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Ta2 O5 ∕SiO2 high reflection (HR) interference coatings for λ ∼ 1 μm offer superior performance at high irradiance conditions. However, these coatings are not good candidates for high peak power conditions in comparison to HfO2 ∕SiO2 multilayer stacks. Here we show that the modification of the top layers design of a quarter wave
Ta2 O5 ∕SiO2 high reflector leads to 4–5 fold increase in the laser damage fluence compared to a quarter wave
Ta2 O5 ∕SiO2 15 when tested at λ  1.03 μm using pulse durations of 0.19 and 4 ns and peak power densities of
43.5 and 216 GW∕cm2 . One of the designs achieved a laser damage threshold fluence of 174 J∕cm2 at 4 ns,
which is 10% higher than that of a HfO2 ∕SiO2 quarter wave design. © 2016 Optical Society of America
OCIS codes: (310.1620) Interference coatings; (310.6860) Thin films, optical properties; (230.4170) Multilayers; (140.3330) Laser
damage.
https://doi.org/10.1364/AO.56.00C136

1. INTRODUCTION
Ta2 O5 ∕SiO2 high reflection (HR) interference coatings are
ubiquitous in the architecture of near infrared high average
power lasers. Ta2 O5 ∕SiO2 HRs are also critical coating components in the mirrors of gravitational wave interferometers [1]
and in grating compressors in the 1ω beam line at the National
Ignition Facility [2,3]. When Ta2 O5 ∕SiO2 multilayer stacks
are grown by physical vapor deposition, coatings with absorption and scattering losses in the few to tens of parts per million
and very low stress can be realized. Although Ta2 O5 ∕SiO2 HRs
are capable of withstanding irradiances much greater than 1
MW∕cm2 , they perform poorly at high peak power conditions
at wavelengths near 1 μm. For high peak power applications, it
would be highly desirable to keep the low stress, low absorption
and scattering loss of Ta2 O5 ∕SiO2 HRs and to increase laser
damage performance to the level of HfO2 ∕SiO2 HR multilayer
stacks, which are the most broadly used for these applications.
In this paper, we describe different strategies in the design of
Ta2 O5 ∕SiO2 HR coatings deposited by ion beam sputtering
that led to a ∼5 × improvement of the laser damage threshold
when tested at λ  1.03 μm at pulse durations of 0.19 and
4 ns. At a pulse duration of 4 ns, the modified Ta2 O5 ∕SiO2
coating outperforms a quarter wave HfO2 ∕SiO2 HR.
1559-128X/17/04C136-04 Journal © 2017 Optical Society of America

Design strategies are based on two distinct approaches:
(1) modifications to the standing wave electric field distribution
and (2) modifications in the coating design to incorporate
thicker (3∕4λ) SiO2 layers for increased mechanical and thermal stability. The importance of the standing wave electric
field distribution within the coating has been previously established in the short pulse regime. Apfel have derived a structure with thinner high index layers, reducing the peak electric
field in the more damage-susceptible high index material by
33% and shifting the peaks in the standing wave distribution away from the material interfaces [4]. Such a design has
been previously tested with 30 ps pulses at λ  1064 nm,
in TiO2 ∕SiO2 stacks where the threshold was increased by a
factor of 2.6 higher than a quarter wave design [5]. Evidence
of increased thermo-mechanical stability and the relation to
laser damage initiation has been demonstrated by Stolz et al,
where an added λ∕2 SiO2 layer provided a 4-fold increase in
the 3 ns laser induced damage threshold (LIDT) of HfO2 ∕SiO2
Brewster’s angle polarizers at λ  1064 nm [6]. These improvements were associated with a much lower thermal expansion
coefficient of SiO2 compared with HfO2 and to differences in
the heat dissipation between the two materials that create a
thermal and stress profile that affects laser damage. The use of
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a λ∕2 SiO2 top layer is customary in commercially available
multilayer dielectric coatings.
2. EXPERIMENTAL DETAILS
HR interference coatings were deposited on superpolished
fused silica substrates with a Veeco Spector ion beam sputter
deposition system. The accelerating voltage of the Ar beam
was set at 1250 V, and the current was 600 mA. No ion assisting or post annealing procedures were performed. The growth
parameters for each material were selected to achieve stoichiometric films with low defect densities based on our previous
research [7,8]. High reflectors (HR) were designed with a
center wavelength of 1030 nm. Several modifications were
made to the base coating structure consisting of 15 quarter
wave stack layers, Ta2 O5 ∕SiO2 15 . In all of the modified designs, Ta2 O5 is replaced with HfO2 in the top high index layers
where the standing wave electric field is most intense. This
design takes advantage of the superior optical properties of
Ta2 O5 , while utilizing higher damage threshold HfO2 in
the more damage-susceptible top layers. At the fourth high index layer, the electric field in the high index material reaches the
1∕e point; thus, these top layers have a dominating effect on the
laser damage threshold. In combination with this design, another structure with reduced thickness high index top layers
was deposited, a technique derived from Apfel [4]. A final
modified design employs an added λ∕2 SiO2 overcoat and
3λ∕4 SiO2 top layers to improve the mechanical stability of
the HR coating. For comparison, a reference quarter wave
HfO2 ∕SiO2 15 stack was also fabricated. Figure 1 displays
the coating designs along with the standing wave electric field
distribution in each structure calculated using Essential
Macleod software.
Normal incidence transmission was measured with a Horiba
UV-Vis spectrophotometer operating at λ  190–1100 nm to
confirm a reflectivity greater than 99% at the designed center

Fig. 2. Atomic force micrographs displaying the surface morphology and RMS surface roughness for each sample. Displayed micrographs are 5 × 5 μm. The corresponding absorption loss is listed.

wavelength of λ  1.030 μm. The surface of the structures was
inspected with a Novascan ESPM 3D atomic force microscope
(AFM). The root mean squared (RMS) roughness was taken
from 5 × 5 μm scan areas. The Ta2 O5 ∕SiO2 quarter wave
surface exhibits an RMS roughness of 3.2 Å, nearly half that
of the 6 Å RMS measured for the superpolished fused silica
substrate. The HfO2 ∕SiO2 structure has an RMS roughness
of 25 Å, eight times larger than the Ta2 O5 ∕SiO2 structure.
The surface roughness of all modified designs is less than half
that of the HfO2 ∕SiO2 structure. This indicates the excellent
surface and film smoothness and uniformity obtained when using Ta2 O5 as a high index material. AFM images of the surface
morphology of the different HR structures are shown in Fig. 2.
The absorption loss of the HR coatings at 1.064 μm determined from photothermal common path interferometry [9]
is also summarized in Fig. 2.
Laser damage measurements were performed utilizing a Yb:
YAG chirped pulse amplification laser system [10,11]. This system begins with 300 fs pulses from a Yb:KYW oscillator that
were stretched to 0.19 ns and sent through a 100 Hz repetition
rate Yb:YAG regenerative amplifier. Then, an amplification
stage consisting of a cryogenically cooled Yb:YAG thick disk
amplifier in an active mirror configuration was used to amplify
these pulses to several tens of millijoules [12]. Pulses of 4.4 ns
duration were obtained by operating the regenerative amplifier
as an unseeded Q-switched, cavity-dumped oscillator. The
LIDT fluence was obtained following the ISO-21254 protocol
in a 100-on-1 configuration. Laser pulses were focused to a
∼100 μm full width at half-maximum focal spot size while
events were detected from the scatter of an incident HeNe
laser and confirmed through post-inspection using a Nomarski
microscope with a 100 × objective. The damage onset, 0%,
and the 50% damage probability were obtained from a linear
fitting of the damage probability curves.
3. RESULTS AND DISCUSSION

Fig. 1. HR top layer design with the standing wave electric field
distribution obtained from Essential Macleod software for an incident
intensity of 1 W∕m2 at λ  1.03 μm. Red, blue, and white regions
identify HfO2, Ta2 O5 , and SiO2 , respectively.

Figure 3 shows the 0% and 50% probability LIDT fluence for
the different coating designs for (a) 4 ns and (b) 0.19 ns. When
testing with 4 ns pulses, it was found that the combination of
replacing the top three Ta2 O5 layers of the base coat HR structure with HfO2 and using ¾λ SiO2 layers achieves the highest
LIDT performance, with a LIDT fluence of 174 J∕cm2 , that is,
4.5 × higher than the base coat Ta2 O5 ∕SiO2 15 . The peak
intensity in these tests was 43.5 GW∕cm2 . As shown in
Fig. 3, this design outperforms by 10% the LIDT of the
HfO2 ∕SiO2 HR quarter wave stacks. The other designs also
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Fig. 4. Normaski microscope images of damage morphologies for
the HfO2  SiO2 and HfO2 ∕SiO2 structures at pulse durations
of 4 ns (a, b) and 0.19 ns (d, e), respectively. (c, f ) Higher magnification images of the coatings damage region.

Fig. 3. Measured 0% LIDT (colored) and 50% damage probability
fluence (shaded) for each structure at (a) 4 ns and (b) 0.19 ns pulse
durations using a 100-on-1 test.

showed improvements in the LIDT of over 2 × , in comparison
to the base coat structure Ta2 O5 ∕SiO2 15 . Previous experiments have investigated the LIDT of Ta2 O5 ∕SiO2 quarter
wave stacks, obtaining 55 J∕cm2 when irradiated with 5 ns
pulses at 1064 nm wavelength [13]. HfO2 ∕SiO2 HR designs
operating at 1064 nm wavelength have achieved an LIDT as
high as 105 J∕cm2 at 3 ns pulse duration [14], similar to those
reported here. Others have used HfO2 to replace the top three
Titania layers in a TiO2 ∕SiO2 quarter wave stack, where the
modified structure exhibited a LIDT fluence of 39.6 J∕cm2
LIDT when tested at λ  1.064 μm, 12 ns source, which is
a nearly 60% increase from the TiO2 ∕SiO2 quarter wave reference structure [15]. In previous work, we have also shown a
50% increase in the LIDT of quarter wave Ta2 O5 ∕SiO2
HRs using a strategy whereby the top three layers of Ta2 O5
were replaced by Y 2 O3 or HfO2 [8]. It is important to point
out that the design with the electric field modified (HfO2 
E-field) does not offer any clear advantages in terms of damage
performance compared with the HfO2 design when tested
with a 4 ns source.
The LIDT behavior of the base coating design Ta2 O5 ∕
SiO2 15 HR and the modified designs determined at pulse
durations of 0.19 ns and a peak intensity of 216 GW∕cm2
are shown in Fig. 3(b). Under these test conditions, an increase

of ∼4× in the LIDT of the modified designs compared to the
base coat design is measured. These improvements in LIDT are
significant, suggesting that the LIDT performance is dominated by the top layers in the structure. The best performing
design has a LIDT fluence that is ∼30% lower than the LIDT
of the quarter wave HfO2 ∕SiO2 HR. An observation drawn
from the results of Fig. 3 reveals that the scaling of the
LIDT fluence with the pulse duration is not the same for all
structures, and furthermore, it does not follow he square root
behavior expected when thermal damage dominates [16].
Damage morphologies for the HfO2 ∕SiO2 and HfO2 ,
SiO2 structures at a fluence near the LIDT are displayed in
Fig. 4 for 4 ns and 0.19 ns pulse durations. The morphologies
of the two pulse durations look similar. Each damage site exhibits a central region where the coating has been completely
ablated, revealing the fused silica substrate. This crater transitions to a series of visible rings revealing the ablated layers of the
coating. In each case, the number of rings is equivalent to the
number of bilayers in the design. Further yet, from the center of
the crater there is a discolored region, which, in the case of the
nanosecond tests, shows ripple formations. These are attributed
to the intense shockwave the multilayer experiences during
plasma formation. One such investigation into the dynamics
of laser induced damage has estimated that nearly 52% of absorbed radiation is dissipated through shockwave-propagation
[17]. Damage is initiated in the top layers of the coating where
the electric field intensity is maximum. The added SiO2 enhances the mechanical stability of the top layers by reducing the
peak thermal induced strain.
In summary, we have shown that Ta2 O5 ∕HfO2 ∕SiO2 HR
interference coatings designed for normal incidence at λ 
1.030 μm achieved a 4–5 fold increase in the LIDT tested
at 0.19 and 4 ns when the top layer of the base coat consisting
of a Ta2 O5 ∕SiO2 quarter wave stack is replaced by HfO2 top
layers. The incorporation of 3λ∕4 SiO2 low index layers near
the coating/air interface is very effective at increasing the
LIDT, likely due to improved mechanical-thermal properties of
the structure, as previously shown [6]. At 4 ns pulse duration,
this modified structure exhibits a LIDT of 174 J∕cm2 , higher
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than a HfO2 ∕SiO2 quarter wave reference structure. While laser
damage testing results can be difficult to compare, this LIDT
value is amongst the highest values reported in the literature.
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