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ABSTRACT

HfO2/SiO2 Brewster’s angle polarizers are being developed at Lawrence Livermore National Laboratory for the National
Ignition Facility.  Damage threshold studies using a 3-ns pulse length 1064-nm laser have revealed a number of different
damage morphologies such as nodular ejection pits, plasma scalds, flat bottom pits, and overcoat delaminations.  Of these
laser damage morphologies, delaminations have the most negative impact on the multilayer stability.  By selecting the proper
SiO2 overcoat thickness, the delamination morphology is eliminated without significantly modifying the spectral
characteristics of the coating and the functional damage threshold is increased by 2-4×.  A model of the thermal mechanical
response of the overcoats is presented for various SiO2 overcoat thicknesses.  The overcoat thickness influences the electric-
field profile resulting in different thermal gradients between the outer SiO2 and HfO2 layers.  This modeling effort attempts to
understand the relationship between the thermal stress distribution in the overcoat and the occurrence of delamination.

Key words:  laser-induced damage, hafnia-silica polarizers, laser damage morphology, electric-field distribution, thermal
gradients, stress gradients, silica overcoat

1. INTRODUCTION

The National Ignition Facility (NIF) requires 192 large area (0.34 m2) polarizers that must survive peak fluences of 10.5
J/cm2 for 1053-nm 3-ns Gaussian pulses.  The function of these polarizers are different than past fusion laser systems due to a
significant departure in the NIF laser architecture.1  Previous fusion lasers used polarizers to isolate the transmitted pulse to
prevent gain of unwanted pulses.  In the NIF laser, the polarizer serves the dual function of isolating unwanted pulses and
reflecting the pulse out of a multiple-pass amplifier after sufficient amplification has been achieved.  Therefore the polarizer is
not limited by the low laser fluence of the “P” polarized transmitted beam, but the high fluence of the “S” polarized reflected
beam.  Unlike high reflectors, the performance limiting damage morphology of polarizers is delamination of the overcoat.2,3

SiO2 overcoats of various thicknesses have been documented to increase the damage threshold and modify the damage
morphology of HR coatings.4-14  Although this technique has been known for over 20 years, there has been little theoretical
understanding of the resultant damage threshold improvement.  Traditionally, the overcoat optical thickness is a halfwave, or
an absentee layer, to maintain the coating’s spectral characteristics at the design wavelength.  The electric-field profile of the
reflector stack is unchanged while the peak electric field, now centered in the overcoat, is substantially greater than peaks in
the high reflector stack.5  This result implies that the damage mechanism is not influenced by the electric field in the
overcoat.  It has also been suggested that overcoats improve the mechanical properties of the thin film,6,11 but laser damage
thresholds are improved for coatings with either SiO2 and MgF2 overcoats implicating an alternate mechanism because  these
materials are mechanical antitheses.6,10  Results from investigations of overcoats by time resolved pulsed photothermal



deflection and cw-photothermal microscopy suggest that laser damage initiates in the outer high refractive index layer and that
higher thermal conductivity in the overcoat than air plays a significant role in the damage mechanism as well as reduces and
smoothes the peak temperatures of localized absorption centers in the outer high refractive index layer.13

Little work has been done to understand the role of overcoat thickness on the laser-induced damage of Brewster’s angle thin
film plate polarizers.  Traditionally the SiO2 overcoat thickness of a polarizer is dictated by the requirement that the outer
layers are an antireflection coating between the incident medium and the reflector stack to achieve high transmission in “P”
polarization.  To increase the manufacturing yield of polarizers, the coatings are designed for maximum polarizing region
bandwidth.  An additional halfwave thickness to the overcoat slightly reduces the polarization bandwidth and increases the
reflected wavefront distortion by increasing the coating stress.  Recent tests on polarizers with thin SiO2 overcoats
demonstrate a significant relationship between incident angle and laser damage morphology type.15  By changing the incident
angle, hence the electric field, temperature, and stress profile, overcoat delaminations were eliminated.  These results suggest
that overcoat thickness may play a significant role in eliminating overcoat delaminations due to the impacts of overcoat
thickness on the thermomechanical properties of the coating stack.

2. EXPERIMENT

Three different polarizer coating designs, with and without overcoats, were prepared by two different coating vendors.  The
coatings were deposited by electron-beam deposition from Hf and SiO2 starting materials.  In each design case, the polarizers
were deposited in platens that independently mask each substrate during deposition so each coating design was deposited in a
single run under identical conditions with the only variation being the overcoat thickness.  The first design consisted of SiO2

overcoats with 0 and λ/2 optical thicknesses.  The second design consisted of SiO2 overcoats with λ/7 and λ/7+ λ/2 optical
thicknesses.  The final design consisted of SiO2 overcoats with λ/7, λ/3, and λ/7+ λ/2 optical thicknesses.

The coatings were damage tested using a raster scan technique similar to the laser conditioning process described by Sheehan
et al. and used on large aperture fusion laser coatings.16  In summary, the optic is translated past a stationary laser beam to
raster scan the entire surface of the optic as illustrated in figure 1.  By defining the step size between pulses to equal the laser
beam diameter at 90% of the peak fluence, the entire surface is exposed to ≥90% of the peak laser fluence.  The raster scan
damage test used on these samples started with the first scan at 5 J/cm2 and increased in 5 J/cm2 increments until massive
failure was observed with a 100× magnification Normarski microscope.  The fluence measurement uncertainty is ±15%.  The
LLNL damage test lasers are flash lamp pumped with a Gaussian spatial profile, 3-ns or 8.6-ns pulse length, and 10-Hz
repetition rate described elsewhere.17  The reported fluences are all scaled to 3-ns pulses by τ0.35.
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Fig. 1 Raster scan damage test consists of irradiating an entire surface at a single fluence (≥90% of the peak fluence)
starting at a low fluence and incrementally increasing the fluence for each subsequent scan until the functional
damage threshold is determined.  The traditional damage threshold is the fluence where any visible morphological
changes to the coating occurs whereas the functional damage threshold is the fluence where any morphological
changes to the coating occur that impact laser propagation.



3.  RESULTS

The criteria used for coating failure is the functional damage threshold, defined as any laser-induced coating morphological
change that limits laser performance, either by catastrophic failure or beam modulations created by the damage site that affect
laser propagation.2,3  This is a significant departure from the traditional laser damage threshold definition, namely, any
morphological surface change observed under a defined microscopic condition.  It is acknowledged by fusion laser designers
that the optical components in NIF will be damaged due to laser irradiation.  As long as the laser damage during laser
operation does not become massive and remains smaller than a critical size of less than 280 µm, determined by beam
propagation codes, the laser performance will not be impacted.2  Therefore the functional damage threshold is a better criteria
for developing coating designs and processes for large aperture high fluence laser coatings.

Four classes of laser damage morphologies are generally observed in HfO2/SiO2 polarizers when irradiated with 1064 nm 3-ns
pulses.2-3  They are pits created by nodular defect ejection, plasma scalds or coating surface modification due to the presence of
a plasma, flat-bottom pits that occur at the layer interfaces of the first three electric field peaks, and delaminations or removal
of the outer layer.  The first three classes are relatively benign damage morphologies, while the delaminations are extremely
unstable when exposed to additional laser pulses.3  By eliminating the delamination damage morphology, the functional
damage threshold of the coating is increased.

    Design       1       (0       and        λ       /2        SiO       2             overcoat):
The typical laser-induced damage morphology of a polarizer coating without a SiO2 overcoat is delamination of the outer
hafnia layer as illustrated in figure 2 and summarized in table 1.  This type of laser damage tends to grow with further
irradiation.  A very different laser-induced morphology is observed for the same coating with a λ/2 SiO2 overcoat.  The
damage tends to be small pits that are most likely the result of ejected nodular defects.  Surrounding the pits are plasma scalds
or surface modifications caused by the formation of a plasma near the surface during the damage process.  The impact of these
plasma scalds on beam propagation is not fully characterized, but appears to be benign.2  Although some pits are created at
similar fluences as the delaminations, the pits do not grow in the overcoated sample unless irradiated at a 4× higher fluence.

    Design       2       (       λ       /7       and        λ       /7        +        λ       /2        SiO       2             overcoat):
For both overcoat thicknesses, the predominant laser-induced damage morphology are pits, most likely due to nodular
ejection, surrounded by plasma scalds as illustrated in figure 3.  A few sites on the thinner overcoat damaged massively,
making it impossible to determine the origin of the damage.  The damage morphologies of the λ/7 + λ/2 overcoat were
benign even at the peak fluence of the damage tester, resulting in a greater than 2× increase in the functional damage
threshold.

    Design       3       (       λ       /7,        λ       /3,       and        λ       /7        +        λ       /2        SiO       2             overcoat):
The damage morphology of the coating with the thinnest overcoat, λ/7, was typically delamination.  The λ/3 thickness
overcoat damage morphology was deep pitting at what appeared to be nodular defects.  The damage morphology of the
coating with a λ/7 + λ/2 overcoat are  plasma scalds and small pits most likely the result of nodular ejection.  Even at the
peak operating fluence of the damage tester, all of the damage morphologies were benign, therefore the additional λ/2 overcoat
resulted in a greater than 2× increase in the functional damage threshold as illustrated in figure 4.

Table 1 Summary of the functional damage threshold and failure morphology as a function of overcoat thickness for the three
evaluated Brewster’s angle polarizer designs.

Design Overcoat thickness Functional damage threshold
(J/cm2)

Failure morphology

1 0λ 15.8 Delamination
1 λ/2 62.3 Massive
2 λ/7 19.6 Massive
2 λ/7 + λ/2 >40.7 None
3 λ/7 22.6 Delamination
3 λ/3 16.1 Massive
3 λ/7 + λ/2 >47.9 None
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Fig. 2 Design 1:  The laser-induced damage morphology is altered significantly due to the presence of a SiO2 overcoat as
indicated by the outer HfO2 layer delamination for the polarizer without SiO2 overcoat and pitting and plasma scalds
observed in the SiO2 overcoated sample.  The functional damage threshold of this polarizer was increased from
15.8 J/cm2 to 62.3 J/cm2 (8.6-ns scaled to  3-ns Gaussian pulse) by the addition of the SiO2 overcoat.

100 µm38.0 J/cm2  (3 ns) 40.5 J/cm2  (3 ns)

/7 overcoat /7 + /2 overcoat
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Fig. 3 Design 2:  The laser-induced damage morphology is similar for most damage sites for both SiO2 overcoat thickness,
but catastrophic failure occurs at a much lower fluence for the thinner overcoat.  The functional damage threshold of
this polarizer was increased from 19.6 J/cm2 to >40.7 J/cm2  (3-ns Gaussian pulse) by the increasing the thickness of
the SiO2 overcoat.
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Fig. 4 Design 3: Thicker SiO2 overcoats eliminated overcoat delamination.  Deep pitting was observed for the medium
thickness overcoat, probably the result of the high electric field penetration into the coating.  The functional damage
threshold of this polarizer with increasing overcoat thickness is 22.6, 16.1, and >47.9 J/cm2 (3-ns Gaussian pulse)
respectively.



4.  ANALYSIS

To better understand the observed morphologies, electromagnetic and thermomechanical modeling codes were used to evaluate
multilayer stability during laser irradiation.  Previously, modeling of thermally induced stress has been used to understand
laser damage in high reflector coatings with and without nodular defects.18-20  Modeling of thermally induced stresses has also
been successfully applied to understanding the damage morphology of polarizers irradiated at different incident angles.15  The
results of this work implied that by increasing the overcoat thickness, one might be able to eliminate overcoat delamination
by decreasing the temperature gradient between the outer two layers.  For consistency, the materials properties listed in
Table 2 and used in this modeling effort are the same as those previously reported for modeling of nodular defects.  Since the
accuracy of the materials properties is unknown for the tested coatings, the results should only be used to observe general
trends.  The electric fields were calculated using Macleod thin film software from a theoretical design.21  This information then
went into a transformation code for calculation of the heat generating terms needed for the finite-element thermal code
TOPAZ2D.22  The thermal results were then input into NIKE2D, a finite-element code for analyzing stresses.23 The
combination of this information is then used for modeling the multilayer failure.

Table 2 Materials properties used for the numerical calculations

Parameter Unit SiO2 HfO2 BK7
Thermal expansion coefficient (/K) 0.7×10-6 3.8×10-6 7.1×10-6

Thermal conductivity (W/m/K) 1.0 4.3 1.11
Young’s modulus (GPa) 21 76 82
Density (kg/m3) 2,500 9,680 2,510
Heat capacity (J/kg/K) 700 340 860
Poisson’s ratio - 0.17 0.27 (ZrO2) 0.21
Loss tangent S/m .03366 1.1956 -

Design 3 has some interesting features and is representative of the other designs and was therfore used for the theoretical
modeling.   The overcoat thickness had a significant impact on the electric-field profile in the multilayer as illustrated in
figure 5.  The electric field at the outer surface of the λ/7 overcoat was at a near minimum and the field is maximized in the
high index layers.  The λ/3 overcoat thickness maximizes the electric field at the outer surface of the overcoat and in the
coating.  The electric field in the λ/7 + λ/2 overcoat design behaves similarly to the λ/7 overcoat design with the exception
that the electric field is now maximized in the overcoat.

Calculations of the temperature differences and the significant impact of the electric field peaks in the HfO2 layers of the
coating is illustrated in figure 6.  The temperature difference is further amplified by the higher absorption and lower heat
capacity in the HfO2 layers than in the SiO2 layers.  These temperature differences
lead to stresses in the multilayer as observed in figure 7.  Here the small axial stress change (tensile in the outer SiO2 layers
at early times, compressive everywhere by t=20 ns) is overwhelmed in magnitude by the compressive in-plane stresses in the
outer HfO2 layers.  The severe mismatch in stresses at the layer interfaces is a result of a greater than 5× higher thermal
expansion coefficient of the HfO2 layers over the SiO2 layers.

The low damage threshold of the λ/3 overcoat can be understood by the high electric fields and thermally-induced stresses.
The presence of nodular defects will only enhance these effects and thus serve as damage initiation sites. 19-20  The modeling
results do not explain why delamination only occurs to the thinnest overcoat even though the stresses in the λ/3 overcoat
design are 4× greater than the other designs.  Also the stress profiles of the λ/7 and λ/7 + λ/2 overcoat designs are very
similar, yet delaminations do not occur in polarizers with the thicker overcoat and the functional damage thresholds are 2-4×
greater.  A possible explanation is that although the model is better than just a simple electric field analysis, it unfortunately
does not include a number of parameters that may have a significant impact on the stress profile.  The thicker overcoat is
undoubtedly a more mechanically rigid body requiring greater forces to delaminate it from the multilayer.  Additionally the
impacts of plasmas that modify the surface of the overcoat have not been included in the temperature profile of the overcoat.
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Fig. 5 Calculated electric-field distribution at “S” polarization in a Brewster’s angle polarizer with λ/7,  λ/3, and λ/7+ λ/2
thick overcoat at a 56° angle of incidence.  The fields are plotted for an input field intensity of 1 W/m2 measured
using a detector placed normal to the beam direction.
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Fig. 6 Calculated temperature distribution in the polarizer at 56° for λ/7,  λ/3, and λ/7+ λ/2 thick overcoat at the end of the
3-ns laser pulse for an incident fluence of 20 J/cm2.
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5.  SUMMARY

The damage morphology of a polarizer is significantly impacted by the presence of a SiO2 overcoat and the thickness of the
overcoat.  The functional damage threshold can be increased by 2-4× by adding an additional halfwave thickness to the 0λ and
λ/7 overcoat thickness designs.  Electric field, temperature difference, and stress gradient profiles are useful tools for
understanding some of the damage morphologies, but do not offer complete insight into the overcoat delaminations.  The
mechanical effects of increased overcoat thickness and the effect of plasmas on the overcoat clearly need to be measured for a
greater understanding of the resultant damage morphologies.
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