirectional reflectance
distribution function (BRDF) calculated from the clean
surface profile as a function of the scattering angle 6 is
given in Figure 21. The rms roughness of this surface was
deduced to be 0.865 nm. They then numerically added
some isolated dome-shaped defects to this surface with
random diameters between 3 and 8 um and height <0.2
um, and whose refractive index was the same as the
surface. The red line in Figure 21 shows that the BRDF
level was significantly increased by the presence of ten
defects on the surface. Moreover, Figure 22 shows that
the rms roughness of this same surface increased as the
number of defects on the sample surface was increased.
These numerical results show that the determination of
the rms roughness of a surface through a scattered inten-
sity measurement can very quickly become inaccurate
because of the presence of a few localized defects on the
surface.
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Figure 21 Influence of ten localized dome-shaped defects on light
scattering from a 500 umx500 pum? surface (reproduced from Zerrad
et al. [65]).
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Figure 22 Root mean square (rms) roughness of the surface with
different numbers of isolated defects (reproduced from Zerrad et al.
[65]).

Herffurth et al. presented a different approach using
a compact CMOS sensor matrix to measure the 3D angle-
resolved scattering (ARS) from nano-roughness or small
defects [66]. One merit of their measurement system is
that the compact light-scatter sensor and a white light
interferometer (WLI) (ZYGO New View 7300) can be inte-
grated into one stage, which makes it possible to record 3D
surface profiles of defects at the same positions where the
ARS measurements are performed. The right column in
Figure 23 shows the topography profiles recorded with the
WLI of a scratch and a particle on an RG1000 substrate,
as well as two defects on a silicon surface with a 200 nm
Ti thin film. The images in the left column show the cor-
responding ARS patterns measured with the light-scatter
sensor. It is clear that defects on the substrate surface or in
the coatings give rise to strong and anisotropic scattering.
Especially for Figure 23C, an inverse correlation between
the defect diameter and angle between the first minimum
and the specular reflected beam becomes visible. Addi-
tionally, they also used the Beckmann-Kirchhoff theory
to further investigate the estimation of the sizes of pits in
the surfaces from the ARS distributions. The system not
only can measure the scattering from defects but can also
deduce the dimensions of defects based on a scattering
map.

2.3.2 The reflected field of EUV coatings

EUV lithography uses a reflective mask consisting of a
glass substrate, a multilayer reflective coating, and a
patterned absorber layer. The EUV light reflected by the
mask is imaged onto the wafer. The reflected field must
be uniform in both amplitude and phase to avoid produc-
ing critical errors in the lithographic image of the mask
pattern. Defects, such as scratches, nodules, or pits, can
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Figure 23 Selected defects. Left: angle-resolved scattering (ARS).
Right: corresponding white light interferometer (WLI) topography
data (scan area: 370 umx370 um). | and Il label the axes and the
corresponding scatter features of pit ‘C’ (reproduced from Herffurth
etal. [66]).

cause a local modulation of the reflected field and thus
produce large errors in the printed features, which are
usually called printable defects [4]. Taking an exposure
tool operating at a wavelength of 13.5 nm and having a
numerical aperture of 0.25 as an example, a defect is print-
ableifits height at the surface of the coating is >2nm. Such
a requirement is rather challenging. What is worse is that
standard inspection techniques cannot identify such small
features. Stearns et al. demonstrated a smoothing method
that used an etching process to decrease the defects nucle-
ated by 50 nm particles to a diameter below 1 nm when the
multilayer coating is deposited [4]. They also developed
a non-linear continuum model to simulate the growth of
localized defects in multilayer coatings. Figure 24 shows
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good agreement between the TEM image of the shrunk
defects and the corresponding simulation results. For pro-
truding defects, the incorporation ion beam etching into
the multilayer deposition process proved to be effective,
although other cases, such as scratches and pits, were not
addressed. Subsequently, Sugawara et al. investigated the
printability of a scratch defect onto the substrate surface
by simulations [20]. They assumed that no excess atoms
were supplied to fill a scratch defect, thus the cross-sec-
tional area of smoothing and non-smoothing deposition
should be the same. The smoothing deposition causes
the topography of a defect to laterally expand and verti-
cally contract from the bottom to the top of a multilayer,
as shown in Figure 2. Their simulation results reflected
that such a shallower and wider topography caused bigger
inhomogeneities in the phase of the reflected field, which
makes the scratch more printable. In practice, whether the
smoothing or non-smoothing approaches should be used
depends on the properties of the defects in the coatings.

2.3.3 Mechanical and environmental stability

Localized stress can be created in coatings where non-
homogeneous growth occurs around defects in the film.
When the localized stress exceeds the fracture toughness
of the coatings, localized adhesion failure, causing flaking
or cracking, will occur. Figure 25 shows the fracture of
an electron beam evaporated HfO,/SiO, coating [67]. A
nodular defect in the coating provides an initiation site for
tensile stress failure, while tearing of the film is evident
within the crack that forms. Defects also enhance moisture
penetration in optical coatings exposed to a hygrothermal
environment, which is very critical for coatings on sus-
ceptible substrates, such as hygroscopic crystals, optical
grade polymers, etc. Moisture absorption in the vicinity
of defects in optical coatings induces additional stresses
within the coatings and ruins the substrate surface, which
can cause interfacial delamination and subsequent crack-
ing of the multilayer. Even for BK7 substrates, defect-
induced failure of optical coatings has been reported [5].
Figure 26 shows an area of coating delamination and its
relationship with defects. An initial generation position
for the failure at the bottom of the delaminated area can
be clearly seen in Figure 26.

3 Non-visible absorbing defects

The morphologies of some damage sites as well as their
laser damage behaviors suggest that LID of optical coatings
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Figure 24 (A) Cross-sectional transmission electron microscope image of a defect in the Mo/Si multilayer coating nucleated by a litho-
graphically patterned particle with a width of 165 nm and height of 45 nm. The dark layers are Mo. (B) Simulated layer structure through the

middle of the defect (reproduced from Stearns et al. [4]).

in the nanosecond regime is initiated by localized nano-
absorbing defects. For the widely used HfO,/SiO, combi-
nation, metallic Hf nano-clusters, off-stoichiometric HfO,
nano-clusters, or areas of high-density electronic defects
have been speculated as possible sources for triggering
LID [68, 69]. Real nano-absorbing defects are still not
detectable with current technology due to their very small
size and localized property. The question on the nature
of nano-absorbing defects remains open. The connection
between nano-absorbing defects and coating properties
has not been established, which hampers the optimiza-
tion of deposition processes to improve laser damage
resistance. Currently, laser damage analysis is the only
way to explore nano-absorbing defects, but this approach

10 mm

10 KV
CRAZES .TIF

Figure 25 SEM imaging of the initiation site and crack that forms as
a result of the high tensile stress in an evaporated hafnia/silica film
(reproduced from Oliver et al. [67]).

is destructive and only limited information about the
nano-absorbing defects can be obtained. Based on the
measured laser damage probability as a function of the
parameters of the laser beam, the size and/or density of
different nano-absorbing defects can be deduced. Accord-
ing to the detailed knowledge of damage morphologies,
mechanisms for laser damage initiating the nano-absorb-
ing defects have also been proposed.

3.1 Phenomenological studies according to
damage probability

LID initiating from nano-absorbing defects is local-
ized and probabilistic. Statistics for the nano-absorbing

Figure 26 Pinhole defect induced filter failure, and the box shows
the pinhole defect site (reproduced from Zhang et al. [5]).
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Figure 27 Estimated defect density as a function of test laser wave-
length (reproduced from Jensen et al. [71]).

defects can be obtained by determining the dependence
of laser damage probability on fluence, beam diameter,
wavelength, etc. Assuming that damage occurs if a nano-
absorbing defect is present in the irradiated area where
the laser fluence is higher than the threshold fluence of
this defect, the damage probability can be calculated the-
oretically by knowing the size distribution of defects and
then compared to experiments [70].

Among the various questions arising, whether the
nature and density of the nano-absorbing defects change
with wavelength is of particular interest. Jensen et al. per-
formed detailed investigations on the laser damage prob-
ability of HfO,/SiO, high reflectors as a function of the spot
size at four different wavelengths, that is, 1064, 532, 355,
and 266 nm [71]. Considering that HfO,/SiO, high reflec-
tors have a limited density of nano-absorbing defects,
laser damage probability should reduce with the decreas-
ing spot size of the test laser beam. At a specific spot size,
the beam will most likely not hit any coating defects and
the damage threshold will be governed by the intrinsic
properties of coating. If the damage threshold fluence as
a function of the spot size is plotted, this specific spot size
should be the turning point where the damage threshold
suddenly increases. Obviously, this specific spot size is
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Figure 29 Laser damage probability measured (at 1064 nm/12 ns)
for a hafnia film. The calculated curves are plotted for the same
values of fit parameters for both beam sizes (reproduced from
Gallais et al. [72]).

inversely proportional to the density of nano-absorbing
defects. The spot size at which the slope of the curve
increases sharply differs greatly between the four wave-
lengths. The specific beam diameters are 60, 100, 120,
and 150 um, respectively, for 266, 355, 532, and 1064 nm,
which corresponds to different defect densities at differ-
ent wavelengths, as shown in Figure 27. The densities of
defects should not be considered to be absolute. The order
of magnitude and the difference between the four wave-
lengths can give an indication that UV laser pulses hit a
larger number of defects. There are two possible reasons
for the observed trend suggesting that films have higher
density of defects at shorter wavelengths. One is that new
sources of defects emerge at shorter wavelengths and they
create more defects; another is that additional transient
defects are generated by UV laser irradiation.

The morphologies of the damaged sites that were irra-
diated by UV laser pulses were compared for small and
large beam diameters. Larger density of nano-absorbing
defects led to more craters within the beam profile, as
shown in Figure 28B,D. There are much higher defect

Figure 28 Damaged sites of single shot damage tests: (A) 355 nm to 22 um, (B) 355 nm to 154 um, (C) 266 nm to 26 um, (D) 266 nm to 340

um (reproduced from Jensen et al. [71]).
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densities in the UV region compared to the visible or near
IR regions. The damage morphologies of all craters given
in Figure 28 were very similar, and the localized defect-
driven damage mechanism needs to be explored to dis-
cover the crater formation process.

Usually, such phenomenological studies cannot show
the physical and chemical nature of the nano-absorbing
defects; Gallais et al. attempted to relate the nature of the
defects to the measured laser damage probability [72].
Under certain assumptions, they proposed a model to link
the measured laser damage probabilities to the properties
of the nano-absorbing defects, such as defect composi-
tion, the size distribution of defects, and their density.
Their model is based on the calculation of light absorp-
tion in defects and subsequent heating. When informa-
tion of a given type of nano-absorbing defect is coupled
with laser damage statistics, laser damage probability as
a function of laser fluence can be calculated. They con-
sidered metallic Hf nano-clusters and non-stoichiometric
HfO, defects as potential nano-absorbing defects in HfO,,
and assumed a power law distribution for these defects.
The HfO, single layer that was prepared using reactive low
voltage ion plating was tested by 1064 nm, 12 ns pulses
from an Nd:YAG laser. Figure 29 shows that the measured
threshold was 8 J/cm? in the case of the 320 um spot size
and 15 J/cm? in the case of the 44 um spot size. Under their
assumptions, dielectric defects could not trigger laser
damage at the fluence of 8 J/cm? When using a defect
size distribution between 5 and 55 nm, very good agree-
ment was obtained between the experimental value and
the theoretical data, as shown in Figure 29. Hf defects of
a few tens of nanometers were considered to be potential
defects. Their model can describe the observed spot size
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ﬁ"/
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Blackbody radiation
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dependence and fit two sets of data simultaneously using
the same parameters, which support the effectiveness
of their method to some extent. However, the deduced
results must be considered with caution because several
assumptions have been made for the calculations. The
interest of their approach may not be to identify certain
defects but to highlight potential candidates.

3.2 Interpretation of crater formation

The experimental study of nano-absorbing defect-driven
LID has been very restricted owing to two reasons. The
first is that the physical nature of the real nano-absorb-
ing defects in optical coatings is still not completely
known, and the second is that it is very difficult to carry
out reproducible experiments using real nano-absorbing
defects. Many experiments have shown that the damage
morphologies initiating from real and artificial nano-
absorbing defects are very similar. Thus, an alternative
approach to study laser interaction with nano-absorbing
defects is to introduce artificial nano-absorbing defects
inside the coatings [73-75]. Gold nanoparticles are the
preferred choice for artificial absorbing defects because
of their well-known optical and thermal characteristics,
chemical stability, and availability in the form of gold col-
loids or powders. Most studies on LID initiating from arti-
ficial nano-absorbing defects have been conducted using
a UV nanosecond pulse laser. By exploring the damage
behaviors of SiO, layers embedded with gold nanoparti-
cles, Papernov and Schmid have proposed a phenomeno-
logical model of crater formation [76]. This model involves
four steps.

—

Band-gap collapse due
to heat conduction
from particle
Tog ~ 2200 K

Figure 30 Schematic presentation of three mechanisms transforming the absorber-surrounding matrix into absorbing medium: (A)
photoionization by UV radiation from the heated absorber; (B) thermionic emission of electrons; and (C) heat transfer-induced band gap

collapse (reproduced from Papernov and Schmid [76]).
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Laser pulse . . . . .
P considering the energy absorption process is localized

inside the defect, the amount of energy absorbed is
insufficient to form micron-sized craters [77].

— Energy transfer from heated nano-absorbing
defects to surrounding film matrix A critical
role in the damage Kkinetics is played by the energy
transferred from the heated particle to the surrounding
film matrix. Three possible mechanisms converting
the transparent dielectric coating into an absorbing
medium are identified [76], as shown in Figure 30.
First is the photo-ionization by the UV photons of
the black-body radiation from the heated defects; the
second approach is via the thermionic emission of
electrons from the heated defects; and the third is due
to matrix band gap collapse upon reaching a critical
temperature at the absorber/matrix interface.

- Heating of the surrounding absorbing matrix
by laser The rapid heating and ionization of the
surrounding matrix by laser leads to the formation of
a plasma ‘fire ball’ with an energy density well above

G6389J2

Figure 31 Schematic of the plasma ball formation around an
absorbing defect (reproduced from Papernov and Schmid [76]).

Heating of the nano-absorbing defects The energy
absorbed by an isolated nano-absorbing defect can be
calculated using Mie theory. Due to its very small size
and lower thermal conductivity than the film matrix,
the defect itself can reach very high temperature
and pressure. However, calculations show that,

A

nm

um ’ 15

600  ggo

the evaporation energy, as shown in Figure 31. The
plasma ball radius grows exponentially with laser
fluence F. At high laser fluences, the growth of the
plasma ball tends to saturate and its diameter reaches
a maximum value of the order of A. In this case the
absorbed energy can be estimated as E=F zA* [78].

Figure 32 Characteristic crater morphologies produced by 351 nm, 0.5 ns irradiation of 18.5 nm particles lodged at different depths: (A)
regular crater, surface plot, 60 nm absorber lodging depth; (B) cross-sectional view of regular crater; (C) schematic presentation of the melt
front inside the regular crater; (D) complex crater, surface plot, 190 nm absorber lodging depth; (E) cross-sectional view of the complex
crater; (F) schematic presentation of the melt front and shock wave inside the complex crater (reproduced from Papernov and Schmid [76]).
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Figure 33 Damage crater cross-sectional profile (atomic force microscope). The crater depth measurement points to the removal of the
hafnia layer within the crater volume (reproduced from Papernov et al. [68]).

— Thermomechanical effects Both pure thermal
(melting and vaporization) and thermomechanical
(fracture generation) effects must be taken into
consideration to describe and predict the final
crater formation. Using an atomic force microscope,
two types of damage crater morphology were found
in SiO, coatings with 18.5 nm gold particles lodging
at different depths. Craters resulting from melting
and evaporation usually have a single-cone shape,
as shown in Figure 32A-C. Such craters are usually
formed at relatively shallow absorber locations,
where the melt front accompanying the plasma ball
front reaches the material surface. Another type of
crater exhibits a complex structure with a double-
cone cross-sectional profile having a random
lateral shape, with sharp corners, as seen in Figure
32D-F. This second crater morphology is usually
observed when the absorber lodging depth exceeds
some critical value. The upper portion of the crater
may be removed by fracture. Thus, complex crater
formation involves a combination of melting and
fracture.

Papernov et al. further investigated the interfacial damage
between HfO, and SiO, layers in the UV region [68]. The
cross-sectional profiles of the damage site are shown in
Figure 33. The damage at the center of the crater propa-
gates 30-80 nm into the underlying SiO, layer, which
indicates the melting and removal of the silica layer. They
hypothesized the following damage process: nano-absorb-
ing defects in the HfO, layer first absorb energy from the
laser pulse; those heated defects that are also adjacent to
the SiO, layer can transfer heat to the silica; considering
that the melting point of HfO, [T_(HfO,)=3085 K] is much
higher than the melting point of SiO, [T _(Si0,)=1986 K],
SiO, material is first heated up to the melting point and
becomes absorptive; the local temperature and pressure
can grow dramatically by acquiring energy from the laser

pulse; and the HfO, material is removed from the crater
without full melting, via a stress-driven mechanism. Such
a damage mechanism might also be relevant to any HfO,/
SiO, multilayer coatings irradiated by a UV nanosecond
pulse laser, which helps to explain the morphologies of
the craters thus formed.

Understanding of LID initiating from nano-absorbing
defects has been deepened by these studies, but oppor-
tunities for improving the understanding of the mecha-
nisms of localized defect-driven damage are far from
exhausted. More importantly, the physical nature of real
nano-absorbing defects still cannot be ascertained, new
non-destructive characterization techniques having
nanometer resolution may be the next critical step to deal
with this issue.

4 Summary and perspectives

Defects in optical coatings can degrade their perfor-
mance in many ways. Which types of defects should
be controlled and to what degree they should be con-
trolled depends on the application and the understand-
ing of defect-related properties in optical coatings. The
challenging aspects of dealing with defects include:
the nature and properties of defects are not completely
known; defects are localized, with low numbers and
low density; and their properties, including absorption,
size, depth, etc., probably vary from defect to defect.
Taking high power laser coatings as an example, such a
complex situation hampers the experimental and theo-
retical studies of defect-driven LID in optical coatings.
Using artificial defects whose damage behavior is similar
to real defects is an effective approach to systemati-
cally study defect-driven LID in optical coatings. New or
deeper understanding of LID initiating from nodules or
nano-absorbing defects has been achieved, which helps
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to re-optimize existing technologies and to develop new

processes to control these defects and to further increase

laser damage resistance.

Optical coating is a technology domain driven by appli-
cation. As modern optical systems evolve, the requirement
of our understanding of defect-related properties and the
ability to control defects are steadily increased. There is
enough room for scientific and technological progress on
defect-related properties in optical coatings. Here, only a
few suggestions are proposed for future studies.

— Except for eliminating the sources of defects, new
technologies that can weaken the influence of existing
defects are highly desirable [4, 20, 44].

— Non-destructive localized characterization techniques
can be improved to achieve nanometer scale resolution
and even to highlight band gap or electronic defects
[79, 80].
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— Studies that can distinguish scattering from localized
defects and interfacial roughness in multilayer
coatings with large effective detection area should be
conducted.

— Studies of localized mechanical properties and
stress state in the area of defects can be further
investigated.
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