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Abstract

The laser-damage resistance of multilayer-dielectric (MLD) pulse compressor
gratings currently limits the energy performance of the petawatt-class OMEGA EP
laser system at University of Rochester’s Laboratory for Laser Energetics. The
cleanliness of these components is of paramount importance; contaminants can act as
absorbers during laser irradiation, initiating intense local heating and catastrophic laserinduced damage. Unfortunately, some of the most effective cleaning methods for MLD
gratings—usually involving high temperatures and strong acids or bases—can
themselves induce chemical degradation and thermal stresses, leading to coating
delamination and defects.
This work explores ways to improve the laser-damage resistance of MLD
gratings through modifications to the final cleaning phase of the manufacturing
process. Processes of defect formation are investigated through a combination of
chemical cleaning experiments, microscopy, and modeling. We use a fracturemechanics approach to formulate a mechanism for the initiation of micrometer-scale
delamination defects that are commonly observed after chemical cleaning. The stress
responses of MLD coatings to elevated-temperature chemical cleaning are estimated
using a thermomechanical model, enabling us to study the effects of substrate
thickness, solution temperature, and heating rates on coating stresses (and thus the risk
of stress-induced failure). Finally, a low-temperature chemical cleaning approach is
developed to improve laser-damage resistance while avoiding defect formation and
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mitigating coating stresses. We find that grating coupons cleaned using the optimized
method consistently meet OMEGA EP requirements on diffraction efficiency and
1054-nm laser-damage resistance at 10 ps.
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Chapter 1. Introduction and Motivation

The OMEGA EP (Extended Performance) laser facility is a petawatt-class
system located at the University of Rochester’s Laboratory for Laser Energetics (LLE).
Completed in 2008, the OMEGA EP upgrade added four high-power beamlines to the
sixty-beam OMEGA system. Two of the new beamlines have petawatt capabilities,
intended to enable ultra-high energy, ultra-high intensity, and fast ignition experiments.
However, technology limitations—especially the laser-damage resistance of optical
components—have thus far prevented OMEGA EP from meeting its energy and power
goals, including the petawatt milestone. As a result, development of critical OMEGA
EP optics continues as a high priority at LLE.
Multilayer-dielectric (MLD) pulse compressor gratings used in the laser
system’s amplification system have been a focus of recent research and development
efforts because of their low damage thresholds, which are still well below design
specifications. In this work, we explore ways to improve the laser-damage resistance
of MLD diffraction gratings using process science research to guide development of
modifications to the final cleaning phase of the grating manufacturing process.
OMEGA EP pulse compressor gratings are fabricated by etching a periodic groove
structure (1740 lines/mm) into the top layer of a multilayer dielectric mirror using
interference lithography. The fabrication process leaves large quantities of
manufacturing residue on the grating’s surface that must be removed before the optic
can go into service. Photoresist, etch residues, surface debris, and organic matter
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ultimately left on the grating can absorb energy during laser irradiation, initiating
intense local heating and catastrophic laser-induced damage. A final grating cleaning
process that effectively removes a broad spectrum of contaminant materials is essential.
Chemical cleaning in acid piranha solution (a mixture of sulfuric acid and
hydrogen peroxide) is an effective and widely-used method for removing photoresist
and other contaminants from MLD diffraction gratings. Unfortunately, elevatedtemperature piranha cleaning has been known to cause coating defects and
delamination failure of MLD coatings. Chapter 2 reviews the available literature on
pulse-compression grating fabrication technology, including an overview of existing
cleaning techniques, coating defects and other challenges. The current performance
envelope of best-available MLD diffraction gratings is also given.
In Chapter 3, we investigate micrometer-scale “delamination defects” that are
often observed on MLD gratings following exposure to acid piranha solution. These
features are distinguished by a characteristic pattern of crescent-shaped fractures in the
coating, with the layers uplifted at the defect site. Because delamination defects
interrupt the continuity of the MLD surface, they may cause electric-field enhancement
and reduced laser damage thresholds. The causes of these defects are explored in
chemical cleaning experiments. Microscopy and mechanical testing studies are carried
out to characterize the geometry and properties of these features.
A detailed mechanism for the formation of delamination defects is described in
Chapter 4. The observed deformation and fracture behaviors are explained by assuming
that a localized pressure buildup in a pocket of trapped cleaning solution drives
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delamination and crack growth in the MLD coating. A fracture-mechanics model is
developed and used to calculate the crack path that maximizes the energy release rate.
The predicted path is compared with the crack paths observed in micrographs of MLD
delamination defects.
Another mode of failure that has been observed in MLD gratings is gross (i.e.,
millimeter-scale or larger) coating delamination, which is attributed to compressive
coating stresses and buckling from the substrate. To investigate this issue, we construct
a thermomechanical model to estimate the thermal stresses developed during wet
cleaning of a glass substrate with an oxide coating. The model, described in Chapter 5,
is used to examine the stress distributions in a large coated optic such as an OMEGA
EP grating that is cleaned on one side only by spraying a heated chemical across the
coated surface. In this situation, substrate thickness can strongly affect the thermalstress response of the thin film coating material. The model enables us to explore how
material selection, substrate thickness, solution temperature, and heating/cooling rates
can influence stress levels and risk of coating failure during chemical cleaning. We also
compare the stress response of full-size OMEGA EP gratings to small-scale test or
“witness” samples, which are expected to be representative of the full-size optics.
Experimentation and modeling results presented in Chapters 3, 4, and 5 guided
us in defining cleaning guidelines to mitigate the risk of coating delamination and
defect formation during the cleaning process. In Chapter 6, cleaning techniques
spanning a wide range of technical disciplines are surveyed, combined, and optimized
to develop a new, low-temperature MLD grating cleaning method. In comparison with
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existing MLD grating cleaning techniques, the advanced grating cleaning technique is
shown to enhance laser-damage resistance and reduce risk of thermal-stress failure and
defects. A summary of results and recommendations for future work are given in
Chapter 7.
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Chapter 2. Background and Literature Review

2.1

Chirped pulse amplification
Chirped-pulse amplification (CPA), first developed in the 1980’s at LLE [1–3],

has been an enabling technology in the development of ultra-short-pulse, high-power
laser systems. A diagram of CPA is shown in Figure 1. The key to the technique is the
pulse stretcher, which “chirps” the signal by temporally stretching it using a pair of
diffraction gratings. Only after the pulse has been stretched (and thereby reduced to a
much lower irradiance) does it travel through the gain medium. After amplification, the
pulse passes through another set of gratings, where it is recompressed back to its
original time duration.
Stretcher
Gratings

Compressor
Gratings

Initial short
pulse

Power amplifiers
Short-pulse
oscillator

Long, low-power
pulse for
amplification

High-energy
pulse after
amplification

To target
chamber

Figure 1. Diagram of chirped pulse amplification, after Zuegel [4]
Since the intensity limits of the amplifier are circumvented in CPA, this
technology has enabled the development of the modern generation of ultra-highintensity, high-energy lasers. The advent of CPA led to orders-of-magnitude increases
in power capabilities, and shifted the laser development bottleneck from the gain
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medium to the laser optics. The laser-induced damage thresholds (LIDT’s) of
diffraction gratings, in particular, constrain the operations limits of many of the world’s
high-power laser facilities [5–8].

2.2

Pulse compression in OMEGA EP: design and operational envelope
In OMEGA EP, two modifications to the basic CPA setup are employed in the

pulse-compression phase to increase intensity capabilities: (1) rather than a single
grating pair as shown in Figure 1, four gratings (two pairs) are used to compress the 1ns beamline output to a pulsewidth of 1 to 100 ps for delivery to the target [9]; and (2)
tiled-grating assemblies (TGA’s) are used instead of monolithic gratings. Large-area
gratings are advantageous because beam fluence (energy per unit area) on the optic can
be minimized, relaxing LIDT requirements; however, the maximum size of individual
diffraction gratings is limited by manufacturability. MLD surface-relief gratings, used
in OMEGA EP, are the current state-of-the-art technology in ultra-short pulse
compression. Dielectric gratings are fabricated by etching a groove structure into the
top layer of an MLD mirror. MLD gratings offer considerable advantages in diffraction
efficiency (DE) and LIDT over traditional metallic (gold-overcoat) gratings [10–13],
but are difficult to fabricate at large apertures because of coating deposition and
lithography challenges. The largest monolithic MLD gratings that have been
manufactured to date are 91 × 45 cm [14,15]. When construction of OMEGA EP began
in 2003, ~50-cm aperture monolithic gratings had only just been reported [10,11,16].
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Kessler et al. [16] showed that larger gratings could be achieved by
interferometrically aligning (“tiling”) multiple gratings, a concept that was deployed
for the first time in OMEGA EP [16,17]. The dimensions of the TGA’s are 141 cm ×
43 cm, with the three individual gratings in each assembly measuring 47 cm × 43 cm.
The layout of the tiled gratings in OMEGA EP’s pulse compressors is illustrated in
Figure 2. A photograph of the TGA4 grating installed in the vacuum grating
compressor chamber (GCC) is shown in Figure 3.

TGA2

2 ns
(2 x 10-9 s)

Compressor with tiled gratings

TGA1

TGA4

TGA3

1 ps
(1 x 10-12 s)

Figure 2. OMEGA EP pulse compressor grating layout, after Morse [18].

1.4 m

0.4 m

Figure 3. TGA4 grating assembly, consisting of three interferometrically aligned
MLD diffraction gratings, installed in OMEGA EP’s grating compressor chamber.
Photography by Eugene Kowaluk.
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Despite the use of large-area, tiled MLD gratings in OMEGA EP, the LIDT’s
of the pulse compressor gratings—particularly the TGA4 gratings, which, in last
position, are subjected to the shortest pulse and therefore the highest fluence (see Figure
2)—still limit overall performance of the laser system. The requirements on these
critical, large-aperture optics are rigorous: an LIDT greater than 2.7 J/cm2 (beam
normal) for a 10 ps pulse at 1054 nm incident at 61°, and a DE of 97%. Currently, this
level of performance cannot be achieved reliably on small parts, and has never been
demonstrated on full-size gratings.
To protect optical components, OMEGA EP’s short-pulse beamlines are
currently operated well below energy goals, at ~60% of design energy. An in situ
grating inspection system has been implemented on TGA4 to monitor laser damage
growth between high-energy OMEGA EP shots [19]. Because OMEGA EP has not yet
achieved its performance goals, system energy ramps are carried out periodically to
update the operations limits for laser system shots. In situ damage detection is a
powerful capability during energy ramps, as real-time feedback enables operators to
discontinue the ramp when a predetermined damage-growth criterion is reached, before
fluences reach a level that could damage downstream optics.

2.3

Review of MLD grating technology

2.3.1

Methods for improving the laser-damage resistance of MLD gratings
Laser-induced damage in optical materials is governed by thermomechanical

processes: heating, absorption of energy, and transfer of energy to the surrounding
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material [20,21]. Several approaches exist for improving the LIDT of an MLD grating:
(1) adjustment of coating design or surface structure geometry to minimize electricfield enhancement in the films; (2) selection of higher-LIDT coating materials; (3)
modification of the thermomechanical response of the coating, e.g. by altering film
stress or thermal conductivity; and (4) reduction/elimination of defects and
contaminants, which can act as absorbers.
Since the introduction of MLD gratings in 1995 [12], great strides have been
made in improving their damage thresholds via the pathways listed above. Hocquet et
al. [5] and Neauport et al. [22] demonstrated that grating pillar geometry could be
adjusted to minimize e-field intensity in MLD gratings and thus increase LIDT. Oliver
et al. [23] and Liu et al. [24,25] showed that coating design could be optimized so that
the dielectric stack behaves as a high reflector at the grating’s use wavelength, but
exhibits high transmission at the lithographic exposure wavelength to mitigate
standing-wave effects and improve fidelity. Materials selections—in particular the
development of the technologically important HfO2–SiO2 system—have also led to
significant advancements [26–29]. HfO2 and SiO2 are now standard choices of highand low-refractive index materials for infrared (IR) laser optics because of the
inherently high LIDT of this combination [26–32].
While little quantitative analysis has been done to characterize the precise
relationship between coating stress and LIDT (see our suggestions for future work in
this area in Sec. 7.2.3), it is well known that coating stresses play an important role in
MLD coating survivability. Tensile stresses can cause crazing, while compressive
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stresses can lead to thin-film delamination [32–34]. As a result, “safe” coating stress
limits are typically defined to avoid these modes of coating failure in practice. To
ensure that coating stresses fall within the acceptable range, investigators have
modified deposition parameters to adjust coating porosity, density, and crystallinity
[27,33–36] and have implemented stress-compensating interlayers [32,37] and
underlayers [13,38].
In this thesis, we explore ways to improve an MLD grating’s performance
through defect mitigation and improved surface cleanliness. Coating defects and
contaminants enhance local energy absorption during laser irradiation, leading to
catastrophic damage when energy is transferred to the surrounding coating matrix [20].
Accordingly, incomplete removal of manufacturing residues and the presence of
defects in an MLD coating are major causes of low LIDT, and process modifications
offer an avenue for grating improvement. Overviews of MLD grating fabrication
technology, cleaning techniques, and coating defects are presented in the following
three sections.

2.3.2

Design and fabrication of OMEGA EP pulse compressor gratings
MLD pulse compressor gratings are composed of an MLD mirror with

periodically-grooved top diffraction layer. OMEGA EP grating MLD’s are HfO2–SiO2
coatings deposited in a nominally quarter-wavelength (λ/4) high reflector design that
has been modified to achieve high reflectivity at the 1054 nm use wavelength, but high
transmission for lithographic exposure conditions in the ultraviolet [23]. The
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suppression of reflectivity at the exposure wavelength reduces undesirable standingwave effects that affect the fidelity of the grating pillar structures. Reactive evaporation
(RE), also called electron-beam evaporation, is LLE’s standard MLD coating method.
RE yields coatings with a relatively high porosity compared to energetic deposition
methods such as plasma-assisted deposition (PIAD). This quality is desirable in laser
optics because porous coatings generally have higher damage thresholds than compact
coatings [39–41], possibly because the pore structure enables a pathway for stress
relief. Laser irradiation can lead to phase transformations (melting or gasification)—
particularly in the long-pulse regime, in which laser damage is dominated by thermal
effects1. The porous coating structure may provide stress relief via the permeation of
dense liquid and/or gaseous materials, and thus a decreased pressure in the phasetransformation zone [39].
Hafnia layers are deposited from a metallic hafnium source while silica layers
are deposited from granular SiO2. Deposition of HfO2 from metallic Hf (rather than an
oxide source) reduces the incidence of defects caused by sputtered HfO2 particles

1

Damage-threshold requirements for OMEGA EP gratings are specified at 10 ps,
which would not typically be categorized as a “long” pulse, as long-pulse behavior is
generally expected at pulsewidths of 50 ps or greater [42]. However, multiple damage
mechanisms are likely at play at transition pulsewidths such as 10 ps, and therefore
thermal effects and stress relief are also proposed to explain the relatively higher
LIDT’s that have been reported for porous RE coatings at 10 ps in comparison with
dense ion-assisted or ion-beam sputtered coatings [41]. Oliver et al. found that the
improvement effect was greater at 0.5 ns than at 10 ps, where 0.5 ns is clearly in the
long-pulse regime [35].
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embedded into the coating during deposition [28,40]. Because of its high damage
threshold, SiO2 is used as the top layer in the grating, into which the groove structure
is etched.
The LLE grating manufacturing process is illustrated in Figure 4, with
corresponding scanning-electron microscope (SEM) cross-sectional images shown in
Figure 5. First, the MLD coating is deposited onto the substrate. A bottom antireflective
coating (BARC) layer may be applied to the multilayer mirror to mitigate standingwave effects during lithography. The BARC coating is an organic polymer that is
highly absorptive at the exposure wavelength; it is used to avoid reflections from the
multilayer mirror coating during the writing process, which can cause distortion of the
grating pillar structures [43]. The part is then coated with photoresist [Figure 4(a),
Figure 5(a)], and interference lithography is used to pattern the grating [Figure 4(b),
Figure 5(b)]. The grating then undergoes reactive ion-beam etching (RIBE) processes
to etch the BARC and top MLD layer [Figure 4(c), Figure 5(c)], leaving the silica pillar
geometry. Finally, organic residues (including BARC and photoresist layers, and
environmental contamination) and inorganic residues (including metallic contaminants
and oxide debris) are stripped away in a final cleaning process [Figure 4(d), Figure
5(d)].
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Photoresist
BARC

(a)

BARC

(b)

MLD

Substrate

Substrate

MLD

(c)

MLD

(d)

Substrate

MLD
Substrate

Figure 4. Grating manufacturing process: (a) MLD, BARC, and photoresist layers
deposited; (b) photoresist written and exposed; (c) BARC and MLD etched to create
pillar geometry; and (d) photoresist and BARC stripped. Hafnia layers are represented
in yellow, silica layers in orange, BARC in blue, and photoresist in green. Figure is
not drawn to scale.

(a)

(b)

Photoresist

BARC
SiO2
HfO2
400 nm

400 nm

(c)

(d)

400 nm

400 nm

Figure 5. LLE MLD grating samples imaged by scanning electron microscopy
(SEM) at different stages in the fabrication process: (a) MLD, BARC, and photoresist
layers deposited; (b) photoresist written and exposed; (c) BARC and MLD etched to
create pillar geometry; and (d) photoresist and BARC stripped. SEM microscopy was
performed by Christopher Smith.
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2.3.3

Cleaning techniques for MLD diffraction gratings
Chemical cleaning is the final step in the grating manufacturing process, and

must remove an array of contaminant materials from the manufacturing process,
including thick layers of baked-on BARC and photoresist. Although surface
contamination is a well-known cause of poor optical performance and low LIDT [44–
49], relatively few papers on cleaning methods for MLD gratings are available. Ashe
et al. [47,48] were among the first to publish on this topic. They compared a number
of chemical wet-cleaning methods commonly used in the semiconductor industry. Acid
piranha, a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2), was
identified as the most promising chemistry for MLD grating cleaning based on
postcleaning DE and LIDT results. Other groups [49–51] have also reported on the
successful use of acid piranha to clean MLD gratings. Britten and Nguyen [51]
developed a cleaning method that involved stripping bulk photoresist with an aqueous
base and employing an oxidizing acid solution to remove residues, with oxygen plasma
used as an intermediate step to remove fluorinated hydrocarbon residues. Plasma
cleaning with oxygen and other gases has been suggested as a method for removing
bulk organic layers of BARC [47,52] and photoresist [53,54] from gratings.
Nguyen et al. [55] and Britten et al. [56] demonstrated that briefly exposing an
MLD grating to dilute buffered hydrofluoric acid (HF) solution could increase its
resistance to laser damage. HF lightly etches the silica pillars, simultaneously removing
embedded surface residues and reducing duty cycle (linewidth/period). Low-dutycycle designs minimize electric-field enhancement in the grating [13,22], but tall,
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narrow pillars can be difficult to fabricate using lithography. Britten et al. reported an
average LIDT increase of 18.5% after etchback for 10 ps, 1053 nm damage testing at
76.5° incidence. The authors indicated that the HF linewidth-tailoring treatment
“requires densified coating layers” [56] but did not elaborate.
None of the above-listed cleaning methods were shown to meet the in-vacuum
OMEGA EP grating LIDT requirement of 2.7 J/cm2 for a 1054 nm, 10 ps pulse incident
at 61° on the final grating of a four-grating compressor. Thresholds exceeding 2.7 J/cm2
have been reported for 10 ps testing [47,48,55–58], but in some of these studies the
incidence angle was higher than 61° (necessitating a correction for comparison2), and
in other cases damage-testing data were reported only for an air (or unspecified)
environment. OMEGA EP gratings are operated in high vacuum. Testing environment
can have a significant effect on laser-damage threshold results, especially for
nondensified, porous MLD coatings (such as those used by LLE) because humidity and
the volatility of contaminant materials in the vacuum chamber can play important roles
[45,59].

2

The OMEGA EP damage-threshold requirement is specified in a plane perpendicular
to the beam incident at 61°; thresholds measured at other incidence angles cannot be
directly compared. Higher incidence angles (Nguyen et al.’s data [55] were reported
for 76.5° incidence, for example) correspond to larger on-sample beam areas, and
therefore, higher reported damage thresholds for the same beam fluence. For
comparison, an approximate correction can be made using angular projection by
multiplying the LIDT by the ratio of cosines of the incidence angles; e.g., an LIDT
measured at 61° can be converted to 76.5° by multiplying by a factor of 2.07.
Accordingly, the OMEGA EP LIDT specification of 2.7 J/cm2 at 61° corresponds to an
equivalent LIDT specification of 5.6 J/cm2 at 76.5°.
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2.3.4

Defects and limitations to grating performance

2.3.4.1 Nodules and pits
A well-known and ubiquitous coating defect is the nodule, which results from
deposition of the multilayer coating over surface asperities such as dust, spattered
coating particles, or substrate roughness [60–62]. The asperity, which might lie directly
on the substrate or between coated layers, acts as a “seed” that nucleates the nodular
defect. As additional layers are deposited over the seed, the diameter of the defect
grows, and at the surface the nodule appears as a domed protrusion. Several researchers
[63–67] have investigated the cross-sectional profiles of nodules in MLD films using
focused-ion beam (FIB) milling and SEM. Cross-sectional views of nodules from three
such studies are shown in Figure 6. Results show that nodules can be initiated by a seed
located at the substrate, or by a shallower seed in the coating, and that seeds can be
irregularly shaped or round; in all cases, the protrusion at the surface is dome-shaped,
nominally semi-spherical, and on the order of several micrometers in size.
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(a)

(b)

2 µm

2 µm

(d)

(c)

2 µm

2 µm

Figure 6. Scanning-electron microscope images of nodules: (a) Cross-section of a
focused-ion beam (FIB) milled nodule that was initiated by a small irregular seed,
reprinted from Liu et al. [63] with permission from Elsevier. (b) Cross-section of an
FIB-milled nodule that was initiated by a large spherical seed, reprinted from Cheng
et al. [67] with permission from the Optical Society of America. (c) Field of several
FIB-cross-sectioned nodules that were artificially seeded with gold nanoparticles,
reprinted from Shan et al. [65] with permission from the Optical Society of America.
(d) FIB cross-section of two nodules that were initiated by small, shallow seeds
located at different layers in the MLD coating, reprinted from Cheng et al. [67] with
permission from the Optical Society of America.
The nodular defect is illustrated schematically in Figure 7. A common model
for nodule formation assumes a spherical asperity and uniform deposition of coating
layers over the seed [66–70]. The resulting requirements on nodule geometry are

Hn

= ds and dn = (8dsHs)1/2, where Hn is the height of the nodule protruding from the
coating surface, ds is the spherical seed’s diameter, dn is the diameter of the nodule at
the coating surface, and Hs is the depth of the seed in the coating. This model results in
a parabolic boundary between nodule defect and undisturbed coating, as shown in
Figure 7, and a nodular height that matches the height of the nucleating seed particle.
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A parabolic nodule profile is in agreement with reported experimental results [63–66].
Shan et al. [65] showed that in their experiments, a typical nodule’s height Hn was
actually slightly smaller than the diameter of its nucleating seed; the authors attributed
this effect to surface smoothing during coating. However, other authors’ results [71]
were in agreement with the original model that predicted Hn = ds.
dn
Hn
Hs

ds

Figure 7. Nodular geometry, from Ling et al. [69]. Copyright 2009, American
Vacuum Society. Reprinted with permission.
Nodules have been shown to significantly decrease the LIDT of a coating
[65,66,71]. To quantitatively characterize the effect of nodules on laser damage
threshold, Shan et al. [65] doped BK7 substrates with gold particles to create artificial
seeds, and then coated the prepared substrates with a hafnia–silica MLD. Nodular
defects formed densely on these samples. The authors compared MLD high reflector
coatings prepared with and without artificial seeds, and found that the seeded samples
had laser damage thresholds up to three times lower than the control samples;
specifically, measured 1-on-1 (1064 nm / 12 ns pulse) LIDTs were 7.5 J/cm2 and 23
J/cm2 for the seeded and unseeded samples, respectively. In experiments performed by
Staggs et al. [71], an even more dramatic difference was observed: 1-on-1 (1064 nm /
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8–10 ns pulse) damage thresholds were 9 J/cm2 and 53 J/cm2 for regions of a hafnia–
silica high reflector with and without nodular defects, respectively.
Nodules may cause increased laser damage because of thermal isolation [72] or
because of the focusing effect of the lens-shaped nodule onto the nucleating seed
[65,72]. Shan et al. [65] observed up to a twofold enhancement of the electric field in
the immediate vicinity of a nodule seed. Using a finite-difference time-domain (FDTD)
model, Stolz et al. [73] showed that light intensification by a factor of up to 24 was
possible around nodular defects. Local field enhancement can result in catastrophic
damage if it causes the nodule to be ejected to form a crater, or so-called nodule ejection
pit [69,74].
A nodule is ejected to relieve stresses at the defect’s boundaries if its
mechanical stability is insufficient to restrain it in the coating [71]. Self-shadowing of
the nodule during coating deposition can cause a gap to form at the defect’s parabolic
boundary with the surrounding coating [75], facilitating ejection. Dijon et al. [74]
proposed a thermomechanical model for nodule ejection based on the theory of fracture
mechanics. The mechanism is briefly described as follows: when the nodule is
irradiated by laser light, the absorbing nodule seed is intensely heated and thermal
stresses develop. When the stress reaches a critical value, cracking begins and the
nodule dislodges itself from the coating to relieve the developed stresses. Based on this
model, the authors predicted a critical seed size of 0.9 μm and seed depth of 0.5 μm
(measured from the bottom of the top silica layer) for nodular ejection (1.06 μm / 3 ns
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pulse). Deeply-seeded nodules and those initiated from small seeds were less likely to
be ejected.
The nodule-ejection pit is one of two categories of damage craters that have
been identified in the literature. The other is the flat-bottom pit, which involves only
the top few layers of the coating. Flat-bottom pits need not be associated with nodules,
but are instead assumed to be initiated by an absorbing center in the coating that triggers
local delamination upon laser irradiation [76,77]. Such damage is unlikely to involve
more than a few layers (at least in the case of a high reflector) because deeper layers
are shielded from intense laser light by the partial mirror above. SEM morphologies
and cross-sectional profiles of the two types of pit are shown in Figure 8.
(a)

5 µm

(b)

1 µm

Figure 8. Top-down scanning-electron microscope images of (a) a flat-bottom pit and
(b) a nodule ejection pit; and cross-sectional schematics of (c) a flat-bottom pit and
(d) a nodule-ejection pit. Reprinted from Shan et al. [77] with permission from
Elsevier.
Once a pit has formed, further laser shots can cause the damage to grow [71],
exacerbating the problem. The possibility of pit creation is a major reason for which
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nodule formation must be mitigated to achieve high LIDTs. Additionally, nodules
themselves can deteriorate the mechanical properties of the coating. Tensile failure
(cracking/crazing) in MLD coatings is often initiated at nodule sites [32,78]. For
example, Poulingue et al. [78] artificially seeded nodules into an HfO2–SiO2 MLD
mirror coated onto an aluminum “dog-bone” tensile specimen. The authors subjected
the sample to an in situ tensile test while continuously observed the surface of the
specimen in a scanning electron microscope. As shown in Figure 9, cracks initiated
first at nodule sites, and the larger the nodule, the more likely it was that it would be
associated with a crack. The authors measured a critical stress of 165 MPa for crack
propagation.

(a)

(b)

Figure 9. (a) Geometry of dog-bone specimen used in tensile-testing experiment; (b)
scanning-electron microscope image of crazed coating following tensile test.
Reprinted from Poulingue et al. [78] with permission from the Society of Photo
Optical Instrumentation Engineers (SPIE).
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2.3.4.2 Moisture penetration patterns
Many dielectric materials (including RE-deposited HfO2 and SiO2) possess a
porous, columnar structure [27,36,79]. This structure is illustrated schematically in
Figure 10(a), while the TEM images in Figure 10(b) and (b) show the microstructural
appearance of a cross-section of a porous oxide film. In high-humidity environments,
liquid water from the atmosphere can enter the coating and fill open pores at the surface.
Diffusion of fluid into and out of the coating can cause the optical thickness of the
layers to change as air/vacuum (refractive index n = 1.0) is replaced with water (n =
1.3) or vice versa. This environmental instability can cause problems in porous optics
that must endure humidity shifts, such as the shift experienced by OMEGA EP grating
optics during the transition from air to vacuum. During an air–vacuum transition,
stresses shift tensile due to water diffusion out of the coating. This can result in tensile
failure.

(a)

(b)

(c)

100 nm

Figure 10. (a) Schematic of “closed” and “open” pores in a coating, reprinted from
Stenzel et al. [80] with permission from IOP Publishing; (b) TEM image of a crosssection of a tantalum pentoxide film exhibiting a porous structure; (c) close-up image
of porous structure, with pores apparent as light spots. Figure 10 (b, c) reprinted from
Stenzel et al. [79] with permission from Elsevier.
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In work by Macleod and Richmond [81] and Macleod [82], the authors
observed a strange phenomenon in which multilayer optical filters had developed a
speckled appearance, as shown in Figure 11. The authors determined that the effect was
the result of moisture penetration into the coating through columnar pores in the layers.
Because of the multilayer, columnar pores in a given layer did not necessarily “line up”
with pores in the next layer; so as atmospheric water entered the coating, moisture
penetration would be quickly arrested when it reached discontinuities between layers.
The exception was for very large pores at the surface, caused by dust or defects. Liquid
entered the coating via these large pores and then spread into the underlying porous
layers, creating a circular region of “wet” coating centered about the original defect.
The patterns were visible to the naked eye, since the water entry into the film increased
the optical thickness of the coating in those regions.
(a)

10 mm

(b)

500 µm

Figure 11. (a) Speckled pattern observed on an MLD zinc sulfide/cryolite filter, with
5 mm divisions marked as a grid. Reprinted from Macleod and Richmond [81] with
permission from IOP Publishing. (b) Close-up photograph of similar patterning on
another zinc sulfide–cryolite optical filter. Reprinted from Macleod [82] with
permission from H.A. Macleod and Taylor & Francis; permission conveyed through
Copyright Clearance Center, Inc.
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This phenomenon, which Macleod and Richmond called “moisture penetration
patterns”, is identified as “mottling” at LLE in reference to the spotted appearance of
affected coatings. Mottling is frequently observed after chemical cleaning, and usually
dissipates with time. Surprisingly, mottling persists longer in coatings deposited with
energetic densification techniques such as PIAD, or coatings that include alumina
(Al2O3) interlayers [83], despite the increased resistance of these layers to moisture
penetration. This may be because liquid enters the coating through a defect, such as a
nodule, but cannot escape easily by diffusing through the porous coating, so
evaporation of the trapped fluid takes a long time.

2.3.4.3 Delamination defects
Acid piranha solution is the standard chemical used to remove photoresist and
other manufacturing residues from MLD gratings (see e.g. Refs. 48 and 49). At LLE,
we have often observed micrometer-scale defects on MLD coatings after exposure to
hot acid piranha solution. Delamination defects are distinguished by a characteristic
pattern of crescent-shaped cracks in the coating, with the layers uplifted at the defect
site. These features interrupt the continuity of the MLD surface, and may cause electricfield enhancement and reduced laser-damage thresholds. Because the delamination
defect had not been described in the literature prior to our work, Chapters 3 and 4 of
this thesis are devoted to the characterization and modeling of this defect.
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Chapter 3. Characterization of Delamination Defects in
Multilayer-Dielectric Coatings

3.1

Introduction
The final phase in the production of MLD gratings (see Sec. 2.3.2 for a

discussion of the dielectric grating fabrication process) is a final cleaning step that must
completely remove baked-on layers of photoresist and BARC as well as contaminants
and debris generated during etching and storage. However, the cleaning process must
not damage the grating’s fragile groove structure. For this reason, contact cleaning
techniques (involving scrubbing, wiping, etc.) are not feasible. Chemical strippers [47–
51], and occasionally plasma-cleaning techniques [47,52–54], are used instead. Acid
piranha solution (a mixture of H2SO4 and H2O2) is a capable and efficient chemical
cleaning agent, and is widely used to strip photoresist from MLD gratings [47–50].
However, micrometer-scale “delamination defects” are often observed in MLD
coatings following piranha cleaning. These defects were formally described for the first
time in recent publications by our group [84,85]. Delamination defects are undesirable
in MLD coatings because they interrupt the MLD film structure, leading to local
electric-field enhancement and possibly reduced laser-damage thresholds. In this
chapter, we characterize the geometry and properties of delamination defects using
microscopy and mechanical testing tools. Cleaning parameters are varied to investigate
defect formation drivers and to suggest mitigation techniques.
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3.2

Materials and methodology
Unless indicated otherwise, all MLD samples used for experiments described

in this chapter were 3-mm-thick, 100-mm-diam BK7 substrates coated by RE in a
hafnia–silica modified high reflector design with an extra-thick top layer [23]. The
multilayer coatings each included between 22 and 28 layers (11 to 14 layer pairs),
depending on the specific design used. Samples were flat MLD’s (not gratings), as they
were not patterned or etched. Details of the samples used are listed in Table 1. Most of
the as-coated 100-mm-diam MLD parts were cleaved into eight wedge-shaped samples
for cleaning experiments; for brevity, parts broken into this standard sample geometry
will hereafter be referred to simply as “wedge samples.”
Table 1. Descriptions of MLD samples used in experiments
Run Number
(sample set)

Coating Design

Coating
technique

Coating
thickness

20T-10-56

HfO2–SiO2 high reflector, modified λ/4 design
with extra-thick (521 nm) top layer of SiO2

RE

5.0 µm

44T-09-54

HfO2–SiO2 high reflector, λ/4 design with a λ/2
(360 nm) top layer of SiO2 on a 50-mm-diam,
1-mm-thick fused silica substrate

RE

4.6µm

46T-10-72

HfO2–SiO2 high reflector, modified λ/4 design
with extra-thick (587 nm) top layer of SiO2

RE

5.5µm

30P-10-72

HfO2–SiO2 high reflector, λ/4 design with a λ/2
(360 nm) top layer of SiO2 on a fused silica
substrate

RE

5.0 µm

35P-11-56

HfO2–SiO2 high reflector, modified λ/4 design
with extra-thick (650 nm) top layer of SiO2

RE

4.8 µm
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Run Number
(sample set)

Coating Design

Coating
technique

Coating
thickness

60P-10-56

HfO2–SiO2 high reflector, modified λ/4 design
with two Al2O3 moisture barrier layers and an
extra-thick (523 nm) top layer of SiO2

RE

5.3 µm

9T-10-56

HfO2–SiO2 high reflector, modified λ/4 design
with extra-thick (450 nm) top layer of SiO2

PIAD

4.7 µm

RE

5.6 µm

PIAD

4.8 µm

39P-11-56

67T-11-72

HfO2–SiO2 high reflector, modified λ/4 design
with Al2O3 moisture barrier layers replacing
HfO2 at the fourth and sixteenth layers
(counted from the air interface). Extra-thick
(650 nm) top layer of SiO2
HfO2–SiO2 high reflector, modified λ/4 design
with two Al2O3 moisture barrier layers and an
extra-thick (650 nm) top layer of SiO2

Delamination defects were generated by submerging samples in acid piranha
solution. For each test, 400 mL of acid piranha solution were prepared and cooled to
room temperature. The ratio of sulfuric acid to hydrogen peroxide ranged between two
parts 99% H2SO4 to one part 30% H2O2 (2:1 piranha) and five parts H2SO4 to one part
H2O2 (5:1 piranha), depending on the test. After preparation, the piranha solution was
used within 24 h to limit degradation. Except as noted, samples were submerged into
the piranha solution at room temperature, heated to the prescribed soak temperature
over a ramp period of 30 min, held at the soak temperature for the specified duration,
and then cooled to room temperature over 30 min using an ice bath. Chemicallyresistant perfluoroalkoxy wafer dippers (Entegris Inc.) were used to suspend samples
vertically in solution (see Figure 12). Glass beads were used to aid in heat transfer, as
shown. After MLD samples were removed from solution, they were rinsed with de-
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ionized water and dried using a filtered nitrogen gun3. Samples were inspected in a
Leica Nomarski microscope after the piranha treatment and evaluated for defect
formation.
(a)

(b)

Figure 12. (a) A wedge-shaped MLD sample mounted in a wafer dipper for a
chemical soak experiment; and (b) sample submerged in a chemical bath.
3.3

Characterization of the delamination defect

3.3.1

Optical microscopy
Nomarski micrographs of representative delamination defects are shown in

Figure 13. The defects shown were observed on parts from coating run #20T-10-56,
and the piranha treatments resulting in defect formation are specified in the figure

3

MLD coating samples were dried with a filtered nitrogen gun because this standard
technique avoids water spots and particle accumulation on the optic’s surface. Delicate,
etched MLD grating samples would not be dried with nitrogen, however, because of
the potential for pillar damage. Nitrogen drying is not expected to play a role in the
defect formation mechanism, as defect formation results were found to be similar on
ambient-dried MLD grating samples and nitrogen-dried MLD coating samples.

29
captions. Delamination defects had typical dimensions of 20 to 50 m and featured a
characteristic array of circular- and crescent-shaped cracks radiating out from an
initiating point, typically an existing surface feature. Some defects were associated with
nodules, as shown in Figure 13(a) and Figure 13(b), while other defects were paired
with pieces of debris, as in Figure 13 (c), or formed in groups along scratches, as in
Figure 13(d) and Figure 13(e). Occasionally, delamination defects were identified that
seemed not to be linked to any other artifact, as shown in Figure 13(f). Because we
have only rarely observed defects in this final category, they may be connected with
small features that simply could not be resolved in the light microscope. Defects
sometimes involved many coating layers, as in Figure 13(a) and Figure 13(c), or just a
few coating layers, as in Figure 13(b).
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(a)

(b)

(c)

40 µm

20 µm

40 µm

(d)

(e)

(f)

100 µm

200 µm

20 µm

Figure 13. Nomarski micrographs of representative delamination defects in samples
from run 20T-10-56: [(a,b)] defects associated with nodules; (c) a defect associated
with a piece of surface debris; [(d,e)] defects that formed along scratches; and (f) a
defect that was not observed with any apparent surface feature. Defects were
generated by submerging the samples in 2:1 piranha, with the following temperature
treatments: [(a,b)] 90°C soak for 2 h with 30-min heating and cooling ramps; (c)
sample submerged at 70°C and cooled to room temperature over 2 h; [(d,e)] sample
submerged at 90°C and cooled over 30 min; and (f) sample submerged at 70°C and
cooled over 30 min. Reprinted from Liddell et al. [84] with permission from the
Optical Society of America.
Because oxide coating layers are transparent to white light, cracks in each layer
are visible in the optical micrographs of Figure 13. The depths of cracks in the
multilayer were approximated by recording the z position of best focus and, in all cases,
the crack nearest to the initiating (central) artifact was located in the deepest coating
layer involved in the defect. The crack front farthest from this central artifact was at
the surface layer, suggesting that delamination defects nucleate within the coating, not
at the surface. Delamination defects were readily apparent as “bright” spots in
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Nomarski microscopy, indicating a change in optical thickness at the defect site caused
perhaps by a local swelling or separation of coating layers.

3.3.2

Nanoindentation
Nomarski microscopy of delamination defects suggested that these features

include an air-filled void where coating layers have been lifted and separated 4.
However, optical microscopy can be deceptive in the evaluation of defect geometry,
especially because dielectric layers are transparent to white light. The “bright”
appearance of the delamination defects in Nomarski microscopy could as convincingly
be explained by a physical swelling of the coating as by an optical swelling—i.e., a
local change in refractive index. In Macleod and Richmond’s work, for example, nonuniform moisture penetration into a dielectric coating led to a mottled appearance that
was caused by a variation in optical thickness across the surface, and not by a physical
swelling [81].
Nanoindentation was used to investigate the mechanical properties of
delamination defects in comparison with the surrounding MLD film. If delamination
defects are bubble-like, involving a physical air gap in the coating, they should have
more “give” and thus a lower hardness and stiffness than the surrounding coating. Tests

These defects were, in fact, initially called “blisters” at LLE in reference to their
bubble-like appearance. The identifier “delamination defect” came about later to more
accurately describe their geometry and to distinguish the defect from the circular blister
described in Chapter 4 (maintaining consistency with standard terminology used in
fracture mechanics literature).
4
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were conducted with a Nanoindenter XP tool (MTS Systems, Oak Ridge TN) with a
Berkovich tip (three-sided pyramid). Nanoindentation methodology used by Shorey et
al. [86] was used as the basis for our technique. Shorey et al. tested the hardness of
individual carbonyl iron particles by performing a series of nanoindents in a line across
each particle. Similarly, we made a series of hardness measurements in a line or cluster
across each defect targeted in our experiment.
Nanoindentation experiments were performed on a sample from coating run
#44T-09-54 (see Table 1 for coating details). The sample (a quarter of a 50-mm-diam,
1-mm-thick MLD high reflector) was submerged in 2:1 piranha solution which was
heated to 70°C over 40 min, then immediately cooled to room temperature over 45 min.
After piranha cleaning, the sample was mapped using a Leica Nomarski microscope
and a total of 56 delamination defects were identified as shown in Figure 14. Even
using a detailed map, navigating and locating the defects in the nanoindenter was quite
difficult. The indenter does not output absolute position data continuously, and the
digital display from the microscope is quite small (about 100 µm across). A total of six
delamination defects were ultimately located and tested, as shown in Figure 15. The set
penetration depth was 1500 nm (1.5 µm—about a third of the 4.6-µm coating
thickness), which resulted in ~10-µm-wide indents that could be spaced a minimum of
~20 µm apart. Figure 15 shows the appearance of the six indented blisters and the
hardness values measured at each indentation site.
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Figure 14. Defect map showing the locations of all delamination defects identified on
the MLD sample from run #44T-09-56 that was used in nanoindentation experiments
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Figure 15. Delamination defects on an MLD sample from run #44T-09-56 that were
indented at a fixed depth of 1500 nm, showing appearance and spacing of indents and
measured hardness values.
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Results showed that delamination defects had a lower hardness and a lower
average stiffness than defect-free areas of the coating. The mean hardness for defect
sites was 3.51 ± 0.19 GPa (average ± standard deviation of 10 measurements), while
the mean hardness of the undisturbed film was 3.85 ± 0.07 GPa (17 measurements).
Average Young’s moduli were 61.6 ± 1.82 GPa and 65.2 ± 1.18 GPa for defect and
defect-free coating sites, respectively. While these results indicate a clear difference in
mechanical properties at defect sites, there were a few concerns:
(1) Indents could not be placed closely enough to measure the variation in
mechanical properties across a blister;
(2) Indents were so deep that the data may have been strongly influenced by the
substrate.
These problems were addressed in follow-up experiments led by Karan
Mehrotra [85] by fixing the indentation load to 10 mN. Experiments were performed
on the same sample (#44T-10-56), but Mehrotra chose defects that had not yet been
indented in the earlier work. The 10-mN indents, which had a maximum penetration
depth of ~500 nm, could be spaced just 10 µm apart. Results are shown in Table 2.
Differences between defect sites and the undisturbed MLD were dramatic: the average
Young’s modulus dropped 25% and the average hardness dropped 40% at defect sites.
Furthermore, it was observed that the “extended region” of the defect (the crack fronts
furthest from the initiating nodule or seed defect) had the lowest stiffness and saw the
greatest indenter displacements during fixed-load indentation.
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Table 2. Mechanical property data from delamination defect indentation experiments
at 10 mN fixed load
Location
Undisturbed coating
Defect (Nodule)
Defect (Extended)

Modulus (GPa)
Average
54.89
48.31
41.90

Std. Dev.
1.98
1.17
1.07

Hardness (GPa)
Average
4.16
3.32
2.51

Std. Dev.
0.05
0.44
0.08

Displacement (nm)
Average
379.74
421.37
475.46

Std. Dev.
3.83
22.25
3.83

Figure 16(a) shows the positions of indents made in a straight line across a
delamination defect; corresponding indenter tip displacements are shown in Figure
16(b). The 10-mN indents were not visible in the light microscope, so the positions of
indents shown in Figure 16(a) were approximated from the indentation locations
programmed into the nanoindenter. At the fixed load, penetration depth gradually
increased from the left side of the defect (the “nodule region”) to the right side (the
“extended region”). The defect was most compliant in the extended region, with a sharp
drop-off between the last indent on the extended region of the defect and the next indent
on the undisturbed coating. These results suggest that the coating is anchored at the
nodule side and uplifted in the extended region, rather than a rounded “bubble”
geometry which would be most compliant at its center.
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Figure 16. (a) Delamination defect indented at a fixed load of 10 mN and (b)
corresponding nanoindentation response data (right). Numbered markers show the
positions of individual indents, spaced approximately 10 µm apart. Experiment
carried out by Karan Mehrotra.

3.3.3

Scanning-electron microscopy
Defects were examined in an SEM (by Karan Mehrotra) to further probe their

geometries. An MLD sample from coating run #20T-10-56 that had developed 515
delamination defects after cleaning in 2:1 piranha solution (sample submerged in
solution at 90°C, then cooled to room temperature over 25 min) was selected for the
SEM analysis. Because the SEM “sees” only the sample’s surface, a top-down SEM
image of a delamination defect [Figure 17(a)] revealed only the arc-shaped crack in the
uppermost coating layer. To examine the defect’s cross section, focused-ion-beam
(FIB) milling was used to cut a trench in the MLD coating, bisecting a delamination
defect. A thin layer of platinum was locally deposited immediately prior to milling to
enable the beam to cut a clean cross section instead of gradually eroding the multilayer.
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The resulting cross-sectional view, shown in Figure 17(b), reveals a zigzagging crack
in the upper 24 layers of the coating (the bottom two layer pairs in the 28-layer coating
were apparently unaffected in this particular case). The uplifting of the coating at the
defect site and the separation between crack faces explains the “bright” appearance of
delamination defects in the optical microscope images of Figure 13 resulting from
optical interference effects. The defect geometry also explains nanoindentation results
described in Sec. 3.3.2 showing that delamination defects are more compliant than the
surrounding coating—and most compliant in the extended region, where the uplifted
coating would act as a cantilever during indentation testing.

(a)

(b)

10 µm

5 µm

Figure 17. SEM images of a sample from coating run #20T-10-56 showing (a) a
delamination defect observed from a bird’s eye view; and (b) a high-magnification,
cross-sectional view of a defect bisected by FIB milling. SEM microscopy and FIB
milling were performed by Karan Mehrotra. Reprinted from Liddell et al. [84] with
permission from the Optical Society of America.
3.4

Causes of Delamination Defects

3.4.1

Screening experiment
A screening experiment was carried out to investigate the factors contributing

to defect formation during piranha cleaning. Piranha cleaning tests were performed on
a set of 40 wedge samples from MLD coating run #46T-10-72 (see Table 1 for coating
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details). The experiment was designed using JMP® statistical software and design-ofexperiments (DOE) methodology to randomize trial order and to choose appropriate
factor levels. The effects of five parameters were studied:
(1) Coating age: the age of the MLD coating at the time of cleaning (studied
because the intrinsic coating stress level has been shown to vary with time after
deposition [32,34,87]);
(2) Piranha ratio: the ratio of sulfuric acid to hydrogen peroxide in the acid
piranha solution;
(3) Soak temperature: the acid piranha solution temperature during the soak
period
(4) Soak time: the total submersion time at the prescribed soak temperature,
not including time spent ramping up to the soak temperature or cooling to room
temperature;
(5) Heat shock: whether or not the sample was heat shocked by submerging it
directly into hot piranha at the soak temperature (rather than heated to the soak
temperature over 30 min). The effect of rapid heating was of interest because
evaporated MLD coatings are susceptible to tensile stress fracture [32,34].
Hafnia and silica thin films have lower coefficients of thermal expansion,
leading to the development of tensile coating stresses as the optic is heated.
Three levels were chosen for each of the continuous factors (coating age, soak
temperature, and soak time) to investigate possible non-linear effects. For the
remaining discrete factors, two levels were chosen for piranha ratio (2:1 and 5:1, the
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approximate upper and lower bounds of the range of piranha ratios commonly used in
aqueous cleaning applications [48,49]), and two levels were chosen for heat shock (heat
shock vs. gradual heating).
After cleaning, each part was carefully examined for defect formation using the
Leica Nomarski microscope. The Leica is equipped with StagePro software and a
calibrated automated stage. The coordinate output of the system enables precise,
repeatable part mapping. In this experiment, each part was mapped by manually
scanning the sample and recording the coordinate position of each defect. An example
of a defect part map is shown in Figure 18. The total delamination defect count was
divided by the MLD coating surface area (approximately 9.0 cm2 for a wedge sample
with a 2-mm-wide uncoated margin at its perimeter) to determine defect density, which
was used as the response for the experiment. The designed experiment and defect
density results from each test are shown in Table 3.

Figure 18. Example defect map for an MLD sample from coating run #46T-10-72.
[Note that delamination defects were called “blisters” in the map.]
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Experimental data were analyzed using JMP® software; results of an analysisof-means (ANOM) and an analysis-of-variances (ANOVA) are shown in Table 4.
Assigning a confidence limit of 95%, piranha ratio was the only factor judged
statistically significant in this experiment (denoted by asterisks in Table 4). The
samples treated with 2:1 piranha has defect densities that were, on average, an order of
magnitude higher than the samples cleaned with 5:1 piranha, indicating that hydrogen
peroxide plays an important role in cleaning-induced defect formation. Anecdotally,
this result is supported by the fact that we have regularly observed delamination defects
on MLD samples exposed to acid piranha (and on samples exposed to 30% hydrogen
peroxide) but never on samples exposed to non-peroxide-containing chemicals such as
sulfuric acid and commercial photoresist strippers (see Sec. 3.4.2 for results and
discussion).

Table 3. Experimental design and defect density results for screening experiment
performed on samples from coating run #46T-10-72.
Coating
Soak
Piranha ratio
Heat
Soak
Test Part ID
age
Time
(H2SO4:H2O2) shocked? Temp.
(weeks)
(min)
505-1
2
2:1
No
70° C
0
1
504-1
2
5:1
Yes
70° C
60
2
503-1
2
2:1
Yes
70° C
30
3
504-2
2
5:1
Yes
50° C
30
4
504-3
2
2:1
No
90° C
0
5
506-1
2
2:1
Yes
50° C
0
6
506-2
2
5:1
No
70° C
30
7
503-2
2
2:1
Yes
90° C
60
8
505-2
2
5:1
No
90° C
30
9
2
5:1
Yes
70° C
0
10 503-3
2
5:1
Yes
90° C
0
11 507-1
2
2:1
No
50° C
60
12 507-2
2
5:1
No
50° C
60
13 503-4
6
2:1
Yes
90° C
0
14 503-5

Number
Defect
of
Density
Defects (defects/cm2)
26
2.91
2
0.32
20
2.58
0
0.00
21
2.35
3
0.36
3
0.36
17
2.17
3
0.41
3
0.39
0
0.00
100
12.81
2
0.34
3
0.45
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Test Part ID
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

505-3
504-4
506-3
506-4
503-6
505-4
504-5
504-6
507-3
507-4
503-7
507-5
503-8
506-5
504-7
506-6
507-6
504-8
507-7
505-5
507-8
506-7
506-8
505-6
505-7
505-8

Coating
Soak
Piranha ratio
Heat
Soak
age
Time
(H2SO4:H2O2) shocked? Temp.
(weeks)
(min)
6
5:1
No
90° C
0
6
5:1
No
90° C
60
6
2:1
Yes
70° C
60
6
5:1
Yes
50° C
30
6
2:1
No
50° C
30
6
5:1
Yes
50° C
60
6
5:1
Yes
70° C
0
6
2:1
No
70° C
30
6
2:1
Yes
90° C
30
6
2:1
No
50° C
0
6
5:1
No
70° C
30
6
5:1
No
70° C
60
12
5:1
Yes
90° C
30
12
2:1
No
70° C
60
12
5:1
No
50° C
0
12
5:1
No
70° C
0
12
5:1
No
50° C
30
12
2:1
Yes
50° C
60
12
2:1
Yes
70° C
0
12
2:1
Yes
50° C
30
12
5:1
Yes
90° C
60
12
2:1
No
90° C
30
12
5:1
No
50° C
60
12
5:1
Yes
70° C
30
12
2:1
No
90° C
60
12
2:1
Yes
90° C
0

Number
Defect
of
Density
Defects (defects/cm2)
21
2.68
0
0.00
35
6.22
0
0.00
2
0.25
0
0.00
1
0.13
15
1.75
41
6.13
12
1.47
1
0.11
0
0.00
0
0.00
37
4.49
0
0.00
0
0.00
0
0.00
1
0.13
4
0.58
0
0.00
0
0.00
36
5.29
0
0.00
2
0.29
9
1.09
12
1.36
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Table 4. Results of ANOM and ANOVA analyses for screening experiment performed
on samples from coating run #46T-10-72.
Factor

Coating age
Piranha ratio
(H2SO4:H2O2)
Soak
temperature
Soak time

Heat shock
Error estimate

Level

Mean Defect
Density
(defects/cm2)

2 weeks
6 weeks
12 weeks
5:1
2:1
50° C
70° C
90° C
0 min
30 min
60 min
Shocked
Not
shocked

1.92
1.47
0.95
0.24
2.76
1.18
1.44
1.69
0.98
1.23
2.12
1.06

-

-

1.82

Sum of
Squares
(SS)

Mean
Square
(MS)

Degrees
of
Freedom
(dof)

F
Ratio

Prob > F
(p value)

9.57

4.78

2

0.96

0.39

68.57

68.57

1

13.74

0.001***

2.09

1.05

2

0.21

0.81

13.31

6.66

2

1.33

0.28

7.56

7.56

1

1.52

0.23

154.59

4.99

31

-

-

*** Significance at the p ≤ 0.001 level.

While piranha ratio was the only statistically significant factor identified in the
screening experiment, trends in the data suggest that other factors may have important
effects that simply could not be resolved against the background of error well enough
to be judged significant. For example, the data suggest that increasing the time between
multilayer deposition and cleaning (coating age) may reduce defect formation. The
average defect density for the samples that were piranha-cleaned two weeks after
deposition was more than twice as high as the average defect density for the samples
cleaned twelve weeks after deposition. Surprisingly, the effect of soak temperature
was not strong in the temperature range studied (50°C to 90°C), indicating that high
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bath temperatures are not necessary for delamination defect formation. Results for soak
time and heat shock suggest that total piranha exposure time (including time spent at
temperatures below the target temperature) could be predictor for defect formation.
Longer soak times corresponded to higher defect densities, with 0-min, 30-min, and
60-min soak durations corresponding to average defect densities of 0.98, 1.23, and 2.12
defects/cm2, respectively. The samples that were gradually ramped up to temperature—
rather than being “heat shocked” by submersion at high temperature—also saw
somewhat greater defect densities. This result could be attributed to longer exposure
time in the acid piranha bath. The effects of all five variables studied are shown
graphically in Figure 19.
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Figure 19. Effects of (a) piranha ratio, (b) soak time, (c) heat shock, (d) coating age,
and (e) soak temperature on delamination defect density, as observed in a screening
experiment performed on MLD samples from coating run #46T-10-72. Dashed lines
denote trends in the data, as discussed in the text.
3.4.2

Evaluation of aqueous chemistries in delamination defect formation
MLD samples were exposed to several aqueous photoresist strippers to evaluate

whether chemistries other than acid piranha would cause delamination defect
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formation. In addition to acid piranha, three commercial strippers were tested: CLκ222 (J. T. Baker), EKC-162 (DuPont), and EKC-265 (DuPont). Samples were wedges
from run #30P-10-72 (see Table 1 for coating details). For each experiment, a sample
was submerged into a beaker containing 400 mL of chemical at room temperature; the
solution was heated to 50°C over 20 min, then either immediately cooled to room
temperature over 20 min or soaked for 100 min at 50°C before cooling. Delamination
defect formation for each sample is shown in Table 5.
Table 5. Results from survey of aqueous photoresist-stripping chemistries
(samples from coating run #30P-10-72).
Chemical
2:1 piranha
5:1 piranha
CLκ-222
EKC-162
EKC-265

Soak Time (min)
0
100
0
100
0
100
0
100
0
100

Number of
Delamination
Defects
3
2
0
2
0
0
0
0
0
0

Defect Density
(defects/cm2)
0.31
0.20
0
0.20
0
0
0
0
0
0

Delamination defects formed only on the samples exposed to acid piranha; no
defects were seen on any of the other samples. Defect formation in general was less
prolific than in the screening experiment of Sec. 3.4.1, in which higher average defect
densities were observed following piranha cleaning. We suggest two possible
explanations: for one, samples from run #30P-10-72 were coated on fused silica
substrates while samples from run #20T-10-56 were coated on BK7; and secondly, the
MLD samples used for the experiments above were 10 months old at the time of the

46
experiments, which may have led to reduced defect formation in comparison with
freshly-coated MLD samples. In the experiments of Sec. 3.4.1, fewer defects were
found on the samples cleaned six weeks after cleaning than on the samples cleaned two
weeks after cleaning, and fewer still were found on the samples cleaned twelve weeks
after cleaning. These results suggested that increased coating age may reduce defect
formation. This “age effect” is further explored in Sec. 3.4.4.
Given the results of these experiments—and also considering anecdotal
evidence that in hundreds of tests, we had never observed delamination defects on
samples that were not exposed to acid piranha—we concluded that acid piranha
solution (or its component chemicals) is essential for delamination defect formation.
The ratio of hydrogen peroxide to sulfuric acid plays an important role in defect
formation, with greater proportions of hydrogen peroxide corresponding to greater
numbers of defects in the screening experiment (Sec. 3.4.1). As a result, we suspected
that the hydrogen peroxide in acid piranha was primarily responsible for blister
formation. However, the sulfuric acid in acid piranha—or the energetic combination of
sulfuric acid and hydrogen peroxide—may also play a role.
Two experiments, detailed in Table 6, were carried out to investigate the roles
of sulfuric acid and hydrogen peroxide in delamination defect formation. The first
experiment was designed to determine whether submersion in solution was required
for delamination defect formation, or if chemical vapors of acid piranha or either of its
component chemicals could alone initiate delamination defect formation. Wedge
samples from coating run #20T-10-56 were suspended over 90°C baths of 2:1 acid
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piranha, 30% hydrogen peroxide, and 99% sulfuric acid, respectively. The samples
were mounted approximately 18 mm above the surface of the liquid. After 60 min, the
sample exposed to acid piranha vapors had developed 10 delamination defects, the
sample exposed to hydrogen peroxide vapors had developed 5 defects, and the sample
exposed to sulfuric acid vapors had not developed any defects. These results supported
the idea that hydrogen peroxide drives defect formation, but it was also possible that
sulfuric acid did not produce enough vapors to affect the sample; no vapors were noted
visually from the 90°C H2SO4 bath.
In a second experiment, beakers of fresh 30% hydrogen peroxide and 99%
sulfuric acid were heated to 90°C, and MLD samples were submerged completely in
the heated solution baths. The samples that had been exposed to chemical vapors in the
previous experiment were re-used for this test. After 60 min, the sample submerged in
sulfuric acid had not developed any delamination defects, while the sample exposed to
hydrogen peroxide had developed a total of 187 defects (corresponding to a defect
density of 19.1 defects/cm2).
Table 6. Results from 60-min, 90°C sulfuric acid and hydrogen peroxide
exposure experiments (samples from coating run #20T-10-56).

2:1 piranha

Vapors

Number of
Delamination
Defects
10

Hydrogen Peroxide 30%

Vapors

6

0.61

Sulfuric Acid 99%
Hydrogen Peroxide 30%
Sulfuric Acid 99%

Vapors
Submersion
Submersion

0
187
0

0
19.1
0

Chemical

Exposure

Defect Density
(defects/cm2)
1.02
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The results of the above experiments led us to conclude that hydrogen peroxide
plays an essential role in delamination defect formation. Non-peroxide containing
chemicals, including sulfuric acid and alkaline photoresist strippers, do not cause defect
formation, while samples exposed to hydrogen peroxide or peroxide-containing
chemicals are highly susceptible to delamination defects. Furthermore, exposure to
H2O2 vapors alone is sufficient to cause defect formation. Hydrogen peroxide may be
a requirement for delamination defect formation, as we do not yet have any examples
of delamination defects on samples that have never been exposed to H2O2.

3.4.3

Effect of piranha ratio
In the screening experiment of Sec. 3.4.1, piranha ratio was found to be the

most important factor contributing to delamination defect formation on MLD coating.
Trends in the data also suggested that piranha exposure time may be important. Here
we study the effects of piranha ratio and exposure time in greater detail. Sixteen wedge
samples from coating run #30P-10-72 were used in the following experiment. Acid
piranha solution was prepared in H2SO4:H2O2 ratios of 2:1, 3:1, 4:1, and 5:1. For each
test, a sample was submerged in a beaker of acid piranha at room temperature, and the
acid piranha bath was heated to 50°C over a 20-min heating period. The sample was
soaked at 50°C for the prescribed soak period (0–3 h), and finally the piranha was
cooled to room temperature over 20 min by adding ice to the secondary containment
vessel, creating an ice bath around the solution beaker. Once cooled, the sample was
removed from piranha, rinsed in deionized water, dried with a nitrogen gun, and
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inspected for defect formation in the Leica microscope. The experimental conditions
and defect formation results are listed in Table 7; results are shown graphically in
Figure 20.
Table 7. Defect formation results from piranha ratio investigation (samples from
coating run #30P-10-72).
Number of delamination defects / Defect density (defects/cm2)

5:1 piranha

0h
0 / 0.00

Soak time:
1h
2h
1 / 0.10
0 / 0.00

3h
0 / 0.00

4:1 piranha

0 / 0.00

1 / 0.10

0 / 0.00

3 / 0.31

3:1 piranha
2:1 piranha

6 / 0.61
4 / 0.41

3 / 0.31
5 / 0.51

1 / 0.10
10 / 1.02

3 / 0.31
32 / 3.26

Delamination defect
density (defects/cm2)
Piranha 5:1
Piranha 4:1
Piranha 3:1
Piranha 2:1

3.0

2.0

1.0

0.0
No soak

1 h soak

2 h soak

3 h soak

Figure 20. Dependence of cleaning-induced defect formation on acid
piranha solution composition and soak duration for a 50°C piranha
treatment (samples from coating run #30P-10-72).
The data indicate that high proportions of peroxide and long piranha exposure
times have the combined effect of high defect density. Note that samples from coating
run #30P-10-72 were aged 10 months at the time of the tests, which may have caused
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the relatively low defect densities in this experiment compared to the screening
experiment described in Sec. 3.4.1. The coating age effect is explored in the following
section.

3.4.4

Effect of coating age
Data from the experiments of Sec. 3.4.1 suggested that freshly-deposited MLD

coatings were more susceptible to defect formation than older coatings. This effect may
be related to the well-known stress aging effect in MLD coatings. The two major
sources of film stresses are thermal and intrinsic. Thermal stresses result from
coefficient-of-thermal expansion (CTE) mismatches between coating and substrate
materials, and are often significant in MLD coatings, which are deposited at elevated
temperatures. Intrinsic stresses result from the differences between the as-deposited
microstructure and the material’s equilibrium molecular spacing [34,80]. If coating
molecules are deposited far apart, the coating will be in tension as a result of attractive
forces between the molecules, whereas if the coating molecules are spaced closely
together, repulsive forces between the molecules will lead to a compressive stress state.
After deposition, porous MLD coatings experience a stress transition wherein the
coating stress slowly shifts tensile due to the absorption of environmental humidity into
the coating and/or microstructural changes in the material (e.g., increases in interatomic
distances in the film lattice at the surfaces of pores) [34]. Typical stress-aging behavior
in standard LLE hafnia–silica coatings is shown in the plot of Figure 21. An explanation
of the methodology used to measure coating stresses is provided in Ref. 32. LLE MLD
high reflector coatings typically reach an equilibrium stress state after about 100 days
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[88]. Because stresses shift tensile over time, a slightly compressive equilibrium stress
state may correspond to a strongly compressive state immediately after coating.
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Figure 21. Stress-aging behavior of typical RE-deposited hafnia–silica MLD high
reflector coatings on BK7 substrates (LLE coating runs #24T-08-72 and #10P-09-56).
Data provided by Pete Kupinski.
Since delamination defect formation is a fracture process, it is reasonable to
expect that an MLD coating’s susceptibility to these defects is affected by the
mechanical stress in the coating, which is in turn affected by the age of the coating
(time elapsed since MLD deposition). Because of the strong relationship between
coating age and coating stress, coating age can be viewed as a controllable variable that
can be adjusted (i.e., by performing experiments at different times) to vary the coating
stress in a predictable fashion.
In the screening experiments of Sec. 3.4.1, freshly-coated MLD samples
developed more defects than older coatings, suggesting that increased tensile stress
mitigates defect formation. An aging experiment was carried out to explore this idea.
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Sixteen wedge samples from coating run #20T-10-56 were used for the study. One
sample was piranha-cleaned per week, beginning when the coating was 19 days old
and ending when the coating was 130 days old. In each test, the sample was submerged
directly into a heated bath of 2:1 acid piranha at 90°C. The hot bath was immediately
cooled while the sample was still submerged in solution by adding ice to the secondary
containment vessel to create an ice bath. The sample was removed once the bath had
cooled to room temperature (about 20–30 minutes later), and it was then rinsed, dried,
and inspected immediately in the Leica microscope. Delamination defect formation
results, shown in Figure 22, were highly variable. The number of defects counted on
each sample ranged from 2 to 515, corresponding to defect densities ranging from 0.2
to 62.0 defects/cm2. No clear age effect was observed; results appeared to be almost
random. However, a visual division might be drawn between 62 and 68 days. On
average, greater numbers of defects and greater sample-to-sample variation were
observed for the samples that were 62 days old or fresher at the time of cleaning;
average defect density for this set was 20.0±24.5 defects/cm2 (average ± standard
deviation). For the samples cleaned when the coating was 68 days old or older, average
defect density was an order of magnitude lower (1.4±1.1 defects/cm2).
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Figure 22. Delamination defect formation results from coating-age experiment
(samples from coating run #20T-10-56).
While these data support the aging hypothesis, it was not possible to make any
definitive conclusions because of variability in the results. A few problems with the
experiment were identified. For one, delamination defect formation is strongly affected
by factors that are difficult to control, such as the presence of surface debris or scratches
on a given sample. On the 62-day sample, for example, 358 of the 359 defects decorated
eleven scratches on the sample, and only one defect was not associated with a scratch.
The number and severity (length, depth) of scratches on a given specimen can vary
significantly, confounding aging data. A related problem is that defect formation is a
somewhat random process. Some combination of uncontrolled factors, such as the
presence of surface scratches or localized coating adhesion problems, must converge
at a particular location for a defect to form at that position on the coating. Without the
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satisfaction of this set of conditions, no defect will form even if the coating is highly
susceptible to defect formation. As a result, the small samples used in this test (each
providing just 9.81 cm2 of coating surface area), combined with the methodology of
testing only one sample to generate each data point, is not ideal because the behavior
of individual samples depends on random chance. If multiple samples are tested for
each coating age, statistics can be used to identify whether the older samples are more
resistant to defect formation on average.
In a follow-up experiment, 36 wedge samples from MLD coating run #35P-1156 were grouped into three sets of twelve samples for testing at zero, one, and three
months after coating deposition, respectively. The set of tests performed at each
interval were similar to tests carried out for the piranha-ratio experiment of Sec. 3.4.3
(see Table 7), varying piranha ratio and soak time, except no tests were conducted with
4:1 piranha. For each test, the sample was submerged in piranha at room temperature,
the solution was heated to 50°C over 20 min and held at that temperature for the
prescribed soak period; and finally the solution was cooled to room temperature over
20 min using an ice bath. Since the set of tests performed at zero, one, and three months
were identical, the average defect density for each set of samples could be compared
as a measure of the aging effect, while piranha ratio/soak time data within each set
provided additional information on the effects of these factors, as a follow up to the
experiments of Sec. 3.4.3. Results of the experiments (defect counts and defect
densities for each test) are shown in Table 8. It took about one day to receive freshlycoated samples from Optical Manufacturing after deposition, and three to five days to

55
perform all twelve piranha cleaning tests, so experiments at zero, one, and three months
were actually performed 2–7, 29–33, and 84–86 days after coating, respectively.
Table 8. Delamination defect formation results for piranha cleaning experiments
carried out on MLD samples after aging for 0, 1, and 3 months (samples from
coating run #35P-11-56).

0 months
5:1 piranha
3:1 piranha
2:1 piranha

1 month
5:1 piranha
3:1 piranha
2:1 piranha

3 months
5:1 piranha
3:1 piranha
2:1 piranha

0h
1 / 0.01
4 / 0.05
172 / 2.19

0h
0 / 0.00
35 / 0.45
12 / 0.15

Number of Defects / Defect Density (defects/cm2)
Soak time:
1h
2h
3h
10/ 0.13
0 / 0.00
1 / 0.01
16 / 0.20
7 / 0.09
39 / 0.50
35 / 0.45
17 / 0.22
73 / 0.93
Average ± standard deviation: 0.40 ± 0.63 defects/cm2
Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
214 / 2.72
46 / 0.59
105 / 1.34
4 / 0.05
4 / 0.05
12 / 0.15
Average ± standard deviation: 0.46 ± 0.81 defects/cm2
Soak time:

0h
0 / 0.00
61 / 0.78
46 / 0.59

1h
2h
3h
0 / 0.00
0 / 0.00
1 / 0.01
4 / 0.05
0 / 0.00
7 / 0.09
12 / 0.15
3 / 0.04
4 / 0.05
Average ± standard deviation: 0.15 ± 0.26 defects/cm2

The average defect densities for samples tested at zero and one month after
coating were not significantly different, at 0.40±0.63 defects/cm2 and 0.46±0.81
defects/cm2 (average±standard deviation) respectively, while the three-month-old
samples had a significantly lower average defect density of 0.15±0.26 defects/cm2.
These data indicating that aging the coating for three months had a mitigating effect on
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defect formation, corroborating results of the screening experiment. Aging for one
month had no apparent effect on defect formation.
Within each age group, extreme sample-to-sample variability prevented any
definitive conclusions to be drawn about the effects of piranha ratio or soak duration,
although we did note that 5:1 piranha produced very few delamination defects
compared to 2:1 and 3:1 piranha. None of the twelve samples cleaned in 5:1 piranha
developed more than a single delamination defect. Combining results from all tests
shown in Table 8, average defect densities for samples cleaned in 2:1, 3:1, and 5:1
piranha solution were 0.42±0.62 defects/cm2, 0.57±0.78 defects/cm2, and 0.01±0.03
defects/cm2 respectively. Differences between 2:1 and 3:1 piranha results were not
statistically significant. Soak time also had no significant effect in this experiment,
which is consistent with results of the screening experiment described in Sec. 3.4.1.

3.4.5

Alternative coating designs and deposition methods
OMEGA EP grating MLD’s are hafnia–silica coatings deposited by RE. The

HfO2–SiO2 material system offers excellent optical performance and damage
resistance, while the RE process produces high-damage threshold coatings. However,
RE-coated MLD’s are susceptible to crazing (tensile failure), and because of their high
porosity, their optical and mechanical properties are sensitive to environmental
humidity changes. To address these concerns, new deposition techniques and coating
designs are under development at LLE: energetic deposition techniques are under
consideration to produce coatings with low levels of tensile stress, while alternative
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coating designs that include alumina (Al2O3) moisture barrier layers are being
considered to improve environmental stability. Additionally, deposition parameters
such as deposition rate can be varied to adjust film properties.
In a typical HfO2–SiO2 MLD coating, silica layers are amorphous while hafnia
layers have a weak monoclinic structure with some degree of crystallinity in the form
of small crystalline inclusions. Oliver et al. [40] found that for RE coatings, amorphous
hafnia layers (without crystalline inclusions) had a higher laser damage threshold than
hafnia layers with high crystalline fractions. Deposition rate was found to strongly
affect crystallinity, with high deposition rates corresponding to high crystalline
fractions in the hafnia layers and therefore, lower damage thresholds. The authors
found that high-LIDT hafnia–silica high reflector coatings could be achieved by
reducing the deposition rate of the uppermost hafnia layers. Adjusting the deposition
rate in the uppermost layers only (rather than in all hafnia layers) provided a good
tradeoff between performance and overall coating time. Reasonable manufacturing
time is essential to ensure good throughput; on the other hand, high-LIDT coatings are
demanded for laser optics. Since coating layers near the substrate are protected by a
partial mirror coating above, damage thresholds are most affected by the properties of
the uppermost layers. Therefore, eliminating crystalline inclusions in these uppermost
layers can greatly improve performance, with diminishing returns on modifications to
the lower layers.
Energetic deposition techniques produce denser coatings than standard RE,
which is an advantage because dense coatings are less susceptible to crazing than more
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porous coatings (although dense coatings are more susceptible to buckling, and have
been reported to supply inferior laser-damage resistance [35]). In ion-assisted
deposition (IAD), the film surface is bombarded by energetic ions (typically from a hot
filament cathode or extraction grid ion source [89]) during evaporative deposition. The
ions incident on the growing film produce structural changes in the material. In
particular, the mobility of particles condensing on the surface is increased because of
momentum transfer from the ions, leading to higher film densities [89]. Film structure
can be “tuned” by adjusting the ion source to achieve desired qualities in the deposited
film such as a preferred pore fraction, film density, or crystal structure [35]. The use of
IAD therefore improves control over coating properties.
Major limitations of IAD include scalability to large-aperture substrates (since
beam area limits the maximum usable substrate size), low ion currents, and short source
lifetimes. In 1994, Zöller et al. [89] demonstrated that these problems could be avoided
through the use of a high-power plasma ion source. Plasma spreads to occupy the entire
volume between the source and substrate, so the process can be scaled to large
apertures. Additionally, high-power plasma sources are available that are long-lasting
and compatible with oxygen gas (which attacks many common IAD sources,
contributing to their short lifetimes). Oliver et al. [35] showed that in plasma-ion
assisted deposition (PIAD) of thin-film hafnia, the HfO2 increased in crystallinity with
increasing plasma current, but increased crystallinity apparently did not have a
detrimental effect on LIDT for PIAD coatings as it did for RE coatings.
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Technology advances in the last five years have reduced or eliminated many of
the challenges associated with both IAD and PIAD. Smith et al. [33] demonstrated that
large-aperture hafnia–silica MLD gratings could be manufactured successfully with
IAD, while compressive stresses were effectively tuned to desired levels by adjusting
the ion source. Oliver et al. [35] and Smith et al. [33] also showed that the stress-aging
effect observed for standard RE-deposited films was virtually eliminated for PIAD and
IAD respectively, with stress variation over time limited to about ±10 MPa. Both
authors also demonstrated damage thresholds that were comparable to standard RE
coatings. These promising data indicate that ion-assisted deposition techniques could
be viable alternatives to RE for the fabrication of OMEGA EP grating MLD’s. PIAD
equipment has already been implemented in a 72-inch coating chamber for active
investigation of this technology in support of research and production work at LLE.
An alternative coating design under investigation for OMEGA EP gratings is a
hafnia–silica MLD with alumina (Al2O3) layers incorporated into the design to replace
one or more high-index HfO2 layers. Alumina films deposited by PIAD and RE are
dense with very small pore diameters, and are therefore effective diffusion barrier
layers [35,36,90]. Two alumina layers are used in a typical LLE design: one a few
layers beneath the air interface, and one near the middle of the coating, as illustrated in
Figure 23. Dense Al2O3 films may inhibit the diffusion of water from humid air into
the coating, reducing aging effects caused by humidity. Oliver et al. showed that the
inclusion of alumina layers in a hafnia–silica MLD design can shift the coating’s stress
state from tensile to compressive, which is a significant advantage in coatings that are
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susceptible to crazing (tensile stress failure) such as standard RE-deposited MLD’s
[40]. The authors reported that MLD polarizer coatings produced with alumina layers
did not show diminished laser-damage resistance compared to the traditional hafnia–
silica design. However, mottling was observed on many of the alumina samples,
suggesting that water was able to penetrate the alumina layer (perhaps through point
defects) but was unable to quickly escape through a connected pore structure.

Silica
Hafnia
Alumina
Substrate

Figure 23. Schematic of a hafnia–silica MLD coating with alumina layers replacing
the sixth and twelfth hafnia layers in the coating, counting upwards from the interface
with the substrate (similar to the designs of #60P-10-56 and #39P-11-56)
Experiments were carried out to determine whether the presence of alumina
layers in a coating or the use of the PIAD coating method would influence delamination
defect formation results. Sixteen wedge samples from a PIAD coating run (#9T-10-56)
and sixteen wedge samples from an alumina coating run (#60P-10-56) were subjected
to tests identical to those performed as part of the piranha ratio/soak time experiment
of Sec. 3.4.3. Defect formation results are shown in Table 9, along with corresponding
data from a standard RE-coated hafnia–silica MLD (reproduced from Sec. 3.4.3 for
convenience).

61
Table 9. Delamination defect formation results from 50°C piranha cleaning tests on
PIAD, alumina-design, and standard MLD coatings
Number of Defects / Defect density (defects/cm2)
Soak time:

PIAD
9T-10-56
5:1 piranha
4:1 piranha
3:1 piranha
2:1 piranha

0h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00

Alumina
60P-10-56
5:1 piranha
4:1 piranha
3:1 piranha
2:1 piranha

0h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00

Standard Coating
30P-10-72
5:1 piranha
4:1 piranha
3:1 piranha
2:1 piranha

0h
0 / 0.00
0 / 0.00
6 / 0.61
4 / 0.41

1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
1 / 0.10
1 / 0.10
1 / 0.10
Average ± standard deviation: 0.02 ± 0.04 defects/cm2
Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
Average ± standard deviation: 0.00 ± 0.00 defects/cm2
Soak time:
1h
2h
3h
1 / 0.10
0 / 0.00
0 / 0.00
1 / 0.10
0 / 0.00
3 / 0.31
3 / 0.31
1 / 0.10
3 / 0.31
5 / 0.51
10 / 1.02
32 / 3.26
Average ± standard deviation: 0.44 ± 0.80 defects/cm2

No defects formed at any of the alumina MLD samples, although a few of
exhibited visible mottling (see Figure 24) after cleaning which subsided after about 2
h. Very few defects formed on the PIAD samples. Only the three PIAD samples that
were exposed to 2:1 piranha for 1 h or longer showed any defect formation, and these
samples each developed just one defect apiece. These data suggest that standard RE
hafnia–silica coatings are more prone to defect formation than either the PIAD or the
alumina designs. However, none of the coatings used for testing were freshly-coated;
the standard, PIAD, and alumina coatings were 10, 14 and 7 months old respectively
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at the time of the tests. Because previous experiments (Sec. 3.4.4) suggested that
samples aged for three months or longer were less susceptible to defect formation
freshly-coated MLD’s, a follow-up experiment was carried out on freshly-coated
and alumina samples. Wedge samples from PIAD coating run #67T-11-72 and
coating run #39P-11-56 were subjected to identical tests as those of the previous
experiment, but excluding 4:1 piranha. The series of tests was repeated three times for
each sample set, when the coatings were approximately zero, one, and three months
old. [Note that this methodology is identical to the standard MLD coating aging
experiment described in Sec. 3.4.4.] Results for alumina and PIAD coatings are
shown in
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Table 10 and Table 11 respectively.

Figure 24. Mottling of an alumina coating from run #60P-10-56
following exposure to acid piranha solution
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Table 10. Delamination defect formation results from 50°C piranha cleaning tests on
alumina-design MLD coatings during a 3-month aging study
Number of Defects / Defect density (defects/cm2)

0 months
5:1 piranha
3:1 piranha
2:1 piranha
1 month
5:1 piranha
3:1 piranha
2:1 piranha

3 months
5:1 piranha
3:1 piranha
2:1 piranha

Alumina 39P-11-56
Soak time:
0h
1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
Average ± standard deviation: 0.00 ± 0.00 defects/cm2
0h
0 / 0.00
0 / 0.00
0 / 0.00

0h
0 / 0.00
0 / 0.00
0 / 0.00

Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
Average ± standard deviation: 0.00 ± 0.00 defects/cm2
Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
0 / 0.00
Average ± standard deviation: 0.00 ± 0.00 defects/cm2
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Table 11. Delamination defect formation results from 50°C piranha cleaning tests on
MLD coatings deposited by PIAD during a 3-month aging study
Number of Defects / Defect density (defects/cm2)
PIAD 67T-11-72
0 months
5:1 piranha
3:1 piranha
2:1 piranha

1 month
5:1 piranha
3:1 piranha
2:1 piranha

3 months
5:1 piranha
3:1 piranha
2:1 piranha

0h
0 / 0.00
1 / 0.10
0 / 0.00

0h
0 / 0.00
0 / 0.00
0 / 0.00

0h
0 / 0.00
0 / 0.00
0 / 0.00

Soak time:
1h
2h
3h
0 / 0.00
10 / 1.02
5 / 0.51
0 / 0.00
0 / 0.00
5 / 0.51
0 / 0.00
2 / 0.20
2 / 0.20
Average ± standard deviation: 0.21 ± 0.32 defects/cm2
Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
1 / 0.10
0 / 0.00
0 / 0.00
1 / 0.10
0 / 0.00
0 / 0.00
10 / 1.02
Average ± standard deviation: 0.10 ± 0.29 defects/cm2
Soak time:
1h
2h
3h
0 / 0.00
0 / 0.00
1 / 0.10
0 / 0.00
0 / 0.00
0 / 0.00
1 / 0.10
0 / 0.00
1 / 0.10
Average ± standard deviation: 0.03 ± 0.05 defects/cm2

No defects formed on any of the alumina samples, independent of the age of
the coating, supporting our hypothesis that coating designs including alumina moisturebarrier layers are resistant or immune to delamination defect formation. The PIAD
samples showed moderate aging behavior, with average defect densities of 0.21, 0.10,
and 0.03 defects/cm2 for zero-, one-, and three-month old samples respectively. These
averages can be compared to the corresponding results of 0.40, 0.46, and 0.15
defects/cm2 respectively for the standard MLD coating described in Sec. 3.4.4. The
lower average defect densities for the PIAD coatings suggest that dense PIAD coatings
are more resistant to defect formation than porous RE MLD’s.
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3.5

Conclusions and mitigation techniques
Delamination defect formation is a somewhat unpredictable process, occurring

non-uniformly on MLD samples. Interactions between numerous factors, including
both cleaning parameters (piranha ratio, temperature, etc.) and sample properties (MLD
design, coating age, presence of scratches or surface defects, etc.), can all contribute to
the formation of a defect at a given location on a sample, complicating the study of
defect formation processes and causes. As a result, large sample sets were needed to
evaluate the factors contributing to defect formation to account for random-chance
behavior. Research into the causes of delamination defect formation yielded the
following main conclusions:
(1) Hydrogen peroxide drives delamination defect formation, and furthermore,
defect density increases with the proportion of H2O2 in acid piranha
solution.
(2) Increased coating age may reduce susceptibility to defect formation, with
coatings aged at least three months developing fewer defects, on average,
than newer coatings.
(3) Densified MLD coatings, such as designs including Al2O3 moisture-barrier
layers or coatings deposited via an energetic deposition technique, are less
susceptible to defect formation. No delamination defects have been found
to date on coatings fabricated with Al2O3 moisture-barrier layers, although
these coatings often exhibit mottling.
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As a result, suggested defect mitigation techniques include (1) avoiding the use
of acid piranha or other hydrogen-peroxide-containing chemicals altogether in cleaning
MLD components; (2) limiting the proportion of hydrogen peroxide in piranha
solution, if acid piranha must be used—especially avoiding the use of 2:1 or 3:1 piranha
if possible, since these ratios produced the largest numbers of defects in cleaning
experiments; (3) aging MLD coatings for at least 3 months prior to piranha cleaning;
and (4) using a coating that resists moisture penetration, such as an MLD that
incorporates dense alumina barrier layers in the design, or a densified coating deposited
with an energetic technique such as PIAD. Experiments designed to study the effects
of piranha soak temperature and piranha exposure duration were largely inconclusive,
but trends in the data support the recommendation that temperature and time both be
limited to reduce defect formation; these topics may warrant further study. Cleaning
techniques for MLD gratings are explored and optimized in Chapter 6 to develop a
cleaning method that mitigates defect formation while improving grating performance.
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Chapter 4. Delamination Defect Fracture Mechanics

4.1

Introduction
In Chapter 3, the morphology, structure, and mechanical properties of

delamination defects were characterized using a combination of microscopy and
nanoindentation techniques. The factors contributing to delamination defect formation
were explored through cleaning experiments, and we concluded that the hydrogen
peroxide in acid piranha solution was the main driver of delamination defect formation
during chemical cleaning. Additionally, coatings that resist moisture penetration (e.g.,
low-porosity coatings fabricated via PIAD) were less susceptible to defect formation.
In this chapter, we describe a mechanism for the deformation and failure of the MLD
coating that explains these observations and experimental data. In the proposed
mechanism, we assume a localized pressure buildup in a small volume of acid piranha
trapped in the coating that drives the propagation of an interface crack in a multilayer.
The associated fracture mechanics problem is that of a pressure-loaded blister in a
multilayered material—an extension of the pressurized circular blister treated by
Jensen [91]. The appropriate length scale for the multilayer blister problem is explored.
Finally, the predicted path of a crack propagating through the MLD coating layers is
compared with the observed cross-sectional geometry of a defect.

69
4.2

The process of defect formation
Typically, delamination defects are observed immediately after acid piranha

cleaning: by the time a sample can be rinsed, dried, and transferred to the microscope,
all cleaning-induced defects have already formed. In one experiment, however, the
real-time formation of delamination defects was witnessed firsthand during a routine
inspection of an MLD sample from coating run #20T-10-56 (see Table 1 for coating
details) approximately 45 min after removal from piranha solution. The sample was
cleaned by submerging it into 2:1 piranha solution at room temperature, heating the
solution to 90°C over 45 min, soaking the sample at 90°C for 2 h, and finally cooling
the solution to room temperature over 45 min before removing, rinsing, and drying the
sample. A total of 66 delamination defects formed, including at least three defects that
formed while the sample was being inspected in the Leica microscope after cleaning.
[Additional defects may have formed during this time, but were not observed directly.]
Frames captured from a video of defect formation, showing a 75- × 75-µm area
as viewed in Nomarski, are shown in Figure 25. The defect grew with a round shape at
first, shown in Figure 25(a–c), then expanded to an oblong shape as it broke through
the layers of the MLD [Figure 25(d,e)]. The defect had nearly reached its final size
about 3 s after it began to form and reached a stable geometry [Figure 25(h)] after about
20 s. The bright spot in the lower part of Figure 25 (a–d) is another smaller artifact. At
the 3-s mark [Figure 25(e)], the newly formed defect merged with this small artifact.
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Figure 25. A series of 75- × 75-µm frames captured from a Nomarski microscope
video of an individual delamination defect’s formation approximately 45 min after a
2-h submersion in 2:1 piranha at 90°C. The defect’s development is shown (a) 0 s, (b)
2.0 s, (c) 2.6 s, (d) 2.7 s, (e) 3.0 s, (f) 6.0 s, (g) 11.0 s, and (h) 20.0 s after it began to
form. Reprinted from Liddell et al. [84] with permission from the Optical Society of
America.
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Figure 26. Nomarski micrographs of a 160- × 140-µm region containing the defect
seen in Figure 25. Images were captured at (a) 45 min, (b) 60 min, (c) 61 min, (d) 100
min, (e) 48 h, and (f) 6 mon after the samples was removed from the piranha solution.
Reprinted from Liddell et al. [84] with permission from the Optical Society of
America.
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Figure 26 shows the evolution of a 160- × 140-µm area surrounding the defect
of Figure 25. Two new defects formed in this region during the observation period: one
appearing approximately 45 min after removal from piranha solution [Figure 26 (b)]
and another approximately 60 min after removal from piranha solution [Figure 26 (c)].
The just-formed defects “flickered” distinctly and appeared to be liquid filled, with a
pulsating effect possibly caused by rapid evaporation. The defects were initially
surrounded by regions of trapped fluid (purple-blue areas on a grey field in the images),
which moved about and agglomerated into larger areas over time [see Figure 26(a–d)].
These features may be similar to the moisture penetration patterns/mottling phenomena
discussed in Sec. 2.3.4.2, involving the incorporation of fluid into the porous structure
of oxide layers.
Several hours after piranha cleaning, the trapped liquid had escaped from the
MLD coating and the flickering had ceased. A difference in optical thickness remained,
leading to the bright appearance of mature delamination defects in Nomarski
microscopy [Figure 26(e)]. Interestingly, when the MLD sample was re-inspected
several months later [Figure 26(f)], the defect of Figure 25 had nearly disappeared,
possibly after collapsing into optical contact. The smaller, overlapping defect was still
apparent.

4.3

Mechanism for delamination defect formation
A delamination-defect-formation mechanism should explain the primary

features of delamination defects presumed from experiments and observations; namely,
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that (1) hydrogen peroxide is essential to defect formation [Sec. 3.4.2]; (2) delamination
defects are typically associated with an existing flaw that interrupts the coating [Sec.
3.3.1]; (3) defects are initially filled with liquid [Sec. 4.2]; (4) the crack in the
multilayer advances in a zigzagging fashion upwards towards the surface, and the
separation of crack faces leads to a permanent uplifting of the coating [Sec. 3.3.3]; but
(5) delamination defects can “heal” by collapsing into optical contact [Sec. 4.2].
A proposed mechanism for defect formation that satisfies all of the above
requirements is shown schematically in Figure 27. First, acid piranha penetrates into
the MLD coating [Figure 27(a)] through a large pore, small scratch, or defect (not
shown), and a small volume of acid piranha becomes trapped in the coating at an
interface where adhesion has locally failed (between layers, or between substrate and
coating). Pressure builds up at this location because of the evolution of oxygen gas
from hydrogen peroxide in the trapped piranha, and the MLD layers deform into a
circular blister to accommodate the increasing pressure [Figure 27(b)]. Once the critical
stress for fracture is reached in the deforming MLD, crack propagation occurs. The
crack may initially propagate along the interface (increasing the debond area), but to
explain the characteristic fracture pattern, the crack must eventually kink upward into
the multilayer [Figure 27(c)]. The crack propagates through the MLD coating to the
surface, where accumulated oxygen gas escapes, relieving built-up pressure and
collapsing the inflated blister structure. The final defect geometry includes a gap
between crack faces [Figure 27(d)]. Note that the structure shown in Figure 27(d) is
consistent with the cross-sectional defect geometry revealed by FIB in Sec. 3.3.3. If the

73
layers later collapse into contact, eliminating air gaps, the defect may appear to have
“healed.”

(a)

(b)

(c)

(d)

Figure 27. Schematic illustrating the hypothesized delamination defect formation
mechanism: (a) undisturbed MLD coating, (b) initial pressure development in coating
and deformation, (c) kinked fracture at edge of pressurized blister, and finally (d)
propagation of the crack to MLD surface. Light bands represent hafnia layers in the
coating, while dark bands represent silica layers. Reprinted from Liddell et al. [84]
with permission from the Optical Society of America.
Figure 28 shows hypothesized cross-sectional geometries of two delamination
defects observed on samples from coating run #20T-10-56. Twelve arc-shaped cracks,
labeled A–L, were counted in the Nomarski micrograph of defect (a). This defect likely
initiated between layers 4 (SiO2) and 5 (HfO2), and each observed arc-shaped crack
involved one SiO2–HfO2 layer pair. In defect (b), 14 cracks (A–N) were identified,
consistent with a substrate-initiated blister with fracture through all 28 layers. At least
five of the 14 cracks (A–E) were circular. Cracks in the upper layer pairs (F–N) were
arc shaped with successively shorter arc lengths. The hypothesized geometry in this
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case is similar to (a), but with complete circular cracks in the initial few layers with an
asymmetrical geometry developing as the crack propagated upward.

(a)

40 µm

(b)

40 µm

Figure 28. Nomarski micrographs of two delamination defects with schematics
showing hypothesized cross-sectional geometries: (a) defect initiated between the
second and third MLD layer pairs, with arc-shaped cracks in the upper twelve layer
pairs; (b) substrate-initiated defect with fracture through all 14 layer pairs. Fracture in
the bottom few layers occurred as circular cracks at the blister’s perimeter, while
cracks in upper layers were arc-shaped. Reprinted from Liddell et al. [84] with
permission from the Optical Society of America.
The proposed mechanism requires that a small volume of liquid becomes
trapped between layers of the MLD coating, or between coating and substrate. The
original entry path must not be a viable path for the escape of gas or liquid; otherwise,
high pressures could not develop in the cavity because the oxygen gas evolved from
the decomposition of acid piranha could simply travel out of the volume to relieve
pressure. Considering the multilayer structure of the thin film coating and the presence
of columnar pores in each dielectric layer, we suggest the coefficient-of-thermal-
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expansion (CTE) mismatch between hafnia and silica layers as an explanation; if the
MLD layers deform or shift with respect to each other during elevated temperature
cleaning, a path to the surface through adjacent layers could become blocked, and
pressure could develop freely in a void containing trapped piranha solution.

4.4

Fracture mechanics model

4.4.1

Material properties of dielectric layers and MLD coatings
The properties of thin films can be sensitive to the deposition technique [27,36],

and therefore it can be unwise to assume thin-film properties for one coating based on
data from a different coating, unless it is known that the deposition method was the
same. Nanoindentation of single-layer hafnia and silica films was carried out to
accurately assess the elastic moduli of the MLD layers. Cross sections of the films
tested are shown in Figure 29. The thicknesses of the single-layer films (135 nm for
hafnia and 180 nm for silica) were similar to the thicknesses of those layers in the
multilayer coating, and the deposition technique was the same as that used for the MLD
coating layers. To avoid substrate effects in the nanoindentation measurements,
mechanical properties were assessed using data from indenter penetration into only the
top 10% to 20% of the total film thickness. The average Young’s moduli calculated for
the films were Ehaf = 128±12.5 GPa (average ± standard deviation of four
measurements) for hafnia and Esil = 92±5 GPa for silica. These measurements were
within ~25% of moduli reported by Thielsch et al. [27] for thin-film hafnia (deposited
by RE) and silica (deposited by PIAD).
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(a)

(b)

250 nm

No visible
film-substrate
interface

250 nm

Figure 29. SEM images showing cross sections of oxide single layers used in
nanoindentation experiments: (a) a 160-nm layer of hafnia and (b) a 180-nm layer of
silica. There was no visible interface between the substrate and the amorphous silica
film. SEM imaging by Karan Mehrotra. Reprinted from Liddell et al. [84] with
permission from the Optical Society of America.
Poisson ratio ν for the films was estimated from reported values [92,93], while
shear and bulk moduli µ and B were calculated from E and ν using the relations
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respectively. MLD coating properties were estimated from the single-layer properties
determined by nanoindentation experiments. Upper and lower limits on shear modulus
and bulk modulus were calculated by the rule of mixtures,
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where Vhaf and Vsil are the volume fractions of hafnia and silica (Vhaf = 0.39 and Vsil =
0.61 for the MLD coating run #20T-10-56, which will be used in this chapter’s
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calculations). The calculated lower and upper limits on bulk modulus were 58.4 GPa
and 63.5 GPa, respectively, and the limits on shear modulus were 44.5 GPa and 45.2
GPa, respectively. These bounds were averaged to estimate the bulk and shear moduli
for the multilayer. Poisson ratio and Young’s modulus for the MLD were then
calculated using the relations
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Bulk properties for the BK7 substrate were from Schott product literature [94]. Material
properties are summarized in Table 12.
Table 12. Material properties used in fracture mechanics analysis
Material

Young’s modulus
E (GPa)

Poisson
ratio ν

Shear modulus
μ (GPa)

Bulk modulus
B (GPa)

BK7 (bulk)
SiO2 (thin film)
HfO2 (thin film)
MLD coating

82
95
130
108

0.21
0.17
0.25
0.20

33.9
40.6
52.0
44.7

47.1
48.0
86.7
60.6

4.4.2

Contributions of pressure and intrinsic stress to blister deformation
In Sec. 4.3, it was hypothesized that the delamination defect is initiated by

pressure developed in a small, disk-shaped volume of acid piranha trapped in the
coating. We therefore model the blister (prior to fracture) as a circular plate of thickness
H and radius R, subjected to an internal pressure pc and an equibiaxial intrinsic stress
σ, and fixed to a thick substrate at its edges (r = R, where r is the radial coordinate), as
shown in Figure 30. The residual stresses in an evaporated MLD coating can be
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significant, and the pressure pc evolved from piranha decomposition might not be large,
so the effects of both loadings are considered in this analysis. The normal
displacements of the plate are given by w(r).
R

r
w

H

pc

MLD

σ

Substrate

Figure 30. Schematic of a pressurized blister in an MLD film with a residual film
stress. Reprinted from Liddell et al. [84] with permission from the Optical Society of
America.
Jensen [91] showed that, in nondimensional form, the von Kármán plate
equations for the situation shown in Figure 30 can be written as

pc R 4 2 R 2

1
d 1 d
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d   d
12 1  2
2 EH 4
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d 1 d
   1  2  0,

d   d
 2

 (  )  dw / d ,

 (  )  R / EH 3 ,

(5)

  d / dr

where ν and E are the Poisson ratio and Young’s modulus of the thin film coating, Φ is
the Airy stress function, and ρ and w are nondimensional quantities defined by ρ = r/R
and w  w / H . For plate behavior, the appropriate boundary conditions are zero slope
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at the center of the blister, no rotations or displacements at the fixed edges, and w
bounded everywhere.
Because the normalized pressure pcR4/EH4 is small (typically in the range of
0.007 to 0.474, with a representative value of 0.06), the pressure is carried by bending
of the plate (rather than by membrane forces causing stretching). Therefore, bending is
the dominant deformation mode, implying that the nonlinear   term in Eq. (5) can
be neglected. The first equation can then be uncoupled from the second, and the
resulting ordinary differential equation can be written as

 2 "   '  (S  1)  P 3 ,

(6)

where prime indicates differentiation with respect to ρ. Two new nondimensional
quantities, S = 12(1−ν2)σR2/EH2 (residual stress term) and P = 6(1−ν2)pcR4/EH4
(pressure term), were introduced for convenience. In the special case of negligible
residual stresses, S = 0 and Eq. (6) reduces to an equidimensional Euler–Cauchy
equation. Applying the boundary conditions, the solution for the σ = 0 case is

 ( )  



P 3
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P 4
  2 2  1
32

(8)

Returning to the general case [Eq. (6)], it can be shown that the solution for

 (  ) can be given in terms of modified Bessel functions of the first and second kind
and the Meijer G function. The solution  (  ) could not be readily integrated to find the
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blister deflections w (  ) in closed form. An approximate solution was found by
expanding all products in the expression for  (  ) and integrating term-by-term. The
integrals of all but one term in the expanded form of  (  ) could be expressed in
standard mathematical functions, and the remaining term was approximated by a fiveterm power series and integrated. The resulting approximation for w (  ) agreed with
the closed-form solution [Eq. (8)] for σ→0. A few specific cases are now considered.
Geometrical and material properties were selected as follows: E = 108 GPa and
ν = 0.20 (see Table 12), H = 5 µm (the thickness of the MLD coating), and R = 20 µm
(estimated by measuring the diameter of the first fracture ring in micrographs of typical
delamination defects, as shown in Figure 31). It was difficult to accurately determine
the residual stress σ in the coating because intrinsic stresses vary with deposition
parameters, coating age, storage environment, and other factors, as discussed in Secs.
3.4.4 and 3.4.5. Based on measurements of similar coatings [32,88], the residual stress
in samples from coating run #20T-10-56 was expected to be tensile and in the range of
σ = 0 to 150 MPa. In this analysis, we did not consider compressive coatings (typical
of energetic deposition methods such as PIAD). The pressure developed in the blister
pc was also unknown, but we estimated that the absolute upper limit on pc (for the case
of the irreversible decomposition reaction 2H2O2 → 2H2O + O2 going to completion in
a closed volume) was 254 MPa for a reaction temperature of 60°C, assuming ideal gas
behavior for the evolved oxygen gas and incompressibility for water and peroxide.
Therefore, we considered blister pressures in the range of pc = 3 MPa to 200 MPa.
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Figure 31. Measurement of blister diameter. Microscopy by Sarah Walters. Reprinted
from Liddell et al. [84] with permission from the Optical Society of America.
Figure 32 shows blister deformations resulting from several values of internal
pressure pc. The solid curves show the deformations for an intrinsic stress level of 150
MPa, while the dashed curves show the zero-intrinsic stress case [that is, the simple
solution in Eq. (8)]. The inset plot shows the 3-MPa case, which was difficult to resolve
in the larger plot, with the axis limits reset to fit the data. Blister pressure had a profound
effect on the magnitude of deformations. Blister pressure in the range of 3 to 200 MPa
resulted in maximum blister displacements differing by two orders of magnitude: 6-nm
maximum displacement for pc = 3 MPa and 400 nm for pc = 200 MPa. In contrast, the
effect of residual stress was small, with the difference in displacements for the σ = 0
and the σ = 150-MPa cases never more than 4%. This is not surprising given that the
stress parameter is S = 0.26 for the σ = 150-MPa case, i.e., small. Note from Eq. (8)
that the blister deformation is linear in the pressure pc.
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Figure 32. Dependence of blister deformations on internal blister pressure for
intrinsic coating stresses of zero (dashed curves) and 150 MPa (solid curves). Inset
plot shows a larger view of the pc = 3-MPa curves. Reprinted from Liddell et al. [84]
with permission from the Optical Society of America.
4.4.3

Prediction of crack path in multilayer coating and length-scale considerations
In Sec. 4.4.2, we considered a pre-existing circular debond (interface crack)—

that is, we assumed that the MLD coating was not adhered to the substrate at the blister
site, and the coating was free to deflect in response to pressure. To explain the
characteristic fracture pattern, the interfacial crack must propagate in response to the
pressure loading. If energetically favorable, it is possible for the crack to propagate at
first along the interface, growing the blister to a larger diameter, but eventually the
interface crack must propagate to the surface by kinking upwards into the multilayer.
For an interface crack between two dissimilar materials, the ratio of the energy
release rates for the kinked crack, 𝒢, and a crack advancing in the interface, 𝒢0, is given
by [95]:
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c  d  2 Re(c d exp(2i )
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𝒢 / 𝒢0 
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,
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     ln(a / H ) ,

where Re(x) gives the real part of x. The mode mixity angle ψ = tan−1(K1/K2) describes
the crack loading, where K1 and K2 are the mode-1 (opening) and mode-2 (shearing)
stress intensity factors, respectively. The corrected  includes a term that depends on
the problem length scale a/H and the bimaterial constant ε. The quantities c, d, and q
are dimensionless quantities that depend on the material combination and crack kink
angle. The Dundurs material moduli parameters α and β and bimaterial constant ε are
defined by [96,97]:
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where µ1, ν1, and µ2, ν2 are the shear moduli and Poisson ratios of materials 1 and 2
respectively. Note that the material mismatch parameters α, β, and ε vanish in the
homogeneous case (material 1 = material 2). We take material 1 to be the substrate and
material 2 to be the coating, such that the interface crack either continues along the
material 1/material 2 interface or kinks upwards into material 2 with crack length a at
kink angle ω, as illustrated in Figure 33. If the interface crack is located between MLD
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layers rather than between substrate and the coating, the layers beneath the crack are
grouped with the substrate as a single material, and the partial multilayer above the
crack is treated as material 2. Mismatch parameters α, β, and ε for relevant material
combinations are shown in Table 13.
#2: Coating

ω

a

H

#1: Substrate

Figure 33. Geometry of kinked crack. Reprinted from Liddell et al. [84] with
permission from the Optical Society of America.
The ratio of the energy release rates for the kinked crack and crack advancing
in the interface, 𝒢/𝒢0, is plotted versus kink angle for several values of  in Figure 34
for the case of a BK7 substrate with a hafnia–silica MLD coating. Parameters c and d
were estimated from the tabulated numerical data of He and Hutchinson [98] using
linear interpolation. Note that, excepting the case of  = 0 (corresponding to a pure
mode-1 crack), a local maximum of 𝒢/𝒢0 exists for a nonzero value of ω, interpreted as
an energetically preferred kink angle. The preferred kink angle ωp increases with
increasingly negative  , corresponding to a greater mode-2 loading contribution. The
specific value of ωp can be determined if  is known.
Table 13. Values for the Dundurs parameters α, β and bimaterial modulus ε
Material #1

Material #2

α

β

ε

BK7

MLD Coating

−0.13

−0.04

0.01

BK7

HfO2

−0.23

−0.09

0.03

HfO2

SiO2

0.17

0.10

−0.03

SiO2

HfO2

−0.17

−0.10

0.03
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Figure 34. Relationship between energy-release rate 𝒢/𝒢0 and kink angle ω for
several mode mixity angles for the BK7/MLD coating material combination.
Reprinted from Liddell et al. [84] with permission from the Optical Society of
America.
For the case of a pressure-loaded blister with small pc, the uncorrected mode mixity
angle ψ can be expressed as the solution to tan(ψ) = –cot(γ), where γ = γ(α, β ,η) is a
function of the Dundurs parameters and a geometrical parameter η = H/L [97]. When the
substrate thickness L is much larger than the coating thickness H (as in the case of an MLD
thin-film coating on a thick glass substrate), η ≈ 0 and γ(α, β, 0) can be drawn from the
tabulated numerical data of Suo and Hutchinson [99] to calculate ψ. Small pc is considered
a good assumption when pc << p0, where p0 is a reference pressure given by [97]:
H
p0 
 
2
3(1  )  R 
16E

4

(11)

For the 40-µm-diam blister considered here, p0 = 7.4 GPa, and the assumption is quite
reasonable for a blister pressure of a few megapascals.
Determination of the corrected mode mixity  requires knowledge of the relevant
length scale at which fracture occurs. To analyze the effect of fracture length scale, we
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write  B   A   ln( B /  A ) , where the mode mixity  A is associated with fracture at
the length scale  A , and  B with fracture at the length scale  B . Notice that, since the
bimaterial parameter ε is small, this effect will be rather small.
We assume that the mode mixity  A is associated with the length scale  A
comparable to the typical MLD coating thickness of H = 5 µm (see Table 1), and we
consider two extreme cases for the effects of the length scale  B . When fracture processes
occur at the length scale  B comparable to the MLD thickness, i.e.,  B   A , the correction
term  ln( B /  A ) vanishes, and we use the BK7/MLD mismatch parameters from Table
13 to find that   37.4 . On the other hand, when fracture processes are at the length
scale  B comparable to the first layer thickness (t1 = 131 nm), we then select the
BK7/hafnia mismatch parameters because the first layer of the MLD coating adjacent to
the BK7 substrate is HfO2. In this case,  A  35.9 and  ln( B /  A )  5.8 , yielding a
corrected mode mixity of   41.7 . The 𝒢/𝒢0 curves for these two extreme cases are
plotted in Figure 35. Both cases have a broad maximum in the range of ωp = 45° to 60°.
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Figure 35. Energy-release rate ratio versus kink angle for two problem length scales:
fracture involving the full MLD coating and fracture involving only the first MLD
layer. The blue band shows the broad range of energetically preferred kink angles
between ω = 45° and 60°. Reprinted from Liddell et al. [84] with permission from the
Optical Society of America.
Measurements of the crack propagation angles in the SEM cross-sectional view
of a delamination defect are shown in Figure 36 (a), and a closer view in Figure 36 (b)
shows the crack’s path through each MLD layer. The FIB technique that was used to
image the defect’s cross section was described in Sec. 3.3.3. The SEM images show
that the crack kinked sharply upwards at the first hafnia layer and whenever it reached
an interface with new hafnia–silica layer pair. Within the silica layers (dark bands), the
crack curved to a shallower angle, advancing along a trajectory nearly parallel to the
layers as it approached the next hafnia layer. The kink angles in the hafnia layers (light
bands) ranged from ω=52° to ω=66°: comparable to the preferred angle calculated in
the fracture mechanics analysis, especially considering that measurements could be
over-estimated if the defect were not perfectly bisected during FIB milling.
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(b)

(a)

57

Figure 36. (a) Kink angles measured from observed crack path in a delamination
defect; (b) close-up of defect cross-section near surface, illustrating crack trajectories
through the layers of hafnia (light bands) and silica (dark bands). Reprinted from
Liddell et al. [84] with permission from the Optical Society of America.
Within the multilayer, the jagged crack trajectory can be explained by the
relative stiffness of the layers in the MLD coating. When a crack propagating in a stiffer
layer approaches an interface with a more-compliant layer, the crack tends to veer
toward the interface, shortening its path through the stiff material. When a crack
approaches an interface with a stiffer material, the crack veers away from the interface,
assuming an increasingly horizontal trajectory through the compliant layer, as the
energy release rate approaches zero near the interface with the stiffer material [100].
Hafnia is significantly stiffer than silica, so the fracture pattern in the defect is
consistent with this behavior.

4.5

Conclusions
In this chapter, a mechanism was proposed for the formation of peroxide-

induced delamination defects in multilayer coatings. The mechanism, involving
pressure development in a small cavity in the coating, is supported by experimental
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results and microscopic observations of defects. A fracture mechanics model was
developed to explain the deformation and failure of the MLD coating. The
characteristic fracture pattern of the defect was found to be consistent with the crack
path that maximizes energy release rate.
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Chapter 5. Thermal Stress Development in MLD Coatings During
Chemical Cleaning of Large Optics

5.1

Introduction
OMEGA EP pulse compression gratings are cleaned by spraying heated acid

piranha solution over the coated side of the grating. The piranha spray station is
depicted schematically in Figure 37, which shows a full-size grating being cleaned
along with several witness parts. Witness parts are small samples that accompany the
full-scale part through all manufacturing steps, and are thus “witnesses” to the
fabrication processes used. They may be subjected to post-production inspection and
analysis in place of the full-size product, and are expected to be representative. It is
often not possible to test new manufacturing methods or variations on full-size parts
because of cost and practicality limitations, so small test pieces are also used for process
development. Small samples enable researchers to learn about the coating’s response
to a treatment before committing to the process for a large part. For such experiments
to be valuable (that is, to ensure the validity of the work in extension to larger parts),
test samples must also be representative of full-scale grating optics.

Full-Scale Optic

Witnesses

Figure 37. Schematic illustrating chemical cleaning of a full-size OMEGA EP
grating and several witness parts

91
The final cleaning phase of the fabrication process for MLD gratings is a major
source of defects and other problems with the MLD coating. As discussed in Chapters
3 and 4, delamination defects are commonly observed in RE-deposited MLD coatings
after acid piranha cleaning. Large-scale puckering and delamination [Figure 38(a)],
circular blistering [Figure 38(b)], and tunneling (“telephone-cord”) delamination
[Figure 38(c)] have also been observed. Numerous factors, such as adhesion mechanics
and material strength, contribute to delamination failure in layered materials—but this
type of failure is generally attributed primarily to compressive stresses in the coating.
See Ref. 97 for additional details.
Although not strictly defined as “coating failure,” mottling is another
consideration because MLD coatings are not optically stable until the mottling effect
subsides. Mottling has been associated with delamination defects (see Sec. 4.2) and
with coating delamination [Figure 38(d)], suggesting that mottling could be considered
a “warning sign” for other problems—although of course these phenomena can occur
independently of mottling and vice versa. Alumina coatings, for example, often exhibit
mottling but rarely if ever develop delamination defects during acid piranha cleaning
(see Sec. 3.4.5). Since thin-film coatings buckle as a result of compressive stresses,
understanding the stress response of an MLD coating to elevated-temperature cleaning
is essential in determining whether a given optic (coating, substrate, geometry, etc.)
and cleaning process (chemical, delivery method, heating profile, etc.) are
compatible—i.e., unlikely to result in coating failure.
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(a)
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(c)

250 µm
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1.0 mm

(d)
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Figure 38. Examples of coating failure on MLD grating samples observed after
chemical cleaning: (a) buckling of a PIAD grating [Microscopy by Justin Dressler];
(b) circular delamination on an RE grating [Microscopy by Brittany Taylor]; (c)
telephone-cord delamination on a PIAD grating [Microscopy by Brittany Taylor]; (d)
delamination associated with mottling on an IAD grating [Microscopy by Justin
Dressler]. Cleaning treatments and temperatures varied.
In this chapter, we develop a thermomechanical model to estimate the timedependent thermal stresses evolving in an MLD grating during wet cleaning at elevated
temperatures. Coating stresses are compared for two substrate thicknesses: a 100-mmthick substrate, representative of a full-size OMEGA EP grating or other meter-scale
optic; and a 10-mm-thick substrate, representative of a small test or witness piece. We
begin by examining the case of an OMEGA EP grating (a hafnia–silica coating on a
BK7 substrate), and then extend the model to other combinations of commonly-used
oxide coating and substrate materials. The effects of substrate material and geometry,

93
cleaning solution temperature, and heating and cooling rates are examined. Results of
this analysis are used to establish the effectiveness of witness/test material in predicting
the behavior of a meter-scale coated optic during elevated-temperature chemical
cleaning. Finally, we identify modifications that could be made to the cleaning process
to mitigate the risk of stress-induced failure such as crazing, buckling, and delamination
defect production.

5.2

Solution of heat conduction equation
Two situations are considered in the thermal analysis: a finite plate model, in

which the substrate is assumed to occupy a finite thickness L; and a semi-infinite halfspace model, in which the substrate is assumed to be thermally thick. The geometry,
coordinate system, and assumptions involved in the two models are illustrated in Figure
39(a) and Figure 39(b) respectively. For both models, we make the following
assumptions: (1) heat conduction equation satisfied; (2) the temperature in the substrate
T(x,t) depends on depth x and time t only; (3) the cleaning solution follows a
controllable, piecewise-defined temperature profile Tp(t) that includes only linear
phases; (4) chemicals flow over the coated side of the optic, leading to convection with
the heated solution at the free surface x = 0; and (5) the presence of the thin-film coating
has no effect on heat transfer through the substrate. In the finite-plate model, an
additional requirement of zero heat flux is required at the bottom surface x = L. For the
semi-infinite halfspace, the temperature is only required to be bounded as x → ∞. Note
that assumption (2) implies that we are solving the heat conduction equation in one
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spatial dimension only: the substrate temperature is assumed to be laterally
homogenous [T(x,y,z,t) = T(x,t)].

(a)

(b)

Tp(t)

Tp(t)
Convection

Convection

L

x

T(x,t)

Insulation at x = L

x

T(x,t)

Bounded as x → ∞

Figure 39. Problem geometries and assumptions for (a) finite-plate and (b) semiinfinite halfspace heat transfer models
In the next two sections, we solve the heat conduction equation to find the timedependent temperature distribution in the substrate T(x,t) for each case. Only the semiinfinite half-space problem as described above can be solved in closed form, whereas
the finite plate model provides a better representation of most typical substrate
geometries. A discussion of the validity of the two models for practical substrate
geometries is given in Sec. 5.4.3.

5.2.1

Finite-plate model
The one-dimensional heat conduction equation is given by
 2 T 1 T
,

x 2 D t

(12)

where T = T(x,t) is the temperature in the substrate and D is the thermal diffusivity of
the substrate material. The appropriate boundary conditions (BC’s) for the finite plate
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are convection with the cleaning solution at the coated surface (x = 0) and zero heat
flux at the bottom of the substrate (x = L):

k

T
(0, t )  h[T (0, t )  T p (t ) ,
x

(13)

T
( L, t )  0 ,
x

(14)

where k is the thermal conductivity of the substrate, h is the heat transfer coefficient,
and Tp(t) is the temperature of the piranha solution. The initial condition for the
problem is:

T ( x,0)  T0 ( x) .

(15)

Nondimensionalizing with a new spatial variable xˆ  1  x / L , the problem becomes
 2T L2 T
,

D t
xˆ 2

T ( xˆ,0)  T0 ( x) ,

T
hL
hL
(1, t ) 
T (1, t ) 
T p (t ) ,
xˆ
k
k

T
(0, t )  0 ,
xˆ

(16)

where in the new coordinate system, xˆ  0 at the bottom of the substrate and xˆ  1 at
the coated surface. This nonhomogeneous problem is solved (see e.g. Boley and Weiner
[101]) by breaking the temperature T ( xˆ, t ) into steady-state and transient parts:

T ( xˆ, t )  Ts ( xˆ, t )  u( xˆ, t ) .

(17)

The steady-state solution Ts ( xˆ, t ) must satisfy the partial differential equation
(PDE) and both BC’s given in Eq. (16). Recall that a desired feature of our model was
that the chemical temperature profile T p (t ) can be defined as a series of linear phases.
At this point, we consider only the first phase of this temperature history, and assume
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a linear time-dependence such that the temperature profile is given by
T p (t )  T p ,0  rh t , where rh is the heating rate. [We account for the complete piecewise

temperature profile in the final model; see Sec. 5.4.1.] It can be readily verified that a
solution for Ts ( xˆ, t ) that satisfies the PDE and both BC’s is
Ts ( xˆ, t )  C1 xˆ 2  C 2 t  C3 ,

C1 

L2 rh
,
2D

C 2  rh ,

(18)
C3  T p,0 

kLrh L2 rh
.

hD
2D

The problem for u ( xˆ, t ) becomes
 2 u L2 u

0,
D t
xˆ 2

u
hL
(1, t ) 
u (1, t )  0 ,
xˆ
k
u ( xˆ,0)  T0  T p ,0 

u
(0, t )  0 ,
xˆ

(19)

L2 rh 2 kLrh L2 rh
,
xˆ 

2D
hD
2D

which is a homogeneous PDE with zero BC’s and can be solved by separation of
variables, yielding an infinite series solution for temperature in the substrate:

T ( xˆ, t )  Ts ( xˆ, t )  u( xˆ, t ) ,
Ts ( xˆ, t )  T p ,0  rh t 

L2 rh 2 kLrh L2 rh
,
xˆ 

2D
hD
2D

 n 2 D 
u ( xˆ, t )   An cos(n xˆ ) exp   2 t  ,
L 
n 1



2(T0  T p ,0
An 

kLrh
L2 rh

) sin( n )  2
( n cos( n )  sin( n ))
2
hD
D n

 n  cos( n ) sin( n )

(20)

,
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where eigenvalues λn are solutions to the transcendental equation n tan(n )  hL / k
for n = {1, 2, 3, …}.

5.2.2

Semi-infinite halfspace model
The semi-infinite halfspace problem is defined identically to the finite plate

problem [Eqs. (12-15)] except for the boundary condition at x = L, which is replaced
by the requirement that substrate temperature be bounded for large x. Defining a new
variable Tˆ ( x, t )  T ( x, t )  T0 , the problem becomes:
 2Tˆ 1 Tˆ
,

D t
x 2

Tˆ ( x,0)  0 ,

(21)

Tˆ
h
h
(0, t )  Tˆ (0, t )  (T0  T p (t )) .
x
k
k

We transform the time variable using a Laplace transform such that the





substrate and piranha solution temperatures are given by U ( x, s)  L Tˆ ( x, t ) and
U p (s)  LT p (t ) respectively. The transformed problem is an ordinary differential

equation (ODE) in U(x,s):
d2 U
s
( x, s)  U ( x, s) ,
2
D
dx

(22)

hT h
dU
h
(0, s)  U (0, s)  0  U p ( s) ,
dx
k
ks k

(23)

which has the general solution
U ( x, s)  C1 exp( x s / D )  C2 exp(  x s / D ) ,

(24)
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where C1 and C2 are constants to be determined. Since the temperature of the substrate
must be bounded as x → ∞, the constant C1 vanishes. Applying the convection
boundary condition [Eq. (23)] to solve for C2, we find that the solution for U(x,s) is
given by
U ( x, s) 


h  U p ( s)  T0 / s 
s 
.

 exp   x


k  s/ D  h/k 
D



(25)

As in the previous section, we assume that the piranha solution follows a linear
temperature profile, T p (t )  T p ,0  rh t . In s space, the transformed piranha solution
temperature is given by U p (s)  (T p,0 / s)  (rh / s 2 ) . Substituting this expression into
Eq. (25) and rearranging,

h D

x

exp  
 k
D

U ( x, s )  
h D

s

k



s  
  T p ,0 rh T0 
 s  2  s  . (26)
s





Determining the inverse Laplace transform Tˆ ( x, t )  L1 U ( x, s) of this
complicated function is not trivial. To proceed, we use partial fractions to decompose
Eq. (26) into a sum of simpler functions for which the inverse Laplace transform is
known. The result of these manipulations is
2

rk
 k  
ˆ
  L1 ( x, t )  rh L2 ( x, t )  h L3 ( x, t ) ,
T ( x, t )  T p ,0  T0  rh 
h D

 h D  

(27)
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where

h D

x

exp  
D
 k

L1  L1 


 s s  h D 


k 


1

x
L2  L1  2 exp  
D

s
 1

x
L3  L1  3 / 2 exp  
D

s


s  

,




s  ,


s  .


The inverse transforms L1, L2, and L3 are available in published tables (see Ref. 102).
Returning to the uncorrected temperature T(x,t), the temperature in the substrate can be
expressed in closed form:

 x2

exp  
rh t (2k  hx)
1
 4 Dt

T ( x, t )  T0 
 2
2h D
h  D
 2
 x 
 2k rh  2hkrh x  h 2 rh x 2  2 Drh t  T0  T p ,0  erfc 
 

 2 tD 

 kx  2 Dht  
 h(kx  hDt )  2
2
 
2 exp 
 k rh  h D(T0  T p ,0 ) erfc 
2
k


 2k Dt  





5.3





(28)



Calculation of thermal stresses
Since we have assumed that temperature in the substrate arising from cleaning

varies through the thickness of the optic only, i.e., T(x,y,z,t) = T(x,t), it follows that the
only nonzero stress components are parallel to the optic’s surface, and that the other
four stress components are zero:
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 yy   zz   sub ( x, t ),

(29)

 xx   xy   xz   yz  0.

The function σsub(x,t) must satisfy the equations of equilibrium and
compatibility and appropriate boundary conditions. Following the methodology of
Boley and Wiener [103], we apply Saint Venant’s principle boundary conditions by
assuming that the force and moment due to σyy and σzz are zero over the plate’s edges—
L

i.e.,   sub ( x, t )dx  0 and
0

L

 x

sub

( x, t )dx  0 . The Saint Venant approximation (shown

0

schematically in Figure 40) is considered very accurate at distances at least one platethickness from the traction-free edges. In the present notation, the solution for σsub(x,t)
is:

 yy   zz   sub ( x, t ) 
Asub E sub
1   sub

L
L


 4 6x 
 12 x 6 

T
(
x
,
t
)


T
(
x
,
t
)
dx


xT ( x, t )dx,





2 
3
2 
L 0
 L L 0
 L



(30)

where Asub, Esub, and νsub are the coefficient of thermal expansion (CTE), Young’s
modulus and Poisson ratio for the substrate material, respectively. Note that A has been
used for CTE in place of the standard notation of α to avoid confusion with the first
Dundurs parameter.
Zero force and
moment due to σyy
and σzz
z

T(x,t)

Oxide Coating

y
x

Substrate

Figure 40. Schematic illustration of Saint Venant boundary conditions.
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Two expressions for T(x,t) were derived in the preceding section based on
finite-plate and semi-infinite-halfspace models of the substrate’s geometry. These
expressions were substituted into Eq. (30) to determine the thermal stress distribution
in the substrate. The integrals



L

0

T ( x, t )dx and



L

0

xT ( x, t )dx could be calculated

directly in both cases, resulting in an infinite series solution for the finite-plate model
and a closed-form solution for the semi-infinite halfspace. A similar methodology was
used to find the stresses in the thin-film coating at x = 0, which depend only on time t:

 ctg (t ) 
L

  Actg Ectg
AsubEctg  4  L
6 



T (0, t ),
   T ( x, t )dx   2   xT ( x, t )dx   
1   ctg  L  0
 x 0 L  0
 x0  1   ctg

(31)

where σctg(t) is the thermal stress in the coating and Actg, Ectg, and νctg are the CTE,
Young’s modulus and Poisson ratio for the coating material, respectively. T(x,t) is the
temperature distribution in the substrate, as before. Note that stresses in both coating
and substrate were assumed to be initially zero. As described in Sec. 3.4.4, as-deposited
coating stresses can be significant, and a coating’s stress state can change as a coating
ages. Such stresses should be algebraically added to these results for a complete
estimate of the stress level in a particular coating.
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5.4

Thermomechanical model

5.4.1

Description of model
The piranha temperature profile was defined piecewise by a continuous series

of linear phases. A simple example of a 60°C piranha cleaning process with 60-min
heating and cooling ramps and a 30-min soak period is illustrated in Figure 41.
Temperature Profile for Chemical Rinse
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Figure 41. Sample temperature history for piranha solution in cleaning process.
Temperature distributions T(x,t) arising from the prescribed cleaning protocol
were calculated from Eqs. (19) and (28) for the finite-plate and semi-infinite-halfspace
representations of the substrate, respectively. For the semi-infinite-halfspace, a 15-term
approximation of the infinite series solution was used. Each phase in the cleaning
process was treated separately, with the temperature distribution in the substrate at the
conclusion of the previous phase being used as the initial condition for calculations in
the following phase. Thermal stresses in the substrate and coating were calculated using
Eqs. (30) and (31) respectively. Codes were developed using the Wolfram Mathematica
software package to automate these calculations. As an example, the code used to
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examine the thermal stresses in a hafnia–silica multilayer coating is provided in
Appendix I.

5.4.2

Material properties used in analysis
Five commonly used oxide single-layer coating materials: alumina (Al2O3),

hafnia (HfO2), silica (SiO2) and tantalum dioxide (Ta2O5) were considered, as well as
two MLD coatings: hafnia–silica (HfO2–SiO2) and alumina–silica (Al2O3–SiO2). Fused
silica, BK7, and borosilicate float glass (Schott Borofloat 33) substrates were
investigated. Thermoelastic properties of substrate and coating materials are given in
Table 14. Thin-film properties were assumed for coating materials, while bulk
properties were used for substrates.
Table 14. Thermoelastic properties of substrate and oxide thin film coating materials
Material

Young’s
modulus
E (GPa)

Coefficient of
thermal
expansion A

BK7
Fused Silica
Borofloat 33
Al2O3
HfO2
Nb2O5
SiO2
Ta2O5

82.0
72.7
64.0
73.0
195
130
71.4
136

8.3 x 10−6
0.52 x 10−6
3.3 x 10−6
8.2 x 10−6
3.6 x 10−6
4.9 x 10−6
3.1 x 10−6
4.4 x 10−6

5.4.3

Thermal
Thermal
Poisson
diffusivity D conductivity
ratio ν
(m2/s)
k (W/m∙K)
0.21
0.16
0.20
0.22
0.25
0.22
0.17
0.27

5.5 x 10−7
7.5 x 10−7
6.1 x 10−7
n/a
n/a
n/a
n/a
n/a

1.11
1.30
1.20
n/a
n/a
n/a
n/a
n/a

Ref.
[94,104]
[105]
[106,107]
[27]
[27]
[108]
[27]
[108]

Comparison of models for practical substrate geometries
OMEGA EP MLD grating substrates, which are BK7 slabs with dimensions

470 × 430 × 100 mm3, have a low aspect ratio (thickness-to-width) compared to
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traditional optics. The large thickness was chosen to reduce wavefront error caused by
substrate deformation, while the lateral dimensions of the substrate were limited by
grating fabrication equipment. Witness and test samples are made with smaller,
commercially available substrates, which have much higher aspect ratios than the
OMEGA EP grating substrates themselves. Typical test samples are fabricated on 100mm-diam, 3- or 9-mm-thick round substrates. 3-mm-thick samples are broken into
smaller pieces for cleaning/chemical exposure experiments (such as the work described
in Chapters 3 and 6). The geometries of OMEGA EP gratings and standard test samples
are drawn to scale in Figure 42.
470 mm

430 mm

TOP VIEW
Full-Size
OMEGA EP
Diffraction Grating

SIDE VIEW

Witness / Test Material
100 mm Ø

100 mm Ø
50 mm

9 mm

3 mm

3 mm

100 mm

Figure 42. Dimensions of full-size OMEGA EP diffraction gratings and standard
witness and test material, drawn to scale.
Saint Venant’s principle was used in the application of boundary conditions in
the thermal stress model developed in Sec. 5.3. This approximation is considered
excellent at distances at least one plate-thickness from the plate’s edges, i.e., near the
center of the plate [101]. Figure 43 illustrates where this approximation is considered
valid for 3-mm-thick wedge samples, 9-mm-thick round witness parts, and full-size
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470 × 430 × 100 mm3 OMEGA EP gratings. For the 3- and 9-mm-thick substrates, the
approximation is a good one over nearly the entire volume of the part, while the
fractional region of validity is much smaller for the lower-aspect ratio OMEGA EP
grating. In all cases, the model is expected to be accurate near the center of the clear
aperture.
470 mm
100 mm Ø

3 mm
430 mm

100 mm Ø

9 mm

100 mm

Figure 43. Region of validity of Saint Venant's principle approximation (shaded area)
for full-size OMEGA EP gratings and small-scale test samples. Parts are not drawn to
scale with respect to one another.
To evaluate the validity of the two heat transfer models described in Secs. 5.2.1
and 5.2.2, results were compared for 10-mm-thick (representative of a small test or
witness part) and 100-mm-thick (representative of a full-size grating) BK7 substrates
using each model. The 60°C piranha temperature history shown in Figure 41 was
assumed arbitrarily. Liu’s estimate of h = 600 W/m2∙K was used for the heat transfer
coefficient of the acid piranha-glass system [109]. Temperature distribution results are
shown in Figure 44, with the finite-plate solution plotted as solid orange curves and the
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semi-infinite halfspace solution plotted as dashed curves. The temperature of the

Comparison between temperature predicted by finite plate solution
Comparison between temperature predicted by finite plate solution
piranha solution itself is shown in dark red.
solid curves and infinite halfspace approximation dashed curves
solid curves and infinite halfspace approximation dashed curves
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Figure 44. Solutions to heat conduction equation for (a) 10-mm-thick and (b) 100mm-thick BK7 substrates subjected to piranha cleaning at 60°C. The temperature
history of the piranha solution is indicated in dark red. Finite-plate and halfspace
solutions for the substrate temperature are represented by solid and dashed orange
curves respectively.
The entire 10-mm-thick substrate [Figure 44(a)] followed the temperature
profile of the heated chemical closely. All three temperature curves (corresponding to
substrate depths of x = 0, x = L/2, and x = L) calculated using the finite plate solution
were nearly identical to the piranha temperature curve itself. The lateral dimensions of
a 10-mm-thick witness or test sample would normally be much larger than the
thickness, so the finite plate model provides a better representation of this substrate
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geometry—and indeed the semi-infinite halfspace model (indicated by dashed curves)
led to different results.
In the case of the 100-mm-thick substrate [Figure 44(b)], a strong temperature
gradient through the substrate developed immediately. The coated surface (x = 0)
quickly responded to temperature changes in the convective fluid, but the back of the
part had a lagging response because heat conduction through the thick glass was slow.
The low aspect ratio of the 100-mm-thick OMEGA EP grating substrate suggests that
treating it as a halfspace might be reasonable, but the plate and halfspace models agreed
only for early behavior.
Although temperature results were different for the two models, ultimately the
choice of one model over the other did not have a large effect on thermal stress
calculations. Figure 45 compares thermal stresses calculated using the two models for
a BK7 substrate with a hafnia–silica MLD coating subjected to the piranha treatment
of Figure 41. Stress results themselves are discussed in Sec. 5.5, but it is clear that the
models were in excellent agreement. As a result, the finite plate solution—which
intuitively provides a better representation of practical substrate geometries, which are
thin in comparison with their lateral dimensions—was used for all further stress
calculations.
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Figure 45. Thermal stress results for a hafnia–silica MLD coating on (a) 10-mmthick and (b) 100-mm thick BK7 substrates, corresponding to the 60°C piranha
cleaning considered in Figure 44. Finite-plate and halfspace solutions are represented
by solid and dashed curves respectively.
5.5

Stress modeling results

5.5.1

Coating stresses developed in an OMEGA EP grating
Ashe et al. [43] optimized a piranha cleaning process for LLE hafnia–silica

MLD gratings in 2006, and reported that a 100°C piranha process led to the best LIDT
results, although the authors expressed concerns about thermal shock to the 100-mmthick OMEGA EP substrate at such high temperatures. The thermal stresses developed
in an MLD grating during piranha cleaning at 100°C (assuming 60-min heating and
cooling ramps) are shown in Figure 46(a) and Figure 46(b) for 10-mm-thick and 100mm-thick BK7 substrates respectively. The red and blue curves show the stresses in
the individual hafnia and silica layers, while the green curves show the average film
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stress. Substrate stresses are shown in grey, with dark, medium, and light grey
corresponding to depths of x = 0, x = L/2, and x = L, respectively.
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Figure 46. Thermal stress response of a hafnia–silica coating on a (a) 10-mm-thick
and (b) 100-mm-thick BK7 substrate subjected to piranha cleaning at 100°C. Inset
plots show magnified views of the early behavior in each case.
Substrate stresses were near zero in the 10-mm-thick substrate (ranging from
−0.29 MPa to +0.29 MPa), and were significantly higher in the 100-mm-thick substrate
(ranging from −15.7 MPa to +11.8 MPa). Using a fracture toughness approach, the
critical flaw size for crack growth is given by [113,114]:
1K
a c   c
  t





2

(32)

where ac is the depth of an assumed half-penny-shaped crack, Kc is the fracture
toughness, and σt is the tensile stress. With a fracture toughness of Kc = 0.82 MPa√m
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for BK7 [115], the critical flaw size ac calculated from Eq. (32) is 1.5 mm. A 11.8-MPa
tensile stress would be expected to cause catastrophic substrate fracture in the presence
of a larger flaw. The maximum allowable flaw size could be even smaller if slow crack
growth (stress corrosion cracking) occurs during piranha cleaning [116]. Therefore,
substrate fracture is a risk during cleaning at 100°C, as pointed out by Ashe et al. [43]—
but data in Figure 46 show that coating stress failure is also a possibility. Since BK7
has a higher CTE than the coating, the hafnia–silica coating is forced into tension
during elevated-temperature cleaning. The maximum tensile stresses developed in the
hafnia–silica coating (measured as an MLD average stress) were 65.1 MPa and 53.6
MPa for the 10-mm-thick and 100-mm-thick substrates, respectively. These are
significant stress levels, especially considering that RE-deposited coatings are highly
susceptible to tensile stress failure [32,34]. Tensile stresses on the order of ~100 MPa
have been known to cause coating fracture [117], a level that could easily be reached
during elevated-temperature cleaning as a hafnia–silica MLD coating would typically
already be in tension (see Sec. 3.4.4). Such pre-existing stress levels should be
algebraically added to cleaning-induced stresses to estimate the total stress.
The shape of the thermal stress curve was quite different for the two substrate
thicknesses. In the thick-substrate case, the coating stress shifted compressive briefly
before becoming tensile; this did not happen in the thin-substrate case. The inset plots
in Figure 46 show magnified views of this early behavior. While the compressive
coating stresses were small in magnitude (less than 1 MPa), it is troubling that they
were not reflected in the stress response of the representative witness part. Poor
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representation of a full-scale component’s behavior by small witness/test pieces is
problematic because cost and practicality limitations preclude cleaning experiments on
full-thickness parts. The ability to predict the behavior of a full-size component using
inexpensive, small-scale samples before committing to a processing methodology is
valuable, as results can be used to avoid a process that is likely to cause catastrophic
failure in a full-size product.

5.5.2

Effect of substrate choice
Considering again the case of an MLD grating subjected to a 100°C piranha

treatment, the stress response of a hafnia–silica coating on 10-mm-thick BK7, fused
silica, and borofloat substrates are compared in Figure 47. These results correspond to
possible witness or test samples that might be used to represent large-aperture optical
components. BK7 is the substrate material used to fabricate OMEGA EP gratings,
while fused silica is used for large-aperture MLD gratings in other short-pulse laser
systems [33,112]. Borofloat glass was considered because high-quality substrates in
witness sizes are readily available. Substrate stresses were near zero in all three cases
and are not shown.
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Figure 47. Stress response of hafnia–silica coating on a 10-mm-thick substrate
subjected to piranha cleaning at 100°C (60-min heating and cooling ramps, 30-min
soak). Substrate materials were (a) BK7, (b) borofloat, and (c) fused silica.
The three substrate materials considered are all common optical glasses, but
have different thermal properties: in particular, fused silica has an exceptionally low
CTE of 0.52 × 10−6; borofloat is a low-expansion glass with a CTE of 3.3 × 10−6; and
BK7 has a CTE of 8.3 × 10−6. Since the thin-film coating is adhered to the substrate
and has no mechanical stiffness of its own, it is forced to conform to the expansion
behavior of the substrate material. As a result, the thermal stress response of the coating
depended strongly on the choice of substrate. For a BK7 substrate [Figure 47(a)], MLD
coating stresses shifted tensile as the optic is heated because hafnia and silica layers
have lower CTE’s than the substrate. Borofloat [Figure 47(b)] has a comparable CTE
to the coating materials (slightly lower than thin-film HfO2 and slightly higher than
thin-film SiO2), leading to modest overall coating stresses: hafnia layers shifted slightly
compressive during heating, and silica layers slightly tensile. Fused silica [Figure
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47(b)] has a lower CTE than the coating materials, so the MLD layers were forced into
compression when the optic is heated.
Note that substrates are not interchangeable: the stress response of a coating on
a borofloat substrate is not representative of a BK7 sample, and so on. If thermal
stresses are a concern, a witness or test sample must be fabricated with the same
materials as the model part. This may seem obvious, but is important to appreciate, as
it can be tempting to use any samples that happen to be available for experiments,
especially if they are functionally similar. Care should be taken with such substitutions,
as a cleaning process that may be consistent and effective for a fused silica optic could
cause equally consistent stress failure in the same coating on BK7. Furthermore, none
of the witnesses were representative of the stress response of a full-size, 100-mm-thick
BK7 OMEGA EP grating (Figure 46).
Further probing of this issue by adjusting variables in the thermomechanical
model revealed that the substrate thickness effect was more important for certain
material combinations than for others. For a hafnia–silica coating on BK7, we saw from
Figure 46 that the thermal stress behavior was quite different for the witness and fullsize optic. Figure 48 shows results for a borofloat substrate, assuming the same coating
and processing history. Like BK7, the use of a borofloat substrate led to substantially
different stress responses for the 10-mm-thick and 100-mm-thick parts. The thin
substrate [Figure 48(a)] resulted in near-zero coating stresses, with the average MLD
stress remaining small and nominally compressive for the entire processing history (in
the range of −3.2 MPa to +0.14 MPa). The 100-mm-thick substrate [Figure 48(b)], on
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the other hand, saw an average MLD stress that was compressive for most of the
process duration, but shifted tensile during cooling. The range of coating stresses
(−12.3 MPa to 7.0 MPa) was also broader in the thick-substrate case. For this choice
of substrate, the small-scale test sample would not be predictive of the full-size
grating’s behavior for any part of the piranha process, since the magnitude and sign of
the coating stress depended on substrate thickness.
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Figure 48. Thermal stress response of a hafnia–silica coating on a (a) 10-mm-thick
and (b) 100-mm-thick borofloat substrate subjected to piranha cleaning at 100°C (60min heating and cooling ramps, 30-min soak).
Figure 49 shows thermal stress results for a fused silica substrate, again
assuming the same processing history and coating materials. When fused silica was
used as the substrate, stresses in the coating shifted compressive as the optic was heated
because of fused silica’s low CTE. Unlike the other two substrate materials, the
behavior of the thin fused silica witness [Figure 49(a)] was almost identical to the
thermal stress behavior of the full-size fused silica optic [Figure 49(b)]. This does not
mean that fused silica is necessarily a “better” choice of substrate than other
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materials—just that a fused silica witness is a better predictor for the behavior of a large
fused silica optic, which is a significant advantage for process development work.
While changing the substrate material for OMEGA EP gratings is not immediately
practical, these results might be taken into consideration in the future selection of
substrate materials for large optics.
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Figure 49. Thermal stress response of a hafnia–silica coating on (a) a 10-mm-thick
and (b) a 100-mm-thick fused silica substrate subjected to piranha cleaning at 100°C
(60-min heating and cooling ramps, 30-min soak).
5.5.3

Piranha cleaning process modifications
In our earlier analysis, we assumed a 100°C cleaning process with 60-min

heating and cooling periods and a 30-min soak duration. The piranha spray cleaning
station is equipped with a programmable heater, so temperature and heating rate
adjustments can be made relatively easily. Using the developed thermomechanical
model, the acid piranha temperature profile was varied to identify possible
improvements that could be implemented to mitigate coating stresses. In the next two
sections we probe the effects of heating rates and soak temperature.
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5.5.3.1 Heating and cooling rates
Heating and cooling rates were varied to study how this parameter affected the
temperature distributions and stresses developed during cleaning. Figure 50 shows the
temperature distributions in a 100-mm-thick BK7 substrate (i.e., an OMEGA EP
grating) for heating and cooling ramp durations of 10 min, 20 min, 60 min, and 120
min. The cleaning processes were otherwise identical to the protocol considered earlier,
including a 30-min soak at a maximum temperature of 100°C. When the piranha
solution was heated and cooled quickly, the coated surface responded to the rapidly
changing piranha solution temperature, but the bulk of the substrate lagged behind
because of slow conduction through the thick glass, leading to large temperature
variations through the thickness of the substrate. In the 10-min ramp case [Figure
50(a)], the backside of the substrate remained almost at room temperature for the entire
process. The maximum substrate temperature delta (temperature difference from x = 0
to x = L) during this process was 74.1°C, which occurred during the soak period (t =
21.7 min).
The use of longer heating and cooling ramps reduced the magnitude of
temperature gradients developed in the substrate: in the 120-min ramp case [Figure
50(d)], the maximum temperature delta was 58.6°C (at t = 120 min). The backside of
the optic (light orange curve) remained hotter than the coated side (dark orange curve)
for most of the cooling process in this case because the piranha solution convectively
cooled the front of the optic more quickly than the backside could cool. At the end of
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the process, the back of the substrate remained above 60°C, while the coated surface
had cooled to room temperature.
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Figure 50. Temperature distributions in a 100-mm-thick BK7 substrate resulting
from piranha cleaning at 100°C with (a) 10-min, (b) 20-min, (c) 60-min, and (d) 120min heating and cooling ramps. The temperature history of the piranha solution is
indicated in dark red.
Corresponding thermal stress results are shown in Figure 51 for a hafnia–silica
MLD coating. In the case of short 10-min ramps [Figure 51(a)], coating stresses
initially dipped compressive during heating, then shifted tensile during the soak period.
A tensile coating stress persisted after the cooling process ended because the bulk of
the substrate was still above ambient temperature [see Figure 50(a)]. These stresses
would return to zero once the substrate cooled completely. In the case of 120-min ramps
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[Figure 51(d)], coating stresses increased steadily during heating and decreased
steadily during cooling. Again, a tensile coating stress persisted at the end of the
process, but the magnitude of this stress was smaller than in the rapid-heating case.
Figure 51(b) and Figure 51(c) show the coating stress response of the coating for 20min and 60-min ramps, illustrating the transitional behavior between rapid-heating and
slow-heating extremes.
The insets in Figure 51 show magnified views of coating stresses during initial
heating (0 < t < 10 min) for each case. For the 10-min ramp (corresponding to a heating
rate of 7.8°C/min), the MLD average stress reached a minimum of −4.5 MPa at t = 3.9
min. The minimum MLD stress for the 120-min ramp (corresponding to a heating rate
of 0.65°C/min) was −0.38 MPa, also at t = 3.9 min. While these stresses are relatively
small in magnitude, compressive stresses in general are of concern because
delamination is a known mode of coating failure in MLD gratings, and because witness
or test samples would not be predictive of this behavior, as discussed in Sec. 5.5.1.
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Figure 51. Thermal stresses in a hafnia–silica MLD coating on a 100-mm-thick BK7
substrate developed during piranha cleaning at 100°C with (a) 10-min, (b) 20-min, (c)
60-min, and (d) 120-min heating and cooling ramps. Corresponding temperature
distributions in the substrate are shown in Figure 50.
While compressive coating stresses in the coating were highest for rapid
heating, tensile stresses were indeed highest when the substrate was heated slowly.
Coating stress extrema are plotted as a function of the heating/cooling rate in Figure 52
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for substrate thicknesses of 10 mm and 100 mm. For the 100-mm-thick BK7 substrate,
the maximum tensile stress [Figure 52(a)] decreased from 62.8 MPa to 51.9 MPa as the
heating rate increased from 0.1°C/min to 5°C/min, while heating rates greater than
about 5°C/min led to modest increases in the coating stress. Rates in the range of
3°C/min to 5°C/min (corresponding to 10- to 16-min ramps) minimized tensile stresses.
Maximum tensile coating stresses were always higher in the thin-substrate case,
indicating that a 10-mm-thick witness provides a conservative prediction of tensile
coating failure in a thick optic. Conversely, maximum compressive coating stresses
[Figure 52(b)] were near zero in the thin-substrate case, but increased linearly with
heating rate for the thick substrate. Maximum compressive coating stresses
corresponding to heating rates of 3°C/min to 5°C/min were in the range of −1.7 to −2.9
MPa.
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Figure 52. Dependence of (a) maximum tensile coating stress and (b) maximum
compressive coating stress on heating/cooling rate for a hafnia–silica MLD on 10mm-thick and 100-mm-thick BK7 substrates. A 100°C piranha cleaning process with
a 30-min soak was assumed.
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5.5.3.2 Soak temperature
The most effective method for reducing the magnitude of thermal coating
stresses is, as one would expect, to lower the temperature of the cleaning process. The
main drawback of this approach is that acid piranha cleaning is most effective at high
temperatures [48,49]. Figure 53 shows the temperature distributions in a 100-mm-thick
BK7 substrate developed during piranha cleaning at 40°C, 60°C, 80°C, and 100°C
(assuming 60-min heating and cooling ramps and a 30-min soak duration). The
temperature curve shapes were similar for each temperature, differing mainly in
amplitude. The maximum substrate temperature deltas (the maximum instantaneous
difference in substrate temperature between x = 0 and x = L) were 16.0°C, 33.8°C,
51.6°C, and 69.3°C for soak temperatures of 40°C, 60°C, 80°C, and 100°C
respectively. Maxima were observed at t = 60 min (the beginning of the soak period)
in each case.
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Figure 53. Temperature distributions in a 100-mm-thick BK7 substrate developed
during piranha cleaning at (a) 40°C, (b) 60°C, (c) 80°C, and (d) 100°C, with 60-min
heating and cooling ramps and a 30-min soak duration at the maximum temperature.
Figure 54 shows the corresponding thermal stress results for a hafnia–silica
MLD coating. The stress curves had a similar shape for all temperatures, but the
magnitude of the thermal stress depended on the soak temperature. The maximum
tensile coating stress (measured as an MLD average) was found to depend linearly on
cleaning temperature. This relationship is plotted in Figure 55 for substrate thicknesses
of 10 mm and 100 mm. For the 100-mm-thick substrate, the maximum tensile coating
stress encountered during cleaning at 40°C was 12.4 MPa—more than four times lower
than the 53.6 MPa stress encountered during cleaning at 100°C. The relationships
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between stress maxima and heating rate are shown in Figure 56 for a cleaning
temperature of 40°C. For this temperature, heating rates in the range of 0.5°C/min to
1.5°C/min were found to minimize tensile coating stresses. Using the optimal heating
rate of 1°C/min (corresponding to 18-min heating and cooling ramps), the maximum
compressive and tensile coating stresses encountered during cleaning were −0.58 MPa
and 12.0 MPa. Stresses of these magnitudes would not be expected to cause
catastrophic coatingStresses
failure.
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Figure 54. Thermal stresses developed in a hafnia–silica MLD coating on a 100-mmthick BK7 substrate during piranha cleaning at (a) 40°C, (b) 60°C, (c) 80°C, and (d)
100°C. 60-min heating and cooling ramps and a 30-min soak period were assumed.
Corresponding temperature distributions in the substrate are shown in Figure 53.
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temperature for a hafnia–silica MLD coating on 10-mm-thick and 100-mm-thick BK7
substrates. 60-min heating and cooling ramps and a 30-min soak were assumed.
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5.5.4

Extensions to other coatings and substrate materials
As an extension to the OMEGA EP grating case study (a hafnia–silica MLD

coating on BK7), the thermomechanical model developed in this chapter was used to
compare the thermal stress responses of various combinations of oxide coatings and
substrates that are commonly used in laser optics. Table 15 shows the maximum tensile
and maximum compressive stresses computed for the cases considered. The usual sign
convention of positive tensile stresses and negative compressive stresses has been used.
Water (h = 3000 W/m2∙K [109]) was used as the convective fluid in calculations for
generality, and the 60°C rinse chemical temperature profile of Figure 37 was assumed
arbitrarily. Material properties were given in Table 14.
Table 15. Maximum tensile (positive) and maximum compressive (negative) thermal
coating stresses resulting from wet-cleaning at 60°C for several coating–substrate
combinations
Substrate
Coating

Al2O3
HfO2
Nb2O5
SiO2
Ta2O5
Al2O3–SiO2
HfO2–SiO2

Minimum / Maximum Stress in Thin Film Coating (MPa)
BK7
BK7
BF
BF
FS
FS
10 mm
100 mm
10 mm
100 mm
10 mm
100 mm
−0.10 / 0.45

−6.57 / 5.27

−17.5 / 0.01

−20.0 / 1.85

−28.3 / 0.00

−28.4 / 0.11

0.00 / 46.4

−0.68 / 39.1

−3.57 / 0.12

−10.5 / 5.44

−30.4 / 0.00

−31.2 / 0.59

−0.01 / 21.5

−1.25 / 18.0

−10.5 / 0.06

−14.9 / 3.43

−27.7 / 0.00

−28.1 / 0.32

0.00 / 17.0

−0.14 / 14.4

−0.02 / 0.51

−1.86 / 1.81

−8.43 / 0.00

−8.69 / 0.21

0.00 / 27.6

−0.96 / 23.1

−8.21 / 0.07

−13.1 / 3.86

−27.5 / 0.00

27.9 / 0.38

−0.01 / 8.69

−1.21 / 7.50

−8.58 / 0.03

−10.9 / 1.83

−17.9 / 0.00

−18.1 / 0.15

0.00 / 31.7

−0.40 / 26.7

−8.00 / 0.07

−6.18 / 3.62

−19.4 / 0.00

−19.9 / 0.40

General trends in the data were observed for all cases considered. For thin
substrates, coating stresses were generally either positive (tensile) or negative
(compressive) for the entire processing history, depending on the difference in CTE

126
between the substrate and coating. For thick substrates, both compressive and tensile
coating stresses were often encountered. If the coating had a high CTE compared to the
substrate, the coating stress was compressive for most of its history but shifted tensile
during cooling. If the substrate’s CTE was higher than that of the coating, the film stress
shifted briefly compressive, then became tensile (as seen in the example of a hafnia–
silica MLD coating on thick BK7 glass). We conclude from these modeling results that
coating stresses are highly dependent on substrate thickness in most cases, and
therefore the stress response of a small witness sample may not be representative of the
full-size optic’s behavior. Instead of using a test sample or witness as the sole predictor
of the thermal stress response of a large part, the use of a thermomechanical model as
described in this chapter (as a supplementary tool) may improve outcomes by alerting
process developers to possible coating stress issues for the cleaning process that are
unique to large optics.

5.6

Conclusions
A thermomechanical model was developed and used to estimate the stress

response of oxide coatings to elevated-temperature wet processing. Results indicate
that substrate geometry strongly affects the thermal stress response of the thin film
material. An oxide coating on a thin substrate generally exhibited either tensile or
compressive stresses during elevated temperature processing, depending on the CTE
mismatch between substrate and coating. In the case of a thick substrate, however, the
thin film coating was likely to exhibit both compressive and tensile stresses during its
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processing history. The substrate thickness effect was more important for some
combinations of coating and substrate than others; for some combinations (e.g., a
hafnia–silica MLD coating on a fused silica substrate), the coating had nearly the same
stress response for 10-mm and 100-mm substrate thicknesses. These results suggest
that special consideration be paid to geometry in the selection of small-scale
witness/test material to model the response of large optics to thermal processing.
The model was used to investigate the thermal stresses developed during
elevated-temperature cleaning of a hafnia–silica OMEGA EP pulse compression
grating. Piranha cleaning at 100°C (60-min heating and cooling ramps, 30-min soak)
led to substrate stresses in the range of −15.7 MPa to +13.0 MPa and coating stresses
in the range of −0.8 MPa to +55.7 MPa for a 100-mm-thick BK7 substrate. These high
stresses suggest that an OMEGA EP grating would be susceptible both to coating
failure and to substrate fracture during cleaning. The most effective way to reduce
cleaning-induced thermal stresses was to reduce the cleaning temperature, while certain
adjustments to the heating rate were also found to reduce stress levels. For a 40°C
cleaning process with heating and cooling rates of 1°C/min, substrate stresses were in
the range of −6.6 MPa to +5.3 MPa and coating stresses were in the range of −0.58
MPa to +12.2 MPa. Failure of the coating or substrate would not be expected at these
levels. Of course, process modification suggested to control stresses must be considered
in combination with cleaning results (improved damage threshold and DE) to ensure
relevancy. In the next chapter, we will seek an advanced cleaning process that includes
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no processing steps performed at temperatures above 40°C, but produces gratings that
meet or exceed OMEGA EP performance specifications.
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Chapter 6. An Improved Cleaning Method to Enhance the
Damage Threshold of MLD Gratings

6.1

Introduction
A standard technique used to remove photoresist and other manufacturing

residues from MLD gratings is an acid piranha strip [47−50]. Ashe et al. [48] optimized
a piranha cleaning process for OMEGA EP gratings and found that damage thresholds
were maximized when piranha solution was used at high temperatures (at least 60°C
and preferably higher) with a high proportion of hydrogen peroxide in the piranha
mixture. 2:1 piranha solution at 100°C led to the best LIDT results. Ashe et al.
acknowledged that temperatures of 100°C and higher were not practical for cleaning
full-size OMEGA EP gratings because of the risk of heat shock fracture in the substrate.
Recent experiments and modeling results have indicated that substrate fracture is not
the only risk associated with high-temperature cleaning. We found that coating failure
via delamination or defect formation is also a concern during piranha cleaning, and
temperatures well below 100°C can be problematic. The MLD grating sample shown
in Figure 57, for example, was cleaned with 5:1 piranha at just 70°C, which led to
widespread coating delamination. High peroxide ratios dramatically increased the
incidence of delamination defects (see Chapter 3), while high temperatures increase
thermal stress concerns (see Chapter 5). To compound these issues, large optics may
be susceptible to modes of thermal-stress-induced failure not predicted by small
witness parts (see Chapter 5).
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1.0 mm

Figure 57. Localized delamination observed on an MLD grating sample after acid
piranha cleaning at 70°C. Microscopy by Brittany Taylor.
Even including the high-temperature piranha cleaning processes developed by
Ashe et al. [48], no cleaning technique has been shown to meet the OMEGA EP grating
LIDT requirement of 2.7 J/cm2 (1054 nm, 10 ps, 61° incidence) in vacuum. Because
optics meeting this specification are not yet available, OMEGA EP short-pulse
beamlines are currently operated at ~60% below design energy levels. Contaminant
materials absorb energy during laser irradiation, causing low LIDT’s in poorly-cleaned
gratings. In this chapter, we seek a cleaning process that (1) meets OMEGA EP’s
specifications for DE and in-vacuum LIDT; (2) is compatible with nondensified, REdeposited MLD coatings; (3) effectively strips photoresist, BARC, and other
manufacturing residues from an MLD grating’s surface, and (4) requires no chemical
processing at temperatures above 40°C to mitigate thermal stress concerns and reduce
the coating’s susceptibility to cleaning-induced defect formation.
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6.2

Materials and methodology

6.2.1

MLD grating samples
Cleaning experiments were performed on small-scale MLD grating coupons.

Ten 100-mm-diam, 3-mm-thick round hafnia–silica MLD gratings were each broken
into eight wedges (80 samples total). The multilayer coating was a 4.8-µm-thick
modified quarter-wave stack [23] with hafnia (HfO2) and silica (SiO2) used as the highand low-index materials, respectively. The MLD was coated onto BK7 glass via a RE
process at 200°C. Hafnia layers were deposited from a hafnium metal source using an
oxygen backfill pressure of 2.0 × 10-4 Torr, while the silica layers were deposited from
the oxide without an oxygen backfill (see Sec. 2.3.2 for a discussion of coating design
and manufacturing techniques for OMEGA EP gratings). A BARC layer was applied
over the multilayer to mitigate interference effects during photolithography. Grooves
(1740 lines/mm) were etched into the top silica layer of the MLD used reactive-ion
beam etching to form the grating.
The grating samples were “identical” in that they were produced in the same
coating run and processed together up until the final cleaning stage. Except as noted,
all cleaning experiments described in this chapter were performed on uncleaned
gratings with BARC and photoresist still intact (that is, they were not subjected to any
photoresist stripping or cleaning operations other than those described here).
Uncleaned gratings had a characteristic brown, hazy film on their surface that could be
readily identified visually. This brown coloration, attributed to a combination of
photoresist, BARC, and/or fluorinated carbonaceous by-products formed during
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reactive ion etching of the groove structures, disappeared when a grating was well
cleaned (see Figure 58).

Figure 58. Grating wedge samples used in cleaning experiments, shown before
(bottom) and after (top) cleaning. The ruler (right side), included for scale, is marked
in inches. Reprinted from Howard et al. [118] with permission from the Optical
Society of America.
6.2.2

Grating cleaning equipment and methodology
Small-scale equipment such as laboratory beakers were used for the cleaning

experiments described in this chapter. The equipment used and general methodology
followed are outlined in this section. Since the sequence of cleaning steps depended on
the test, details of individual experiments are provided in Sec. 6.3.
Processes involving chemical baths were performed in 600-mL Pyrex beakers
using 400 mL of solution. Perfluoroalkoxy wafer dippers (Entegris Inc.) were used to
suspend samples vertically in the solution. Special care was taken with respect to the
grating’s orientation in the bath. Grating pillars were oriented horizontally during soak
processes; the logic to this selection was that when the chemical is stirred, chemicals
run parallel with the pillars, possibly flushing away contaminant materials trapped
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between pillars. The only exception was the Standard Clean 2 (SC-2) process
(described in Sec. 6.3.2), which is peroxide-based. For this process, grating pillars were
oriented vertically because we suspected that the upward motion of bubbles might
provide a cleaning effect in the grooves between pillars. The ionic cleaning solution
was not stirred while the grating sample was submerged. Processes calling for
hydrofluoric acid (HF) at any dilution were performed in perfluoroalkoxy (Teflon)
beakers because HF etches glass.
Processes involving sprayed chemicals were performed using the spray system
shown in Figure 59(a). The set-up was designed to mimic the full-sized spray cleaning
station described in Sec. 5.1 at a small scale. It features a chemically-resistant
household spray head (similar to one from a bottle of windowglass cleaner) powered
by an electric motor that pulses the trigger once every two seconds, spraying solution
from a continuously heated and stirred reservoir beaker onto the grating’s surface.
Sprayed chemicals were collected in a large Teflon waste container. Grating pillars
were oriented vertically for spray cleaning to allow runoff solution to flow parallel to
the trenches.

134
(a)

(b)

Figure 59. (a) Spray system used for experiments on grating wedge samples. (b)
Sample drying in laminar flow hood, mounted 25 cm from a quartz heat lamp.
Following wet chemical processes, grating samples were rinsed in a series of
three deionized water baths. Water baths were heated to the same temperature as the
solution used for the preceding process5. Grating pillars were oriented horizontally in
water baths. For chemical processes requiring pillars to be oriented vertically (e.g., acid
piranha), the sample needed to be rotated before rinsing; in these cases, the sample was
first submerged for a few seconds in a fourth de-ionized water bath to rinse away the
bulk of chemicals, rotated with a gloved hand, and then rinsed in a sequence of three
baths as usual. Samples were rinsed for 60 s in each water bath. After the sample was
removed from the final bath, it was transferred to a laminar flow hood (to avoid particle
contamination) and dried 15 cm from a 250W quartz heat lamp, as shown in Figure
59(b). Grating samples were positioned with pillars oriented vertically for drying.

5

For example: if piranha was to be sprayed at 40°C, the water baths were also heated
to 40°C, but for a room temperature HF process, the water baths were not heated.
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Plasma cleaning was performed in a Harrick PDC-32G plasma cleaner. The
plasma cleaner is a dedicated unit used only for grating cleaning work. It is equipped
with a Pyrex chamber liner that is removed and cleaned with acetone between processes
to prevent the buildup of contaminants. The unit is configured to be used with either
room air or oxygen as the process gas.
Because of the hazardous nature of the chemicals and processes used, grating
cleaning experiments were performed using the LLE buddy system, i.e., with a partner
in the laboratory at all times. Chemical cleaning steps were performed in a fume hood
with appropriate personal protective equipment (laboratory jacket, nitrile gloves, and
chemical safety goggles, plus a full face mask for acid piranha spray processes and
while handling HF). Used chemicals were neutralized and disposed of as described in
LLE memoranda: see Ref. 110 for acid piranha disposal, and Ref. 111 for HF and SC2 disposal. These protocols were developed in collaboration with, and approved by,
LLE Chemical Safety Officer Ken Marshall. Commercial photoresist strippers were
disposed of as hazardous waste. For plasma cleaning work, the buddy system was
required for plasma cleaning if a compressed gas cylinder was in use; room-air
processes could be performed independently. Laboratory equipment and chemicals in
storage were inspected by LLE safety officers every six months to ensure compliance
with all laboratory safety policies.
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6.2.3

Measurement of laser-induced damage threshold and diffraction efficiency
Damage testing was performed by the Laser Damage Testing Group at LLE’s

damage testing facility on the short-pulse (10 ps) system, which can be operated in both
air and high-vacuum (4 × 10-7 Torr) environments. MLD grating samples were tested
using s-polarized light at 1054 nm, using an incident beam angle of 61° and an
irradiation spot size of 370 µm (e−1 in intensity) in the far field. Pulse fluence was
measured during the test using an energy meter and a digital CCD situated in an optical
plane equivalent to the sample plane. A commercial laser beam profiler (LBA-PC,
Ophir-Sphericon) was used for beam analysis and fluence calculations. To minimize
systematic error, the energy meter was recalibrated before each LIDT test. Laserdamage assessment was performed in situ using a white-light imaging system (~100×
magnification). Damage was defined as a feature on the sample’s surface that was not
observed before laser irradiation. Image subtraction with background correction was
used to assist the operator in identifying new features. The minimum detectable feature
size was 2.7 µm. When switching between testing environments, samples were allowed
to reach equilibrium with the environment (air or vacuum) for 24 h before testing
continued. Damage thresholds are reported as beam normal fluences.
Each sample was tested in both 1-on-1 and N-on-1 testing regimes. See Wolfe
et al. [119] for definitions of the 1-on-1 and N-on-1 tests, as well as two other wellknown testing sequences not used in this work, R-on-1 and S-on-1. The 1-on-1 damage
threshold is determined by irradiating a sample site with a single pulse and observing
the sample for damage. This process is then repeated with increasing fluences on
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unirradiated sample sites until damage is obvserved. The 1-on-1 threshold is the
average of the maximum fluence that did not result in damage and the minimum fluence
that did result in damage. These fluences are required to be within 10% of each other;
if they are not, testing continues with intermediate fluences until two sites can be
identified with a fluence difference of less than 10%. The measurement error is taken
as half the difference between the fluences for these two sites. The 1-on-1 testing
sequence is performed once on each sample.
N-on-1 (stepwise-ramped fluence) testing is conducted by irradiating the
sample site at a fluence significantly below the 1-on-1 threshold for 10 shots. If no
damage is detected, the fluence is increased slightly and the same site is irradiated with
five more shots. If no damage is observed after these shots, fluence is increased again
and another five shots are taken. This is continued until damage is observed in white
light, at which point the damage onset fluence is recorded as the N-on-1 threshold for
that site. The N-on-1 test is repeated for five sites on each MLD grating sample to
generate an average and a standard deviation, which are reported as the N-on-1
threshold and measurement error, respectively.
The diffraction efficiency of each grating sample was measured by Chris Smith
of LLE’s Optical Manufacturing group. A 5-mm-diam beam incident at 72° on the
sample surface was used to make measurements in five locations on each part. The
uncertainty of individual DE measurements was ±0.05%.
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6.3

Development of low-temperature cleaning method

6.3.1

Acid piranha cleaning at low temperatures
Many of the techniques used to clean MLD gratings have been developed from

methods used for wafer cleaning in the semiconductor industry. Acid piranha, for
example, has been known as a photoresist stripper since at least 1975 [120], and its use
is prevalent in the semiconductor industry. See Appendix II for an overview of acid
piranha chemistry and its use as a photoresist stripper. Standard operating procedure
for acid piranha varies, but typical acid/peroxide ratios are in the range of 2:1–7:1 (two
to seven parts 99% sulfuric acid to one part 30% hydrogen peroxide) and typical
processing temperatures are in the range of 90°C–140°C [120–122]. Optimized
piranha-cleaning processes for MLD gratings documented in the open literature have
been consistent with these ranges [47−50]. Ashe et al. [48] found that laser-damage
resistance was maximized when high cleaning temperatures were used in combination
with a high proportion of H2O2 in the piranha mixture. 2:1 piranha at 100°C gave the
best LIDT results. The authors recorded N-on-1 damage thresholds as high as 3.27
J/cm2 in air after piranha cleaning—exceeding the OMEGA EP pulse-compressor
grating performance specification of 2.7 J/cm2. Thresholds above 2.7 J/cm2, however,
were observed only for grating samples cleaned at temperatures of 80°C or higher, and
all testing was done in air.
Because of thermal stress concerns, we chose to work at a temperature of 40°C
or below. Table 16 shows cleaning parameters and post-cleaning DE and LIDT results
for a group of grating samples cleaned for 30 min at 40°C in an acid piranha bath. Some
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experiments involved two piranha treatments. This methodology was motivated by
Beck et al. [120], who suggested a two-step photoresist strip that employed first an
acid-rich dehydrating bath, followed by a peroxide-rich oxidizing bath, to exploit the
complementary material-removal mechanisms of acid piranha: dehydration and
oxidation.
Table 16. Treatments and results for acid piranha soak cleaning experiments at 40°C
Part
ID

Ratio
H2SO4:H2O2 / Duration

Cleaning
temp.

Treatment 1

Treatment 2

555-2

10:1/15 min

5:1/15 min

40C

555-1

5:1/15 min

2:1/15 min

Postcleaning DE

Post-cleaning LIDT
(J/cm2) in vacuum
1-on-1

N-on-1

84.60.8%

0.660.01

0.970.03

40C

91.71.5%

0.840.06

1.080.11

555-6

10:1/30 min

40C

90.81.2%

0.760.02

1.000.05

555-5

5:1/30 min

40C

81.31.0%

0.940.05

1.040.04

556-3

2:1/30 min

40C

91.01.6%

0.950.04

1.080.06

The experiments clearly demonstrated that at these low temperatures, acid
piranha cleaning alone was inadequate. During damage testing, the unamplified laser
beam used for alignment “wrote a track” onto the grating as it scanned across the
sample, indicating that photoresist was not completely removed. SEM observation of
sample #555-5 (5:1 piranha, 30 min, 40°C) revealed intact photoresist all over the
grating surface. In areas irradiated during damage testing, the photoresist had been
deformed and/or stripped away, as shown in Figure 60. The laser treatment provided a
“cleaning” effect in the center of the damage site, where the photoresist was entirely
removed by the incident laser beam. Near the edges of the region there was significant
scatter from partially removed, deformed, and peeling strands of photoresist.
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(a)

(b)

50 μm

(c)

1μm

(d)

5 μm

1 μm

Figure 60. SEM images of a damage site on sample #555-5 after irradiation at 1.40
J/cm2 (1-on-1, 1054 nm, 10 ps, in vacuum, 61°C incidence): (a) Entire damage site,
(b) intact pillars at center of site where all photoresist was removed via laser
irradiation (“cleaning” effect), (c) photoresist peeling away from pillars near the edge
of the central region, and (d) grating pillars near the edge of the damage site, where
the photoresist layer was tilted over and partially detached from the grating pillars
due to the 61° incident angle of the laser beam. SEM microscopy was performed by
Chris Smith. Reprinted from Howard et al. [118] with permission from the Optical
Society of America.
6.3.2

Targeted chemical cleaning
While acid piranha may be an effective solitary cleaning chemistry for MLD

gratings at high temperatures [47−50], such was not our experience at 40°C. The
intentionally low processing temperature necessitated a new approach. Because
gratings are sensitive to surface pollutants of many different types, we developed a
multistep technique to ensure broadband removal of performance-limiting
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contaminants. Cleaning techniques were adapted and combined from various sources
to develop the optimized method detailed in Table 17. Drawn from semiconductor
wafer processing and grating cleaning literature, the references describe other
applications for each cleaning technique.
Table 17. Optimized cleaning method
Process

Purpose

Method

Chemistry

Duration

Temp.

1) Piranha Strip

Strips/softens
photoresist and
BARC
(Refs. 47–50, 120–
122)

Spray;
water
rinse

H2SO4:
H2O2
(5:1, 2:1)

5:1/15 min,
2:1/15 min

40 to
70C

2) Plasma Clean

Removes light
organics and partially
removed material
(Refs. 51,53, 121,
122)

Dry
process

Room air
as process
gas

10 min

R.T.*

Eliminates
ionic/metallic
contamination
(Refs. 121,122)

Soak;
water
rinse

HCl:H2O2:
H2O
(1:1:6)

10 min

40 to
70C

5 min

R.T.*

3) Ionic Clean

4) Plasma Clean

5) Oxide Etch

Identical to step 2
Removes a thin layer
of SiO2 with
stubbornly adhered
contaminants; thins
pillars slightly to
reduce duty cycle
(Refs. 55,121,122)

6) Plasma Clean

Soak;
water
rinse

HF:buffers
(1:2500 to
1:3000)

Identical to step 2

*R.T. = room temperature

The cleaning process includes six major steps. First, acid piranha is used to strip
photoresist, BARC, and carbonaceous etch residues. The piranha strip is followed by
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plasma cleaning in room air to clear away partially-removed organic matter.
Microscopic examination of samples suggested that BARC flakes off rather than
gradually dissolving in piranha solution, and the plasma treatment ensures that
partially-detached material has been removed before proceeding to the next cleaning
step. The third step in the cleaning process is an ionic clean with a Standard Clean 2
(SC-2) solution—a mixture of hydrochloric acid and hydrogen peroxide commonly
used in the microelectronics industry to remove metallic contamination. The inclusion
of an ionic clean was motivated by the detection of molybdenum, a metal, on grating
samples (see Sec. 6.3.3). The ionic clean is followed by a second plasma treatment to
clear away light organic matter collected on the sample. The next step is an oxide etch,
which reduces grating duty cycle and eliminates any remaining contaminants on the
grating by removing a thin layer of silica. The final step is a third air plasma treatment,
which cleans the surface by removing light organics. Figure 61 compares SEM cross
sections of a grating sample before and after cleaning, showing that the cleaning
process removes BARC and photoresist layers from the pillar tops and narrows the
grating pillars.
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(a)

(b)

200 nm

200 nm

Figure 61. SEM images showing MLD grating cross section (a) before chemical
cleaning, with BARC and photoresist layers intact and (b) after cleaning, with BARC
and photoresist stripped and grating pillars narrowed. SEM microscopy by Chris
Smith. Reprinted from Howard et al. [118] with permission from the Optical Society
of America.
The optimized cleaning technique described above was developed through a
series of experiments using the set of 80 identical grating samples described in Sec.
6.2.1. Damage thresholds were found to be especially sensitive to the dilution of HF
used in the oxide etch step. Figure 62 shows the relationship between HF concentration
and LIDT for a set of five MLD grating samples cleaned according to the method of
Table 17 but with different ratios of buffered oxide etch to water used to prepare the
oxide etch solution. Error bars show the 1-on-1 and N-on-1 LIDT measurement errors,
as defined in Sec. 6.2.3. LIDT results were best for grating samples prepared using
buffer:HF ratios in the range of 2500:1–3000:1 (between 2500 and 3000 parts water
and buffers to every one part HF). An 1800:1 ratio (not shown) led to total delamination
of the grating MLD during a 5-min etch.

Damage threshold (J/cm2), in air
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N-on-1
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4.13
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3.57
3.36 3.28

3.25

4.11
3.44

2.76

3
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1
0

2100:1

2500:1

2800:1

3000:1

3600:1

Concentration of buffers: HF for 5 min oxide etch
G9653J1

Figure 62. Effect of oxide etch concentration on LIDT for a set of five MLD gratings
cleaned according to the optimized method but with different buffered oxide
etch/water ratios. Reprinted from Howard et al. [118] with permission from the
Optical Society of America.
The use of room air as the process gas in our plasma-cleaning setup is a unique
aspect of the optimized grating cleaning process. Plasmas generated from oxygen gas
(O2) are more commonly used [52–54]. We found oxygen plasma to be overaggressive,
however, and room air provided a gentler alternative. Figure 63 compares plasmacleaning results for the two process gases. Eight grating samples were initially cleaned
according to the method of Table 17 and then plasma cleaned for 1, 3, 5, or 10 min
using either oxygen or room air as the process gas. All samples treated with room-air
plasma saw an increase in DE (average of +0.43%) and met the OMEGA EP
specification of 97% after cleaning, while all samples treated with oxygen plasma saw
a drop in DE (average of −0.63%), and only two of the four samples met the OMEGA
EP specification. Shorter treatment times (15 and 30 s) were considered for oxygen
plasma. The 15 s treatment improved DE modestly (+0.45%), but precise timing was a
challenge for such short process durations because initial adjustments to generate a
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stable plasma required several seconds. The 30 s treatment had a negative effect on DE
(−0.39%). Because room-air plasma was apparently gentler, cleaning times could be

Percent change in DE
after plasma

longer and process control was superior.
Oxygen plasma
Room-air plasma

(a)
1%

0.76%

0.73%

0.15%

0.22%

0%

–1%

–0.46%

–0.41%

–0.44%

DE after plasma clean

–1.23%

G9655J1

99
98

(b)

97% OMEGA EP
grating DE
specification

97.6%
97.6%
97.2%
97.3%
97.1%
96.9%
96.6%
97.0%

97
96
95

1
3
5
10
Plasma cleaning time (min)

Figure 63. Comparison of oxygen and room-air plasma cleaning at room
temperature. (a) Oxygen plasma cleaning for 1–10 min had a negative effect on DE,
whereas room-air plasma cleaning enhanced DE. (b) All four samples treated with
room-air plasma exceeded the 97% OMEGA EP grating DE specification, while only
two of the four samples treated with oxygen plasma met this specification. Reprinted
from Howard et al. [118] with permission from the Optical Society of America.
Room-air plasma was also found to be useful in “cleaning up” grating surfaces
that failed to meet DE specifications after initial cleaning. Figure 64 shows the effect
of sequential 5 min plasma-cleaning treatments on three piranha-cleaned samples
having initially low DE (86%−87%). After a 15 min total plasma treatment time, each
sample had improved to 95% efficiency. We hypothesize that the air plasma treatment
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cleared away organic materials (BARC, photoresist, and/or carbonaceous etching byproducts) that were softened or partially removed in previous cleaning steps. Air
plasma cleaning is also effective at removing organic materials accumulated on the
surface during storage and handling. In the optimized clean (Table 17), a plasma
treatment is included after each wet-processing step to ensure that contaminants
introduced (or partially removed) during previous cleaning steps are stripped away
before moving on to the next cleaning phase.

92
88

95.7%
97.6%
97.0%

95.5%
96.0%
93.0%

96

92.6%
92.8%
88.5%

100
86.9%
86.1%
87.0%

Diffraction efficiency (%)

#555-7 (Initial clean: 30 min 5:1
piranha soak at 40 C)
#556-2 (Initial clean: 5:1/10
min, 2:1/10 min soak at 40 C)
#556-4 (Initial clean: 10:1/30
min, 5:1/30 min soak at 40 C)

84
80

G9656J1

Initial
clean

Initial
Initial
Initial
clean
clean
clean
+ 5 min + 10 min + 15 min
plasma plasma plasma
(air)
(air)
(air)

Figure 64. DE enhancement for a set of three MLD grating samples following a
sequence of room-air plasma-cleaning treatments. Reprinted from Howard et al. [118]
with permission from the Optical Society of America.
A major advantage of the targeted cleaning approach is its effectiveness at low
temperatures. Lower temperatures lessen concerns about thermal stresses and reduce
susceptibility to blistering and delamination defects, as discussed in Chapter 5. Initial
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piranha-cleaning experiments at low temperatures had suggested that at temperatures
of 40°C and below, acid piranha alone could not remove BARC and photoresist from
an MLD grating. The cleaning approach shown in Table 17 is much less temperature
sensitive. Figure 65 shows in-air damage testing results for six samples cleaned using
the optimized method at different cleaning temperatures. A one-way analysis of
variances on the N-on-1 data showed that temperature had a significant effect on
damage threshold (at significance level α = 0.05) in the 23°–70°C range. However, a
second analysis limited to the range of 40°–70°C showed that in this range, the effect
of temperature was not statistically significant. These results suggest that cleaning
temperature can be safely reduced to the goal temperature of 40°C without negatively

Damage threshold (J/cm2), in air

impacting grating performance.
1-on-1
N-on-1

5
4.16

3.89
3.91
3.90
3.87
3.56
3.51
3.33
3.32

4
3

2.87
2.38 2.18

2
1
0

23oC

30 o C

40o C

50o C

60o C

70o C

Cleaning temperature
G9654J1

Figure 65. Relationship between in-air LIDT and cleaning temperature. Reprinted
from Howard et al. [118] with permission from the Optical Society of America.
6.3.3

X-ray photoelectron spectroscopy results
X-ray photoelectron spectroscopy (XPS) was used to evaluate the composition

of materials on the grating surface at different phases in the cleaning process. Grating
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samples were prepared according to the method of Table 17, with acid piranha and
ionic cleaning steps performed at 70°C. An HF ratio of 3000:1 was used for the oxide
etch step, which was performed at room temperature. After each process, a piece of
grating was reserved for XPS analysis. XPS testing was performed by Penn State
Materials Characterization Laboratory (sample #555-4), University of Dayton
Research Institute (samples #562-4A, #562-4B, #562-4C, and #562-4D), and the
Cornell Center for Materials Research (sample #555-5)6. Identically prepared samples
were submitted for laser-induced-damage testing. Results are listed in Table 18, and
Figure 66 plots the atomic percent of contaminants detected alongside the
corresponding in-air LIDT results.

6

This work made use of the Cornell Center for Materials Research Shared Facilities
which are supported through the NSF MRSEC program (DMR-1120296).
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Table 18. Elements detected on MLD gratings at various stages of cleaning and
corresponding LIDT results
Sample ID
(XPS/LIDT)

Processing

Elements detected by XPS
(at. %)

LIDT in air (J/cm2)

O

1-on-1

Si

C

F

Mo

N-on-1

555-4 / 555-4

35.2 12.0 41.8 8.0

2.6

Piranha

562-4A / 560-3

45.6 16.4 32.4 1.6

–

1.410.06

1.870.11

Piranha + plasma

562-4B / 560-3

60.3 26.7 13.1

–

–

2.130.11

2.270.09

Piranha + plasma +
ionic clean

562-4C / 560-3

61.0 26.6 12.4

–

–

2.280.05

2.450.12

Piranha + plasma +
ionic clean + plasma

562-4D / 560-3

61.3 26.8 11.9

–

–

2.130.04

2.340.13

Full Clean: Piranha
+ plasma + ionic
clean + plasma +
oxide etch + plasma

555-5

60.1 23.8 14.2

–

–

4.110.05

3.440.21

8.0%
2.6% 1.6%

Piranha + plasma + SC-2
+ plasma + oxide etch + plasma

Piranha + plasma
+ SC-2 + plasma

Piranha + plasma + SC-2

Piranha + plasma

Piranha

Uncleaned

0

2.45
2.27
2.34
2.28
2.13
2.13
1.87
1.41

2
1
0.13
0

Piranha + plasma + SC-2
+ plasma + oxide etch + plasma

10

3

Piranha + plasma
+ SC-2 + plasma

13.1% 12.4% 11.9% 14.2%

20

4.11
3.44

1-on-1 threshold
N-on-1 threshold

Piranha + plasma + SC-2

32.4%

30

4

Piranha + plasma

Carbon
Fluorine
Molybdenum

Piranha

Atomic % detected

40

<0.13

(b)

Uncleaned

(a)

41.8%

Laser-damage threshold (J/cm2)

Uncleaned

Figure 66. (a) Levels of carbon, fluorine, and molybdenum detected by XPS after
each cleaning step and (b) corresponding in-air LIDT. Reprinted from Howard et al.
[118] with permission from the Optical Society of America.
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Since the top layer of the grating is SiO2, the “ideal” XPS result for a wellcleaned grating with no contaminants present would be 33% Si, 67% O, and nothing
else. However, because samples are quickly contaminated with organic materials from
the environment, some carbon is also expected. The detection of other elements (or
large amounts of carbon) is undesirable and indicates insufficient removal of BARC,
photoresist, and/or contaminants. In addition to silicon and oxygen (from the SiO2 top
layer), 42% carbon, 8% fluorine, and 3% molybdenum were detected on the uncleaned
grating sample (#555-4). Carbon is attributed to organic photoresist and BARC layers,
etch residues, and environmental contamination. Fluorine contamination most likely
occurred from the production of fluorinated by-products during reactive ion-beam
etching of the grating’s groove structure, as has been reported by others [47,49,50]. The
detection of molybdenum motivated the inclusion of a hydrochloric-acid-based ionic
cleaning step to specifically target molybdenum and other trace metal contaminants.
While not identified in XPS scans of our grating samples, Ashe et al. [48] detected
potassium, sodium, chromium, iron, and aluminum ions on similarly prepared MLD
grating samples using the more-sensitive time-of-flight secondary ion-mass
spectrometry technique. Because metals absorb strongly at 1054 nm, damage resistance
is quite sensitive to this type of contaminant.
After the piranha and plasma treatments, fluorine and molybdenum levels were
below the XPS detection limit, and carbon levels had dropped to 13.1%. The biggest
drop in carbon level occurred after the plasma treatment (rather than the piranha step),
supporting our hypothesis that room-air plasma strips partially-removed organic
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matter. The remaining cleaning steps (ionic clean, plasma, oxide etch, and plasma) had
no significant effects on the XPS spectra. After bulk removal of photoresist and BARC,
XPS may not have been sensitive enough to identify trace contaminants that limit
resistance to laser-induced damage.

6.3.4

Damage-threshold and diffraction-efficiency results
To investigate the consistency of grating performance, we assembled damage-

threshold and DE results for the set of samples cleaned using the optimized method.
The samples included in this set were all cleaned according to the method of Table 17
or a minor variation thereof but were not processed identically. The optimized cleaning
method includes a range of acceptable values for two of the cleaning parameters
(processing temperature and HF concentration), and all samples that were within the
ranges specified in Table 17 were included. We also extended the requirements for
inclusion in the sample set to incorporate samples that were cleaned using 2:1 piranha
or 5:1 piranha only rather than our standard two-part piranha process. Data for the 14
samples meeting the above criteria, along with details of variations in cleaning methods
used, are shown in Table 19.
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Table 19. LIDT and DE results for grating samples cleaned using optimized method
Part ID

HF
dilution

Cleaning
temp.
(piranha,
SC-2)

Postcleaning
DE

Post-cleaning LIDT
(J/cm2) in air

Post-cleaning LIDT
(J/cm2) in vacuum

1-on-1

1-on-1

N-on-1

N-on-1

562-6

2500:1

40C

98.10.4% 4.400.17 3.490.17 3.300.19 2.740.14

566-1

2800:1

40C

97.30.4% 3.870.13 3.320.18

566-2*

2800:1

40C

97.40.5% 3.320.13 3.200.12

564-8**

2800:1

40C

97.40.2% 4.240.18 3.440.21

562-7

2500:1

50C

97.40.4% 3.110.10 3.190.19 3.320.02 2.690.07

566-6

2800:1

50C

97.40.5% 3.900.12 3.510.07

557-2***

2800:1

50C

96.40.7% 4.500.08 3.550.26 3.290.10 2.660.07

566-7

2800:1

60C

97.50.3% 3.910.15 3.330.18

555-5***

3000:1

60C

97.00.3% 4.110.05 3.440.21

564-7*

2500:1

70C

98.70.3% 4.250.16 3.540.12

564-6**

2500:1

70C

97.60.3% 4.280.20 3.060.25

562-3

2500:1

70C

97.00.3% 4.070.01 3.390.10 3.190.16 2.900.04

566-8

2800:1

70C

98.30.5% 3.890.20 3.560.31 3.700.16 2.820.20

555-2***

2800:1

70C

97.80.4% 4.270.05 3.570.26

Average (14 samples)

97.6%

4.01

3.40

3.36

2.76

Standard deviation (14 samples)

0.55%

0.40

0.16

0.20

0.10

*2:1 piranha only (30 min)
**5:1 piranha only (30 min)
***A re-used grating sample was used for this experiment. The earlier cleaning experiment did
not remove photoresist/BARC.

The data show that the performance of samples cleaned using the optimized
method was consistent, even with the minor differences in the processing details.
Average in-air damage thresholds (1054 nm, 10 ps, 61° incidence) for the 14 samples
tested in air were 4.01 J/cm2 and 3.40 J/cm2 in the 1-on-1 and N-on-1 regimes,
respectively. For the five samples tested in a vacuum environment, average damage
thresholds were 3.36 J/cm2 (1-on-1) and 2.76 J/cm2 (N-on-1). To our knowledge, we
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were the first to report MLD grating LIDT’s exceeding the OMEGA EP requirement
of 2.7 J/cm2 in vacuum [118]. The average DE was 97.6%, meeting the OMEGA EP
requirement on grating DE as well.
For all samples shown in Table 19, the 1-on-1 laser damage threshold exceeded
the N-on-1 threshold, with the exception of #562-7 during in-air testing. This result was
surprising because in earlier experiments, N-on-1 thresholds were consistently higher
than 1-on-1 thresholds [47,48]—a finding attributed to laser conditioning. During
ramped-fluence testing, the laser “conditions” the grating in successive shots by
removing near-surface absorbers at low, non-catastrophic fluences [44]. The beneficial
effects of laser conditioning have been known for decades in the context of long-pulse
(nanosecond) testing [119,123,124], but conditioning does not improve ultrashortpulse laser-damage thresholds—in fact, multiple pulses have the opposite effect in subpicosecond testing because of the tendency for electronic defects to accumulate in the
film with successive shots [42,125]. These disparate responses to laser conditioning are
related to fundamental differences in damage mechanisms: short-pulse laser damage
(<10 ps) is characterized by ablation, while long-pulse damage (>20 ps) is
characterized by lattice heating and melting [42]. At transition pulse widths between
these two regimes, multiple damage mechanisms may be at play. For 10 ps testing,
Jovanovic et al. [44], Ashe et al. [47,48], and Kong et al. [58] demonstrated that laserdamage thresholds were higher when a ramped-fluence conditioning sequence was
employed. In this work, however, samples cleaned using the optimized method (Table
19) showed no laser-conditioning effects at 10 ps. This suggests that in the case of well-
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cleaned gratings, N-on-1 thresholds were limited by the generation and buildup of
electronic defects in the coating with successive laser shots, consistent with
characteristic short-pulse damage behavior. We suspect that conditioning effects
observed at 10 ps in our work (see, e.g., the data for partially-cleaned samples in Table
18) and in other studies [44,47,48,58] may be contamination driven.
In general, the samples for which the 1-on-1 threshold exceeded the N-on-1
threshold were the best performers in terms of both DE and damage threshold. Figure
67(a) plots LIDT versus DE for the 80 samples cleaned as part of this study. N-on-1
damage thresholds are represented by orange markers and 1-on-1 thresholds are
represented by dark blue markers; open markers indicate in-air data, while solid
markers indicate vacuum data. If a sample improved with laser conditioning (i.e., Non-1 LIDT > 1-on-1 LIDT), a round marker was used; if no conditioning effects were
observed, a triangle marker was used. OMEGA EP specifications for DE and LIDT are
marked on the plot for reference. Nearly all samples that met both DE and LIDT
requirements showed no laser-conditioning effect (triangle markers), while
conditioning effects were observed for most of the poorly performing samples trailing
off to the lower left-hand side of the scatter plot. Whether or not a sample exhibited a
conditioning effect was an excellent predictor of its performance. Figure 67(b) limits
the data of Figure 67(a) to only those samples for which the 1-on-1 threshold exceeded
the N-on-1 threshold. The majority of samples in this category met both OMEGA EP
requirements. Figure 67(c) further reduces the data set to only those samples cleaned
using the optimized method, i.e., the 14 samples shown in Table 19. The minimum DE
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for this sample set was 96% and the minimum LIDT was 2.66 J/cm2, illustrating that
the cleaning technique enabled us to achieve consistently high DE and LIDT results.

Damage threshold (J/cm2)
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Figure 67. LIDT versus DE for (a) all samples, (b) only those samples showing no
laser-conditioning effects (1-on-1 > N-on-1), and (c) only those samples cleaned
using the optimized method (Table 19). Reprinted from Howard et al. [118] with
permission from the Optical Society of America.
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6.4

Conclusions
A low-temperature cleaning method was developed to remove manufacturing

residues for MLD pulse-compressor gratings manufactured with polymer BARC. The
process, which is effective at processing temperatures as low as 40°C, targets specific
families of contaminants in a sequence of cleaning operations. Samples cleaned using
the optimized method had outstanding performance: LIDT’s averaged 4.01 J/cm2 in air
and 3.36 J/cm2 in vacuum (1-on-1 testing regime, 10 ps, 1054 nm, 61°), and average
DE was 97.6%.
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Chapter 7: Summary and Recommendations for Future Work

7.1

Summary of major results
MLD pulse compressor gratings used in the OMEGA EP Laser System are

currently a technology bottleneck, as the laser-damage thresholds of the gratings
constrain the operational energy of the laser system. This dissertation explored methods
for improving MLD grating performance through modifications to the final cleaning
phase of the manufacturing process. Extremely clean surfaces are essential for laser
optics, as contaminant matter absorbs energy during laser irradiation, reducing the
LIDT. Current state-of-the-art cleaning methods can lead to coating problems such as
defect production and stress-induced coating failure, and do not boost grating LIDT’s
to the OMEGA EP specification of 2.7 J/cm2 in vacuum.
Cleaning-induced delamination defects were investigated through cleaning
experiments and microscopy. These 20- to 50-μm-diam features are characterized by a
distinctive array of crescent-shaped cracks in the multilayer. Results indicated that
hydrogen peroxide in the acid piranha cleaning solution drives delamination defect
formation, but other cleaning and fabrication parameters also contribute to a coating’s
susceptibility to defects. Suggested defect-mitigation techniques included (1) lowering
the proportion of H2O2 in piranha solution (or preferably avoiding the use of acid
piranha altogether), (2) reducing piranha-cleaning durations and process temperatures,
(3) “aging” the coating by implementing a waiting period of at least 3 months before
piranha cleaning, or (4) densifying the coating via an energetic deposition technique,
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or integrating dense moisture-barrier layers into the coating design, to avoid the
penetration of liquid into the coating through its porous structure. Based on
observations and experimental results, a mechanism for the hydrogen-peroxideinduced formation of delamination defects was developed. This mechanism was
supported by fracture mechanics calculations showing that the characteristic defect
geometry is consistent with the energetically-preferred crack path.
The thermal stresses developed in an MLD grating during elevated-temperature
chemical cleaning were explored using a thermomechanical model. For an OMEGA
EP grating (a hafnia–silica MLD coating on a 100-mm-thick BK7 substrate), piranha
cleaning at 100°C led to a maximum tensile stress of 13.0 MPa in the substrate and
55.7 MPa in the coating (computed as an average MLD stress). The most effective way
to reduce these stresses to safer levels was to reduce the cleaning temperature. A 40°C
cleaning process led to a maximum tensile stress of 5.3 MPa in the substrate and 12.2
MPa in the coating; coating or substrate failure would not be expected at these levels.
Modeling results also showed that substrate geometry strongly affected the stress
response of the coating, suggesting that coating survivability on a witness-scale optic
is not a good predictor of results for a full-size, meter-scale grating. The substrate
thickness effect was found to be particularly great when the substrate material was BK7
glass, the substrate of choice for OMEGA EP gratings.
Ultimately, the experimental and modeling results described above guided the
development of a new low-temperature cleaning technique for OMEGA EP MLD
diffraction gratings. The method, which targets specific families of contaminants in a
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sequence of cleaning operations, is effective for processing temperatures as low as
40°C and limits acid piranha exposure time to 30 min. No delamination defects or
instances of stress-induced coating failure were observed on small grating coupons
cleaned using the optimized method. After cleaning, samples had an average 1-on-1
LIDT of 3.36 J/cm2 in vacuum, which are, to our knowledge, the highest in-vacuum
damage thresholds reported to date.

7.2

Recommendations for future work
The experiments that follow build on the work conducted for this dissertation,

and are suggested for future study.

7.2.1

Impact of delamination defects on laser-induced damage thresholds
Results of experimentation and modeling to understand delamination defect

formation in MLD coatings were presented in Chapters 3 and 4. The primary goals of
this work were to develop a mechanism for the formation of delamination defects and
to suggest techniques that could be employed to avoid defect nucleation and growth.
The project was predicated on the assumption that delamination defects are
problematic—that is, that they cause reduced optical performance and/or resistance to
laser-induced damage. This assumption is reasonable, considering that MLD coating
defects in general are known to degrade damage thresholds because of localized
electric-field enhancement at the defect sites [65,68,77,124]. However, the effect of
delamination defects on LIDT has not yet been quantified. Because delamination
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defects are small and non-uniformly distributed across the sample surface, such a study
has proven complicated.
In 2010, we attempted to measure the effect of delamination defects on LIDT
by targeting defects in N-on-1 laser damage testing. A 1.0 × 2.0 in2 (25.4 × 50.8 mm2)
hafnia–silica MLD grating that had been processed with BARC was used for the
experiment. The part was piranha-cleaned at 90°C by the grating manufacturer. Asreceived, the in-vacuum N-on-1 damage threshold was 1.52 J/cm2 (somewhat low by
current standards) and the diffraction efficiency was 97.5%. 197 delamination defects
(corresponding to an overall defect density of 0.3 defects/mm2) were found on the
grating surface using Nomarksi microscopy and mapped (by Sarah Walters) following
the procedure described in Sec. 3.4.1. The Damage Testing Group used the defect map
to target 16 of these defects in the short-pulse laser damage testing system.
Unfortunately, delamination defects could not be resolved using the in situ
imaging system; therefore, the operators relied on the defect map and automated x–y
stage to blindly target the sites. This procedure led to an average separation of 206 μm
between the center of the damage site and the targeted defect. The on-sample imprint
of the 370-μm-diam damage testing beam was an ellipse with a minor diameter of 370
μm and major diameter of 763 μm; therefore, most of the defects targeted saw some
laser fluence, as shown in Figure 68(a). Because of the beam’s Gaussian energy
distribution, however, the effective fluence near the boundary of the ellipse was
considerably lower than that in the center. Figure 68(b) plots the relationship between
the minimum beam fluence to initiate damage at each test site and the separation
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between that site and the nearest defect. While the trend in the data suggested a
connection between defect proximity and reduced LIDT, the correlation was weak. The
experiment was deemed inconclusive.
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Figure 68. (a) Locations of delamination defects with respect to approximate
elliptical beam imprint of damage testing beam (shown in yellow) during defecttargeting experiment. (b) Relationship between the laser-damage onset fluence (in Non-1 testing) and distance from the center of the irradiated site to the nearest
delamination defect.
The main limitation of the above-described experiment was that the in situ
microscope in the short-pulse damage testing setup has insufficient magnification to
detect delamination defects; therefore, it was not possible to center them in the beam.
Considering the Gaussian beam profile, a defect on the outskirts of the beam imprint
(even one that causes electric-field enhancement) would not be expected to limit the
sample site’s LIDT because other areas of the coating subjected to higher initial
fluences may damage first. This problem might be addressed by (1) upgrading the
system’s in situ microscopy and/or improving its x–y calibration such that defects could
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be easily centered in the damage testing beam; (2) developing a chemical method for
creating delamination defects at a very high density, so that precise positioning of the
laser beam is not important; or (3) using a laser beam with a uniform profile rather than
a Gaussian energy distribution for damage testing to avoid the necessity of centering
the defect in the beam. If defect detection limitations could be overcome by
implementing one of the above-listed solutions, an experiment similar to the one
described above could be repeated to better quantify the effect of delamination defects
on LIDT. As a follow-up, it would also be interesting to investigate damage growth
behavior. For nodular defects, damage growth can be avoided if a ramped-fluence
conditioning routine is employed; the conditioning process may stabilize the defect in
its coating [126]. When a nodule is ejected at a high fluence, catastrophic damage that
grows with each successive laser shot has been reported [74].

7.2.2

Fracture mechanics model improvements
In the fracture mechanics model for delamination defect formation developed

in Chapter 4, we used literature on interfacial or kinking cracks in a single layer bonded
to a substrate. While this analysis gave a fair representation of the kink angle, it did not
take into account the full presence of the multilayer in the crack kinking mechanism:
the MLD coating was viewed as an equivalent single-layer coating with isotropic
elastic properties. Of course, the actual multilayer is anisotropic, with different elastic
properties parallel to and normal to the interface with the substrate. A full fracture
mechanics analysis would include the presence of the individual HfO2 and SiO2 layers
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and. Given the pressure in the interfacial crack, the traction variation with distance
away from the crack tip could be determined. The mode mixity could then be found
directly.

7.2.3

Residual stresses resulting from laser irradiation
Coating stresses play an important role in MLD coating survivability: tensile

stresses can cause crazing, while compressive stresses can lead to thin-film
delamination. Some examples were given in Chapter 5. To avoid coating failure in
practice, acceptable coating stress limits are typically determined as guidelines based
on empirical evidence. Beyond the avoidance of catastrophic coating failure, however,
little is known about the relationship between coating stress and performance, in
particular the optic’s resistance to laser damage.
One challenge in systematically studying the effect of stress on LIDT is the
standard method of determining the stress in a thin-film coating (Stoney’s equation),
which can only be used to measure a global coating stress affecting the curvature of an
entire part. Local stress variations cannot be identified or measured, and it is not
possible to measure residual stresses from the laser-damage process itself, which are
necessarily localized. Additionally, the onset of laser damage is typically described
qualitatively (e.g., melting/boiling, defect growth, densification, or ejected material).
Such characterization does not provide information about weakening of the material or
other invisible effects, and is essentially a pass/fail metric for each sequence of laser
shots, since no quantitative measure of the extent of damage is available.
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Addressing some of these challenges, Fauchet et al. [127] suggested that Raman
spectroscopy could be used to quantify laser-induced structural changes. The authors
demonstrated that a disturbance in the Raman spectrum could be detected well beyond
the visually-damaged area on a silicon-on-insulator (SOI) sample. Surprisingly, this
technique has not (to our knowledge) been repeated since initial experiments in the
mid-1980’s, despite an explosion in laser technology since then. With demands for
high-LIDT optics now higher than ever, the Raman technique is worth revisiting to
probe modern optical coatings such as the hafnia–silica MLD system. With a spatial
resolution of up to 100 nm, confocal Raman microscopy (CRM) could be used to
generate 3-dimensional maps of the residual stress distributions in and around laser
damage sites. The National Institute for Standards and Technology (NIST) is home to
a state-of-the-art CRM facility which would be an ideal platform for experiments.
The Raman spectra of monoclinic hafnia and amorphous silica (from
Vandembroucq et al. [128] and Tkachev et al. [129]) are shown in Figure 69(a) and
Figure 69(b) respectively. Thin-film hafnia exhibits well-defined Raman peaks, while
silica is less Raman-active and exhibits smaller peaks. Exarhos et al. [130] found that
the Raman spectrum of a TiO2-SiO2 multilayer mirror coating was dominated by TiO2
features [Figure 69(c,d)]; in fact, at some excitation wavelengths the presence of the
multilayer enhanced the TiO2 signal strength (in comparison with a single layer TiO2
film of the same thickness) as a result of standing wave effects. The absence of a SiO2
signature was attributed to silica’s relatively low refractive index and Raman emission
intensity. By the same rationale, the Raman bands of the HfO2-SiO2 MLD coating
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would be expected to closely resemble those of single-layer hafnia. Enhancement of
the HfO2 signal could actually be beneficial as the high-index hafnia layers limit the
damage resistance of the coating [28,131]. The experiments proposed in Secs. 7.2.3.1
and 7.2.3.2 make use of the CRM stress-mapping technique.

Intensity
(A.U.)

(a)

(c)

SiO2

TiO2

Intensity
(A.U.)

(b)

(d)
TiO2-SiO2 HR

HfO2

200

400

600

800

Wavenumbers (1/cm)

200

400

600

800

Wavenumbers (1/cm)

Figure 69. 514-nm Raman spectra of (a) amorphous (bulk) silica, after
Vandembroucq [128]; (b) thin film monoclinic hafnia, after Tkachev [129]; (c, d)
TiO2 thin film and TiO2/SiO2 multilayer coating, after Exarhos and Pawlewicz [130].
7.2.3.1 Characterization of stress distribution around laser-damage sites and
investigation of precursor damage
The onset of damage measured by the two metrics—residual stress disturbance
and visually-observed damage—would likely occur at different minimum fluences.
Since the damage-testing laser beam profile is Gaussian, the size of the visuallydamaged area can simply be compared to the size of the stress disturbance to establish
which type of damage occurred at a lower fluence. An example of a laser damage site
with gross (“fiducial”) damage is shown in Figure 70. Given Fauchet et al.’s results on
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SOI samples [127], we hypothesize that the visually laser-damaged area will be located
at the center of a larger (nominally undamaged) region affected by a disturbance in
coating stress. Experimental confirmation would constitute a fascinating result because
it would demonstrate a powerful capacity to detect invisible, sub-threshold “precursor”
laser damage using CRM. Cumulative effects of sub-threshold laser shots are well
documented: pulse conditioning can enhance a coating’s LIDT in the long-pulse
(nanosecond) regime [119], while multiple shots can have a negative effect in the
picosecond regime [125]. Physical changes related to these effects, which have not yet
been measured, could be quantified as a disturbance in the local stress state. Such
precursor “damage” could either strengthen or weaken the material’s response to
further laser irradiation.

100 μm

Figure 70. Fiducial damage (XYZ) on an LLE HfO2-SiO2 MLD grating. The 370µm-diam Gaussian beam was incident at 61°, yielding an elliptical beam imprint.
Microscopy by Sarah Walters.
The concept of precursor damage could be explored by irradiating a series of
sample sites on an MLD sample, each with a single shot, at successively higher laser
fluences in a grid pattern. Since the beginning fluence would be quite low, the initial
sites would not exhibit visible damage. As the fluence increases, sites would exhibit
visible damage ranging from barely-detectible damage at fluence levels just past the
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LIDT to gross damage at the highest fluence levels. Light microscopy and scanningelectron microscopy would then be used to evaluate physical damage, while CRM
stress mapping would be used to quantify the onset of precursor damage (using the
known grid pattern to identify sites that are not visually detectible). Precursor damage
mapping at sub-threshold fluences, in particular, would enable the visualization of
measurable, but invisible laser-induced changes in dielectric materials—a capability
with broad possible applications including diagnostics (e.g. the periodic evaluation of
laser optics for damage), informed establishment of laser operation limits, and the
inducement of intentional modifications through laser processing or annealing.

7.2.3.2 Exploration of the effects of externally-applied stresses
The goal of the following experiment is to identify an optimal bias stress, if one
exists, that improves an MLD coating’s resistance to laser damage. Coating stresses
would be intentionally induced in the sample in order to quantify the stress-LIDT
relationship. Feasible methods for stress application include the following, as
illustrated in Figure 71:
A. Mechanical fixture: A mechanical fixture is used to apply a point load to an
MLD sample, bending the substrate and inducing a tensile or compressive stress
distribution in the coating. This technique is convenient because it is simple,
can induce high levels of coating stress, and damage testing of a single sample
can span a range of initial stress levels (via testing along a radial spoke). The
fixture may complicate measurements and microscopy, however.
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B. Twyman effect: This method exploits the Twyman effect in glass grinding:
when one side of a thin glass plate is ground (with the other side polished), the
plate bends as a result of stresses induced by the grinding process [132]. In the
case of a substrate with a thin-film coating on the top surface and a ground
texture on the opposite side, the stress imparted to the coating will be
compressive and its magnitude will depend on the bending of the plate. This
unusual technique for applying coating stresses is attractive because it could
modify the global coating stress permanently, without the use of a fixture.
However, maximum stresses would be limited by abrasive sizes, and may be
smaller than stresses induced via other methods. Additionally, coating stresses
could only be shifted compressive, since only the uncoated side is available for
grinding.
C. Indentation: A spherical indenter tip is used to apply localized compressive
stress fields to an MLD sample. The loads chosen would be high enough to
induce plastic deformation but low enough to avoid fracturing the coating.
Stresses induced by the indenter would be first evaluated via CRM, and then
the indented locations would be targeted in laser damage testing. This is the
only method of the three that can be used to apply a localized stress field to the
sample. Indenter load can be varied to provide a wide range of loadings.
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Figure 71. Techniques for application of coating stresses: (a) mechanical fixture; (b)
Twyman effect; (c) indentation with a spherical indenter.
CRM would be carried out on laser damage sites to explore the relationship
between mechanically induced stresses and the residual stress field induced by laser
irradiation, and to seek an optimal bias stress to maximize LIDT. Practical methods
for manufacturing MLD coatings with a biased initial stress include the use of
interlayers [32,37], undercoats [13,38], and modified deposition conditions [35,36].

7.2.4

Cleaning process scale-up for full-size OMEGA EP gratings
The advanced grating cleaning process described in Chapter 6 shows promise

for improving the performance of OMEGA EP diffraction gratings, but the technique
has thus far only been demonstrated on small-scale test samples. Ultimately, we hope
to apply our advancements to the manufacture of meter-scale pulse compressor gratings
to be deployed in OMEGA EP’s chirped-pulse amplification system. These large (430
× 470 × 100 mm3) and heavy (~45 kg) optics demand large-scale cleaning equipment
that provides uniform cleaning over a large surface area.
Many of the laboratory-scale techniques used to develop the advanced cleaning
process are incompatible with large-aperture optics. The most significant limitations of
current cleaning equipment are the small-scale piranha spray station and plasma
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cleaner. The piranha spray station, comprising a chemically-resistant household
sprayhead powered by an electric motor, can saturate an elliptical area slightly smaller
than 50 × 75 mm2 in the plane of the sample7. This system is not practical for samples
larger than ~50 mm in diameter. The Harrick PDC-32G plasma cleaner also places
constraints on maximum part size, as samples must fit within its 6.5-in-long, 3-in-diam
(165-mm-long, 76.2-mm-diam) process chamber.
Currently, even small 100-mm-diam witness parts must be broken up into
smaller samples to be accommodated in our cleaning setup because of the limitations
just described. Scaling the advanced cleaning method to full-size OMEGA EP gratings
will involve collaboration with the grating manufacturer, and represents a long-term
objective. Prior to a full scale-up to OMEGA EP size, a short-term research goal would
be to scale-up LLE cleaning equipment to process gratings with dimensions of 165 ×
220 × 30 mm3—the size of gratings used in the multi-terawatt (MTW) laser system at
LLE8. This intermediate scale-up would require some upgraded equipment (most

7

Acid piranha spray saturation area was measured using moisture-sensitive contact
paper in an experiment performed by Anthony Aiello and Nick Edwards. In a later
experiment, Jared Green optimized the sprayer setup (sprayhead angle, sprayer-to-part
distance, etc.) and was able to achieve a 190 × 200 mm2 spray saturation area using a
single sprayhead. However, Green’s experiment was performed with water, and the
actual surface area improvement for acid piranha may be less, since piranha solution
has a high density and viscosity.
8

The MTW laser system was built as the prototype front-end for the OMEGA EP laser
system, and continues to be used as a platform for technology development and largearea damage testing, and as an experimental facility [133,134].
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notably a larger plasma cleaner), but would greatly advance grating cleaning
capabilities. Similar to its large-scale counterpart OMEGA EP, MTW’s operational
energy is limited by the damage resistance of its laser optics, so benefits of the new
cleaning technology could be realized right away through potential energy gains.
Furthermore, MTW would provide operational damage testing of gratings cleaned
using the optimized technique. Successful replication of small-scale results for
intermediate part dimensions would demonstrate scalability of the process and thus
feasibility for meter-scale OMEGA EP production optics.
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Appendix I: Sample Mathematica Code for Thermal Stress
Analysis of an MLD Optic

Temperature Distribution and Thermal Stresses Developed in Large Hafnia/Silica
MLD Optics During Processing at Elevated Temperatures

Input Values

■ Definitions of Variables:
Chemical temperature profile
i
Indexing variable, i=1:imax where imax is the total number of events
Tc[[i]]
Temperature of chemical at the beginning of ith event (ºC)
t[[i]]

Duration of ith event (min)

Heat transfer through substrate
Initial temperature of substrate (ºC)
T0
ksub
Thermal conductivity of substrate (W/m-K)
Thickness of substrate (m)
Lsub
Thermal diffusivity of substrate (W/m-K)
α sub
Substrate material (name)
submat
Properties of rinse chemical
rinsemat
Chemical used (name)
hchem
Heat transfer coefficient of rinse chemical (W/m2 K)
Stresses
Esub
Ehaf
Esil
CTEsub
CTEhaf
CTEsil
νsub
νhaf
νsil

Young’s modulus of substrate (MPa)
Young’s modulus of hafnia (MPa)
Young’s modulus of silica (MPa)
Coefficient of thermal expansion for substrate (1/K)
Coefficient of thermal expansion for hafnia (1/K)
Coefficient of thermal expansion for silica (1/K)
Poisson’s ratio of substrate
Poisson’s ratio of hafnia
Poisson’s ratio of silica

■ Input data:
Example is a 100-mm-thick BK7 substrate with a hafnia-silica coating, subjected to a 100ºC acid piranha rinse:
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In[1]:= vals  

 Rinse Chemical Temperature Profile 
Tc  22, 100, 100, 22, t  60, 30, 60,
 Heat Transfer Through Substrate 
T0  22 , ksub  1.1, Lsub  0.1, sub  0.55  106 , submat  "BK7",
 Properties of rinse chemical 
rinsemat  "Acid Piranha 5:1", hchem  600,
 Stresses 
Esub  82 000, Ehaf  195 000, Esil  71 400, CTEsub  8.3  106 ,
CTEhaf  3.6  106 , CTEsil  3.1  106 , sub  0.23, haf  0.25, sil  0.17 ;

Assumptions
1.The heat conduction equation is satisfied, with convection with rinse chemical at the surface. Two solutions for temperature in the substrate have been found: a finite plate solution assuming no heat flux on the back surface, and a semi-infinite
halfspace approximation. The elastic halfspace is a good approximation when the substrate is thermally thick.
2.The MLD coating is much thinner than the BK7 substrate. The contributions of the thin film coating to heat transfer
through the slab are assumed to be negligible.
3. The temperature in the substrate depends on depth only (does not vary across optic surface).
4.Calculated stresses are valid in the center of the optic. The approximations used in the analysis are very good at distances
more than about one plate-thickness away from the edges.

Calculate Temperature Profile for Piranha Solution
Ramp rate for ith event (ºC/min)
Total time elapsed at beginning of ith event (min)

r[[i]]
tt[[i]]

imax is given by the total number of events:
In[2]:= imax  Lengtht . vals;

Defining ramp rates and total time elapsed after each event:
In[3]:= r  TableNTc . valsi  1  Tc . valsi  t . valsi, i, imax;
In[4]:= tt  Flatten0, TableN  t . valsiter, i, imax;
i

iter1

Defining the piranha temperature history,
In[5]:= Tempi_, t_ : Tc . valsi  ri  t  tti
In[6]:= Tchistt_ :

 Tempi, t UnitStept  tti  Tempi, t UnitStept  tti  1

imax

i1

In[7]:= PlotTchistt, t, 0, ttimax  1, PlotRange  0, 100,

PlotLabel  "Temperature Profile for Chemical Rinse",
AxesLabel  "Time min", "Temperature  C", Exclusions  None, ImageSize  300
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Temperature Profile for Chemical Rinse
Temperature (ºC)
100
80

Out[7]=
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Calculate Temperature Profile for Substrate - Single Event

■ Heat transfer coefficient vector
Heat transfer coefficient h is defined as a vector so that it can be changed during the process - for example in the case of
temperature- or time-dependent h. Note that here we assume constant h -- so we simply define a vector of identical values.
However, a non-constant h can easily be defined in the following line instead.
In[8]:= hvec  Tablehchem . vals, i, imax;

■ Series Solution (Finite Plate)
Ts
u
An

r
n

Steady-state temperature
Transient temperature
Coefficient for Fourier series expansion
Eigenvalue

Heating rate for rinse chemical
Indexing variable for infinite series, n=1:nmax
Biot[[i]]
Biot number of solution during ith event (unitless). The Biot number is given by Bi = hL/k.
Vector of Biot numbers corresponding to vector of h values:
hvec . valsiLsub
In[9]:= Biot  Table

. vals, i, imax;

ksub

In[10]:= sol  TableQuietFlattenToRulesReduce

lambda Tanlambda  Bioti && 1  lambda  100, lambda, i, imax;

In[11]:= root  TableTablelambda . solin, n, 30, i, imax;
In[12]:= i_, n_ : rootin
In[13]:= Tct_, r_, Tcinit_ : Tcinit  r t;
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In[14]:= Ann_, Tinit_, Tcinit_, r_, i_ :

2 Lsub2 r

sub i, n2

ksub Lsub r
2 Tinit  Tcinit 

sub hveci

Sini, n 

i, n Cosi, n  Sini, n 

i, n  Cosi, n Sini, n;
In[15]:= uFPxhat_, t_, nmax_, Tinit_, Tcinit_, r_, i_ :
nmax

i, n2 sub t

n1

Lsub2

 Ann, Tinit, Tcinit, r, i Cosi, n xhat Exp



In[16]:= Tsteadyxhat_, t_, Tcinit_, r_, i_ :

Lsub2 r
2 sub

xhat2  r t  Tcinit 

Lsub2 r

ksub Lsub r
hveci sub



2 sub

In[17]:= TFPx_, t_, nmax_, Tinit_, Tcinit_, r_, i_ :

x

uFP1 

Lsub
In[18]:= PlotTct  60,

x

, t, nmax, Tinit, Tcinit, r, i  Tsteady1 

, t, Tcinit, r, i ;

Lsub
r1
60

, Tc . vals1 . vals,

TFP0, t  60, 15, T0, Tc . vals1,

r1
60

, 1 . vals,

t, 0, 30, PlotRange  0, 30, 0, 70,
PlotLabel  "Finite Plate: Temperature profiles for chemical spray blue and
optic surface purple during heating event",
AxesLabel  "Time min", "Temperature  C", ImageSize  300

Finite Plate: Temperature profiles for chemical spray (blue) and
optic surface (purple) during heating event
Temperature (ºC)
70
60
50
Out[18]=
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■ Erfc Solution (Semi-infinite Halfspace)
L1, L2, L3

Laplace transform expressions from analytical solution

30
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In[19]:= L1 x_, t_, i_ : Erfc

sub t

2

Exp

 

x

hveci
hvecix
hveci2 sub t
 Erfc

ksub
ksub2
ksub

t

In[20]:= L2x_, t_ :

x2
2 sub

In[21]:= L3x_, t_ : 2

sub t

2

x2

t Exp



x

t

Exp

sub

x

4 sub t





x

Erfc

sub

2



x2

2

sub t

;

4 sub t



x

Erfc

x
sub t

;

sub t

In[22]:= uHSx_, t_, Tinit_, Tcinit_, r_, i_ :
2

ksub
Tcinit  Tinit  r
hveci
r ksub

r L2x, t 

hveci

L1 x, t, i 

sub
L3x, t

sub

In[23]:= THSx_, t_, Tinit_, Tcinit_, r_, i_ : Tinit  uHSx, t, Tinit, Tcinit, r, i

In[24]:= PlotTct  60,

r1
60

, Tc . vals1 . vals,

THS0, t  60, T0, Tc . vals1,

r1

60
t, 0, 30, PlotRange  0, 30, 0, 70,

, 1 . vals,

PlotLabel  "Halfspace: Temperature profiles for chemical spray blue and
optic surface purple during heating event",
AxesLabel  "Time min", "Temperature  C", ImageSize  300

Halfspace: Temperature profiles for chemical spray (blue) and
optic surface (purple) during heating event
Temperature (ºC)
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Out[24]=
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Calculate Stresses - Single Event

■ Series Solution (Finite Plate)

15

20

25

30

;
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X1, X2

Constants determined in stress analysis

In[25]:= X1FPx_, t_, nmax_, Tinit_, Tcinit_, r_, i_ :

ksub Lsub2r

Tcinit Lsub  r t Lsub 

hveci sub

Lsub 3r





3 sub

 Ann, Tinit, Tcinit, r, i Lsub  i, n Exp

nmax

i, n2 sub

n1

In[26]:= X2FPx_, t_, nmax_, Tinit_, Tcinit_, r_, i_ :

ksub Lsub3r

5 Lsub4r

2 hveci sub
i,



n2

24 sub
sub

Lsub 2

Exp

1

Lsub2

Lsub 2 Tcinit 

2

t Sini, n

1

Lsub 2 r t 

2

  Ann, Tinit, Tcinit, r, i Lsub 2  i, n 2
nmax

n1

t 1  Cosi, n

In[27]:= subFPx_, t_, nmax_, Tinit_, Tcinit_, r_, i_ :

CTEsub Esub
1  sub

TFPx, t, nmax, Tinit, Tcinit, r, i 
6x

4

Lsub



Lsub 2
6

12 x

Lsub 3



Lsub 2

X1FPx, t, nmax, Tinit, Tcinit, r, i 

X2FPx, t, nmax, Tinit, Tcinit, r, i

In[28]:= silFPt_, nmax_, Tinit_, Tcinit_, r_, i_ :

Esil CTEsub

4

1  sil

Lsub

6



Lsub2

Esil CTEsil
1  sil

X1FP0, t, nmax, Tinit, Tcinit, r, i 

X2FP0, t, nmax, Tinit, Tcinit, r, i 

TFP0, t, nmax, Tinit, Tcinit, r, i

In[29]:= hafFPt_, nmax_, Tinit_, Tcinit_, r_, i_ :

Ehaf CTEsub

4

1  haf

6



Lsub

Lsub2

Ehaf CTEhaf
1  haf

X1FP0, t, nmax, Tinit, Tcinit, r, i 

X2FP0, t, nmax, Tinit, Tcinit, r, i 

TFP0, t, nmax, Tinit, Tcinit, r, i

In[30]:= filmFPt_, nmax_, Tinit_, Tcinit_, r_, i_ :

1
2

hafFPt, nmax, Tinit, Tcinit, r, i  silFPt, nmax, Tinit, Tcinit, r, i
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In[31]:= filmstressesFP 

r1

PlothafFPt  60, 15, 0, 0,

60

, 1 . vals, filmFPt  60, 15, 0, 0,

r1
60

, 1 .

, 1 . vals,
60
t, 0, 30, PlotRange  Automatic, PlotStyle 
Red, Thickness0.012, Green, Thickness0.012, Blue, Thickness0.012,
r1

vals, silFPt  60, 15, 0, 0,

PlotLabel  "Stresses during heating ramp in hafniasilica multilayer
hafniared, silicablue, MLD averagegreen", AxesLabel  "Time min", "Stress
 MPa";

In[32]:= substressesFP  PlotsubFP0, t  60, 15, 0, 0,

subFP

Lsub

r1
, t  60, 15, 0, 0,

2

60
r1

r1
60

, 1 . vals,

, 1 . vals,

, 1 . vals, t, 0, 30,
60
PlotRange  Automatic, PlotStyle  Black, Thickness0.01,
GrayLevel0.75, Thickness0.01, GrayLevel0.5, Thickness0.01,
subFPLsub, t  60, 15, 0, 0,

PlotLabel  "Stresses during heating ramp in substrate
surfaceblack, middlemedium grey, bottomlight grey",
AxesLabel  "Time min", "Stress  MPa";

In[33]:= ShowfilmstressesFP, substressesFP, PlotRange  Automatic,

PlotLabel  "Stresses during initial heating ramp
in MLD red, blue and green curves
and substrate grey curves", ImageSize  300 

Stresses during initial heating ramp
in MLD (red, blue and green curves)
and substrate (grey curves)
Stress 
(MPa)
6
4
Out[33]=

2
Time (min)
5

10

15

20

25

-2
-4
-6

■ Erfc Solution (Semi-infinite Halfspace)
X1, X2

Constants determined in stress analysis

30
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In[34]:= X1HSx_, t_, Tinit_, Tcinit_, r_, i_ :

1

6 hveci3





Lsub2
4 t sub

 sub

 ksub2 r  hveci2 r t  Tinit  Tcinit sub Erf

Lsub2

6  4 t sub ksub

2
Lsub2

 4 t sub hveci Lsub

Lsub
2



t sub

 6 ksub2 r  3 hveci ksub Lsub r 

hveci2 Lsub2 r  6 r t  Tinit  Tcinit sub Erfc

2 hveci



Lsub



t sub

t sub 6 ksub2 r  3 hveci ksub Lsub r 

hveci2 Lsub2 r  4 r t sub  6 Tinit sub  6 Tcinit sub 
 4 t sub 6 ksub2 r
Lsub2

t sub  hveci2 sub 3 Lsub

2 2 r t  3 Tinit  3 Tcinit

t sub   3  4 t sub
Lsub2

ksub2 r  hveci2 Tinit  Tcinit sub Erfc
ksub Lsub2 hvecit sub 2

3

4 ksub2 t sub

ksub

 Tinit 


hveci2 t sub
ksub2

ksub

hveci t sub
ksub



 ksub2 r  hveci2 Tinit  Tcinit sub

Erfcksub Lsub  2 hveci t sub  2 ksub

t sub 
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In[35]:= X2HSx_, t_, Tinit_, Tcinit_, r_, i_ :



Lsub2
4 t sub





Lsub2

t 12  4 t sub



2 ksub4 r

t sub  hveci4 r t  2 Tinit  2 Tcinit sub

t sub 32  2 hveci 2 ksub 2 r t sub 32  Tinit  Tcinit
   4 t sub hveci2 Lsub2

Lsub

Erf

Lsub2



t sub 3

t sub

2 t sub
12 ksub2 r  8 hveci ksub Lsub r 
3 hveci2 Lsub2 r  4 r t  Tinit  Tcinit sub Erfc

t sub

2
2 hveci sub

Lsub2

24 1   4 t sub



Lsub

ksub3 r t  12 hveci ksub2 Lsub r t 

8 hveci 2 ksub t Lsub2 r  1   4 t sub

2 r t  3 Tinit  3 Tcinit sub 

Lsub2

3 hveci 3 Lsub Lsub2 r t  2 t r t  2 Tinit  2 Tcinit sub  2  4 t sub
Lsub2

Lsub2

Lsub

 Tinit

 12  4 t sub

t sub



hveci2 t sub

ksub2 r  hveci2 Tinit  Tcinit sub Erfc
ksub Lsub2 hvecit sub 2

12 

4 ksub2 t sub

hveci2
2 ksub

6



Lsub 2

t sub

ksub



t sub ksub2 r 

t sub 

 24 hveci4

 t sub 32 

CTEsub Esub
1  sub

4

Lsub

6x



Lsub 2

X1HSx, t, Tinit, Tcinit, r, i 

X2HSx, t, Tinit, Tcinit, r, i

In[37]:= silHSt_, Tinit_, Tcinit_, r_, i_ :

Esil CTEsub
1  sil

4

Lsub



Tinit  Tcinit sub Erfcksub Lsub  2 hveci t sub 

THSx, t, Tinit, Tcinit, r, i 
12 x



hveci t sub

ksub ksub  hveci Lsub

In[36]:= subHSx_, t_, Tinit_, Tcinit_, r_, i_ :

Lsub 3

ksub2

ksub2

X1HS0, t, Tinit, Tcinit, r, i 

X2HS0, t, Tinit, Tcinit, r, i 

Esil CTEsil
1  sil



6

Lsub2

THS0, t, Tinit, Tcinit, r, i
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In[38]:= hafHSt_, Tinit_, Tcinit_, r_, i_ :

Ehaf CTEsub
1  haf

4

Lsub

X1HS0, t, Tinit, Tcinit, r, i 

X2HS0, t, Tinit, Tcinit, r, i 

Ehaf CTEhaf
1  haf



6

Lsub2

THS0, t, Tinit, Tcinit, r, i

In[39]:= filmHSt_, Tinit_, Tcinit_, r_, i_ :

1

hafHSt, Tinit, Tcinit, r, i  silHSt, Tinit, Tcinit, r, i

2
In[40]:= filmstressesHS 

r1
, 1 . vals, filmHSt  60, 0, 0,
, 1 . vals,
60
60
r1
silHSt  60, 0, 0,
, 1 . vals, t, 0, 30, PlotRange  Automatic,
60
PlotStyle  Red, Thickness0.01, Dashing0.02, 0.02, Green, Thickness0.01,
Dashing0.02, 0.02, Blue, Thickness0.01, Dashing0.02, 0.02,
r1

PlothafHSt  60, 0, 0,

PlotLabel  "Stresses in hafniasilica multilayer during heating ramp
hafniared, silicablue, MLDgreen", AxesLabel  "Time min", "Stress
 MPa";

In[41]:= substressesHS 

r1
PlotsubHS0, t  60, 0, 0,

60

, 1 . vals, subHS

Lsub

r1
, t  60, 0, 0,

2

, 1 . vals, t, 0, 30,
60
PlotStyle  Black, Thickness0.01, Dashing0.02, 0.02,
GrayLevel0.75, Thickness0.01, Dashing0.02, 0.02,
vals, subHSLsub, t  60, 0, 0,

r1

GrayLevel0.5, Thickness0.01, Dashing0.02, 0.02,

PlotLabel  "Stresses during initial heating ramp in substrate
surfaceblack, middlemedium grey, bottomlight grey",
AxesLabel  "Time min", "Stress  MPa";

In[42]:= ShowfilmstressesHS, substressesHS, PlotRange  Automatic,

PlotLabel  "Stresses during initial heating ramp
in MLD red, blue and green curves
and substrate grey curves", ImageSize  300

Stresses during initial heating ramp
in MLD (red, blue and green curves)
and substrate (grey curves)
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Temperature Profile and Stresses For Entire Sequence of Events (Piranha Temperature History)

■ Series Solution (Finite Plate)
Note that the initial piranha and slab temperatures Tp0 and T0 are set only for the FIRST event. For events after that, the
“initial” temperature is really the temperature at the end of the previous event. So we do not specify Tp0 and T0 again.
In[43]:= TFPhistx_, t_, nmax_ :

TFPx, t  60  tt1, nmax, T0, Tc . vals1,

r1

, 1

60
UnitStept  60  tt1 
TFPx, t  60  tt2, nmax, 0, 0,


r1

imax

TFPx, t  60  tti, nmax, 0, 0,

60

, 1 UnitStept  60  tt2



ri
, i UnitStept  60  tti 

60

i2

ri
TFPx, t  60  tti  1, nmax, 0, 0,

, i UnitStept  60  tti  1

60

In[44]:= temphistFP  PlotTchistt, TFPhist0, t  60, 15 . vals,

TFPhistLsub  2, t  60, 15 . vals, TFPhistLsub, t  60, 15 . vals,
t, 0, ttimax  1 . vals, PlotRange  0, 100, PlotStyle 
DarkerRed, 0.5, Thickness0.01, DarkerOrange, 0.2, Thickness0.01,

LighterOrange, 0.1, Thickness0.01, LighterOrange, 0.5, Thickness0.01,

PlotLabel  "Temperature Profile for Rinse Chemical and Substrate",
AxesLabel  "Time min", "Temp  C", Exclusions  None, ImageSize  250

Temperature Profile for Rinse Chemical and Substrate
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In[45]:= subFPhistx_, t_, nmax_ :



imax

subFPx, t  60  tti, nmax, 0, 0,

ri
, i UnitStept  60  tti 

60

i1

ri
subFPx, t  60  tti  1, nmax, 0, 0,

60

, i UnitStept  60  tti  1

In[46]:= hafFPhistt_, nmax_ :



imax

ri
hafFPt  60  tti, nmax, 0, 0,

i1

, i UnitStept  60  tti 

60

ri
hafFPt  60  tti  1, nmax, 0, 0,

60

, i UnitStept  60  tti  1
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In[47]:= silFPhistt_, nmax_ :



imax

ri

silFPt  60  tti, nmax, 0, 0,

, i UnitStept  60  tti 

60

i1

ri
silFPt  60  tti  1, nmax, 0, 0,

, i UnitStept  60  tti  1

60

In[48]:= filmFPhistt_, nmax_ :



ri

imax

filmFPt  60  tti, nmax, 0, 0,

, i UnitStept  60  tti 

60

i1

ri

filmFPt  60  tti  1, nmax, 0, 0,

60

, i UnitStept  60  tti  1

In[49]:= filmstressesFPhist  PlothafFPhistt  60, 15 . vals, filmFPhistt  60, 15 . vals,

silFPhistt  60, 15 . vals, t, 0, ttimax  1 . vals, PlotRange  Automatic,
PlotStyle  Red, Thickness0.008, Green, Thickness0.008,
Blue, Thickness0.008, PlotLabel  "Stresses in multilayer
hafniared, silicablue, MLDgreen", AxesLabel 
"Time minutes", "Stress  MPa";

In[50]:= substressesFPhist 

PlotsubFPhist0, t  60, 15 . vals, subFPhist

, t  60, 15 . vals,
2
subFPhistLsub, t  60, 15 . vals, t, 0, ttimax  1 . vals,
Lsub

PlotRange  Automatic, PlotStyle  Black, Thickness0.005,

GrayLevel0.75, Thickness0.005, GrayLevel0.5, Thickness0.005,

PlotLabel  "Stresses in BK7 substrate
surfaceblack, middlemedium grey, bottomlight grey",
AxesLabel  "Time minutes", "Stress  MPa";

■ Erfc Solution (Semi-Infinite Halfspace)
In[51]:= THShistx_, t_ :

THSx, t  60  tt1, T0, Tc . vals1,

r1
60

, 1 UnitStept  60  tt1 

r1
THSx, t  60  tt2, 0, 0,


imax

THSx, t  60  tti, 0, 0,

, 1 UnitStept  60  tt2

60



ri
, i UnitStept  60  tti 

60

i2

ri
THSx, t  60  tti  1, 0, 0,

60

, i UnitStept  60  tti  1

In[52]:= temphistHS  PlotTchistt, THShist0, t  60 . vals, THShistLsub  2, t  60 . vals,

THShistLsub, t  60 . vals, t, 0, ttimax  1 . vals,
PlotRange  0, 100, PlotStyle  DarkerRed, 0.5, Thickness0.01,
DarkerOrange, 0.2, Dashing0.02, 0.02, Thickness0.01,
LighterOrange, 0.1, Dashing0.02, 0.02, Thickness0.01,
LighterOrange, 0.5, Dashing0.02, 0.02, Thickness0.01,

PlotLabel  "Temperature Profile for Rinse Chemical and Substrate",
AxesLabel  "Time min", "Temp  C", Exclusions  None, ImageSize  250
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Temperature Profile for Rinse Chemical and Substrate
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In[53]:= subHShistx_, t_ :



imax

subHSx, t  60  tti, 0, 0,

ri
, i UnitStept  60  tti 

60

i1

ri
subHSx, t  60  tti  1, 0, 0,
In[54]:= hafHShistt_ : 

imax

60

, i UnitStept  60  tti  1

hafHSt  60  tti, 0, 0,

ri
60

i1

, i UnitStept  60  tti 

ri
hafHSt  60  tti  1, 0, 0,
In[55]:= silHShistt_ : 

imax

60

, i UnitStept  60  tti  1
ri

silHSt  60  tti, 0, 0,

i1

, i UnitStept  60  tti 

60

ri
silHSt  60  tti  1, 0, 0,
In[56]:= filmHShistt_ : 

imax

60

, i UnitStept  60  tti  1

filmHSt  60  tti, 0, 0,

i1

ri
60

, i UnitStept  60  tti 

ri
filmHSt  60  tti  1, 0, 0,

60

, i UnitStept  60  tti  1

PlothafHShistt  60 . vals, filmHShistt  60 . vals, silHShistt  60 . vals,

In[57]:= filmstressesHShist 

t, 0, ttimax  1 . vals, PlotStyle  Red, Dashing0.02, 0.02,
Thickness0.01, Green, Dashing0.02, 0.02, Thickness0.01, Blue,
Dashing0.02, 0.02, Thickness0.01, PlotLabel  "Stresses in multilayer

hafniared, silicablue, MLDgreen", AxesLabel  "Time min", "Stress
 MPa";
In[58]:= substressesHShist  PlotsubHShist0, t  60 . vals, subHShist

Lsub

subHShistLsub, t  60 . vals, t, 0, ttimax  1 . vals,

PlotStyle  Black, Dashing0.02, 0.02, Thickness0.01,
GrayLevel0.75, Dashing0.02, 0.02, Thickness0.01,
GrayLevel0.5, Dashing0.02, 0.02, Thickness0.01,
PlotLabel  "Stresses in BK7 substrate
surfaceblack, middlemedium grey, bottomlight grey",
AxesLabel  "Time min", "Stress  MPa";

2

, t  60 . vals,
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■ Comparisons of Solutions
In[59]:= ShowfilmstressesHShist, substressesHShist, filmstressesFPhist, substressesFPhist,

PlotLabel  "Comparison between finite plate solution solid curves
and infinitehalfspace approximation dashed curves",
PlotRange  15, 80, ImageSize  300

Comparison between finite plate solution (solid curves)
and infinite- halfspace approximation (dashed curves)
Stress
 (MPa)
80

60
Out[59]=

40

20
Time (min)
20

40

60

80

100

120

140

■ Minimum and Maximum Stresses (based on Finite Plate solution)
In[60]:= maxtime  ttimax  1 . vals;
In[61]:= minhaf  ChopNMinimizehafFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[62]:= maxhaf  ChopNMaximizehafFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[63]:= minsil  ChopNMinimizesilFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[64]:= maxsil  ChopNMaximizesilFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[65]:= minfilm  ChopNMinimizefilmFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[66]:= maxfilm  ChopNMaximizefilmFPhistt  60, 15 . vals, t, 0, maxtime, 0.01;
In[67]:= minsub  ChopNMinimizesubFPhist0, t  60, 15 . vals, t, 0, maxtime, 0.01;
In[68]:= maxsub  ChopNMaximizesubFPhist0, t  60, 15 . vals, t, 0, maxtime, 0.01;
In[69]:= maxtempgrad  ChopNMaximizeTFPhist0, t  60, 15 . vals  

TFPhistLsub, t  60, 15 . vals, t, 0, maxtime, 0.01;

■ Summary of Results
Note sign convention: negative stress /compressive; positive stress /tensile
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In[70]:= Print"Substrate: ", submat . vals, ", ", Lsub . vals  1000, " mm thick"

Print"Coating: HafniaSilica Multilayer"
Print"Rinse Chemical, Maximum Temperature: ",
rinsemat . vals, ", ", Max Tc . vals, "ºC"

Print"Maximum Temperature Gradient: ", maxtempgrad1,
"ºC ", maxtempgrad2, 1, " min"

Print"Minimum Stress in Hafnia Layer: ", minhaf1,
" MPa ", minhaf2, 1, " min"
Print"Maximum Stress in Hafnia Layer: ", maxhaf1,
" MPa ", maxhaf2, 1, " min"
Print"Minimum Stress in Silica Layer: ", minsil1,
" MPa ", minsil2, 1, " min"
Print"Maximum Stress in Silica Layer: ", maxsil1,
" MPa ", maxsil2, 1, " min"
Print"Minimum Stress in MLD Average of hafniasilica layers: ",
minfilm1, " MPa ", minfilm2, 1, " min"

Print"Maximum Stress in MLD Average of hafniasilica layers: ",
maxfilm1, " MPa ", maxfilm2, 1, " min"
Print"Minimum Stress in Substrate: ", minsub1,
" MPa ", minsub2, 1, " min"
Print"Maximum Stress in Substrate: ", maxsub1, " MPa ", maxsub2, 1, " min"
Substrate: BK7, 100. mm thick
Coating: Hafnia/Silica Multilayer
Rinse Chemical, Maximum Temperature: Acid Piranha 5:1, 100ºC
C Maximum Temperature Gradient: 69.3331ºC (t  60.477 min)
Minimum Stress in Hafnia Layer: 1.27851 MPa (t  4.2516 min)
Maximum Stress in Hafnia Layer: 78.3166 MPa (t  96.6575 min)
Minimum Stress in Silica Layer: 0.25418 MPa (t  3.01813 min)
Maximum Stress in Silica Layer: 28.9082 MPa (t  95.0999 min)
Minimum Stress in MLD (Average of hafnia/silica layers): 0.754362 MPa (t  3.9172 min)
Maximum Stress in MLD (Average of hafnia/silica layers): 53.5972 MPa (t  96.2399 min)
Minimum Stress in Substrate: 15.7377 MPa (t  60. min)
Maximum Stress in Substrate: 11.8084 MPa (t  150. min)
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Appendix II: Review of Acid Piranha Material Removal
Mechanisms and Related Technology

Acid piranha has been known as a photoresist stripper since at least 1975 [120],
and the mechanism of material removal is fairly well understood. Piranha solution
rapidly dissolves organic materials via two complementary mechanisms: dehydration
and oxidation. Near-surface organic compounds are dehydrated, making them more
easily oxidized; and the piranha solution oxidizes the organic material by disrupting
carbon bonds, dissolving away organic compounds. The dehydration effect comes from
the sulfuric acid, which reacts with water via reactions (1) and (2).
H2SO4 + H2O → H3O+ + HSO4−

(1)

HSO4− + H2O → H3O+ + SO42−

(2)

Since the reaction between sulfuric acid and water is thermodynamically
favorable, sulfuric acid can strip hydrogen and oxygen atoms away from available
organic molecules as water units. This dehydration process makes surface organic
compounds carbon-rich and more easily dissolved away in the oxidation step.
Hydrogen peroxide is a strong oxidizer, and the oxidizing effect is boosted in the
presence of acids such as H2SO4. The (transient) reactions that take place are given as
equation (3) and (4).
H2SO4 + H2O2 → H3O+ + HSO4− + O

(3)

H2O2 → H2O + O

(4)
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Reactive atomic oxygen (O) species and hydronium ions (H3O+) react with
carbon atoms to form carbonyl groups and carbon dioxide molecules, stripping the
carbon-containing compounds away from the substrate via an “unraveling” mechanism
[135].
Sulfuric acid and hydrogen peroxide are both required to achieve the benefits
of acid piranha in removing organic material. Sulfuric acid continually dehydrates
surface molecules via reactions (1) and (2) as layers of organic matter are removed,
while the acid and peroxide work together to oxidize and dissolve away organic
materials via reactions (3) and (4). The ratio of sulfuric acid and hydrogen peroxide
balances the dehydration effect with the oxidation effect, and the optimal ratio differs
from application to application depending on the specific material to be removed,
desired removal rate, and sensitivity of the underlying material to attack by sulfuric
acid (dehydration) and/or hydrogen peroxide (e.g., formation of delamination defects).
Neither an all-sulfuric acid, nor an all-peroxide cleaning solution, would be expected
to show high removal rates for photoresist or other baked-on organic residues; some
optimum ratio between these extremes is required.
After Beck et al. [120] first suggested acid piranha as a practical means to strip
photoresists from semiconductor components in 1975, the technique has become
widespread in the microelectronics industry (although it remains relatively little known
in the field of optical manufacturing). A large number of patents have suggested
methods for improving the effectiveness of “piranha etch,” as the process is called in
the wafer fabrication industry. We highlight just a few advancements here:
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(1) Beck et al. suggested acid piranha as a photoresist stripper for semiconductor
components in 1975 [120]. The authors reported that to maximize removal
rates, the ratio of sulfuric acid should be in the range 5:1 to 10:1 to balance the
dehydrating effect of sulfuric acid with the oxidizing effect of the hydrogen
peroxide/sulfuric acid mixture9. The authors additionally suggested a two-part
photoresist stripping process, employing first an acid-rich dehydrating bath,
followed by a peroxide-rich oxidizing bath. The two-step method was
developed to exploit the complementary material removal mechanisms of acid
piranha.
(2) Oikari and Olson [136] patented a method for accelerating photoresist removal
rates by alternately applying piranha solution and water to the wafer in a
repetitive cleaning cycle. The authors suggested that the beneficial effect of
cycling comes from the exothermic reaction between sulfuric acid and water.
Water soaks into the porous photoresist layer during the water rinses, and then
reacts with sulfuric acid in the following step. Heat is produced in the
exothermic reaction, converting adsorbed water to steam and helping to break

9

In the original patent by Beck et al., the optimal range is given as 17:1 to 35:1 sulfuric
acid: hydrogen peroxide. These are the volume ratios of the anhydrous chemicals—so
if standard 99% sulfuric acid and 30% hydrogen peroxide are used, the corresponding
volume ratios are 5:1 to 10:1 acid:peroxide. We have converted to this convention
throughout this dissertation for consistency: aside from this footnote, all piranha ratios
refer to the ratio of 99% H2SO4 to 30% H2O2, including all further discussions of work
by Beck et al.
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up the contaminant layer. Oikari and Olson specified that the technique was
appropriate for use with spray processing systems.
(3) Britten and Nguyen filed a 2007 patent application [51] for a multiple-step
MLD grating cleaning process drawing on techniques used in the
semiconductor wafer fabrication industry, including piranha cleaning. Britten’s
group also filed a patent application [137] for a method of delivering cleaning
chemicals to the surface of a diffraction grating whereby the grating is mounted
on an incline and the chemicals are flowed over the surface, then recirculated.
(4) In 2008, Wada [138] reported that acid piranha could leave a sulfuric-acid
residue on a wafer after cleaning, and patented a method for removing this
residue through a post-treatment with hydrogen peroxide.
Ideas in these patents, as well as results from our group’s grating cleaning
experiments, guided us in developing the piranha cleaning method for MLD gratings
as described in Chapter 6.

