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In the pursuit of 1064 nm high-power laser resistance
dielectric coatings in the nanosecond region, a group of
HfO, /SiO, high reflectors with and without suture layers
were prepared on prearranged fused silica substrates with
femtosecond laser pits. Surface morphology, global coating
stress, and high-resolution cross sections were characterized
to determine the effects of substrate pit suturing. Laser-
induced damage resistance was investigated for samples
with and without suture layers. Our results indicate consid-
erable stability in terms of the nanosecond 1064 nm laser-
induced damage threshold for samples having a suture
layer, due to decreased electronic field (e-field) deformation
with simultaneous elimination of internal cracks. In addi-
tion, a suture layer formed by plasma ion-assisted deposi-
tion could effectively improve global mechanical stress of
the coatings. By effectively reducing the multilayer defor-
mation using a suture layer, electron-beam high-reflective
coatings, whose laser-induced damage resistance was not in-
fluenced by the substrate pit, can be prepared. © 2016
Optical Society of America

OCIS codes: (140.3330) Laser damage; (230.4040) Mirrors;
(240.0310) Thin films; (310.1860) Deposition and fabrication.
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Optical dielectric coatings have always played a significant role
in high-power laser systems. With good optical quality and a
relatively higher laser-induced damage threshold (LIDT),
HfO,/SiO, multilayer coatings prepared by electron-beam
(EB) evaporation were the first choice for the 1w laser facilities
such as the National Ignition Facility (NIF) [1], Megajoule [2],
and Shenguang [3]. Pulsed laser-induced damage to optical
thin film coatings in the nanosecond (ns) region has been
the object of continuous study in recent years [4]. For 1w laser
facility optics, one of the major limitations in preparing high
LIDT coatings is substrate structural defects, such as contami-
nation, particles, scratches, and pits [5-8]. For a rotating sub-
strate in an EB evaporation coater, the multilayer dielectric
coating growth exhibits a self-shadowing nature. Nodules origi-
nated from contamination and particle defects can be readily
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apparent on a given surface [8—10], but pit and scratch defects
are typically buried under the coating layers and cannot be
easily observed [11-13], especially on large-scale samples or
hydrofluoric acid-etched substrate before deposition. Nodule
defects could be recovered by a planarization coating process,
utilizing the defect-smoothing technology principles originally
developed for extreme ultraviolet lithography masks [14]. By a
discrete process of angle-dependent ion etching and unidirec-
tional ion-beam deposition, the planarization effect has been
shown to increase the laser resistance of 1w mirror coatings
above 100 J - cm™2. Substrate scratches and pits are also con-
sidered a primary damage source and have attracted the most
research attention in recent years [11-13]. However, scratches
and pits cannot be effectively eliminated by current planariza-
tion technologies.

In this Letter, we focus primarily on substrate pit suturing
during EB deposition. By depositing a suture layer between the
substrate and a functional coating, pit defects could be effec-
tively isolated. The LIDT of the coating on the prearranged
substrate pits could be improved because of decreased
deformation in the functional layers.

All the experiments were conducted on the same group of
fused silica substrates that were 50 mm in diameter and 5 mm
thick. We take a three-stage approach for the sample prepara-
tion, as listed in Table 1 and shown in Fig. 1. First, by using the
fabrication method described in Refs. [15,16], different-sized
pits were fabricated by 520 nm femtosecond laser pulses on
a substrate of samples A-1 and A-2, respectively. The pit size
was precisely controlled by femtosecond laser energy deposi-
tion. As measured by an atomic force microscope (AFM),
the prepared pit diameters (depths) were 2.6 pm (280 nm),
3.6 pm (350 nm), 4.2 pm (420 nm), 4.7 pm (490 nm),
50 pm (510 nm), 5.2 pm (540 nm), and 6.0 pm
(640 nm), respectively. Second, the A-2 substrate was coated
by a 4680 nm single layer of SiO, as the suture layer by plasma
ion-assisted deposition (PIAD) (voltage bias = 150 V) tech-
nology with an evaporation rate of 0.6 nm -s™! and a starting
pressure of 9 x 10~* mbar. Substrates without pits (B-1 and
B-3) were deposited by the same coating process as references.
Third, high-reflective (HR) coatings with a coating stack of
Sub/4L(HL)'"?H4L/A were prepared. Here, “Sub” denotes
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Table 1. Sample Coating Stack and Substrate
Arrangements

Sample Stack Formula” Substrate
A-1 4L(HL)2H4L With pit
A2 S4L(HL)'2H4L With pit
B-1 S4L(HL)"?H4L Without pit
B-2 4L(HL)"?H4L Without pit
B-3 S Without pit

“H” denotes HfO,, “L” denotes SiO,, and “S” denotes the 4680 nm suture
layer. The substrate is to the left of the first layer, and the air is to the right of the
last layer.

Q
Incident Material

Functional Layers

Incident Material

Functional Layers

Fig. 1. Schematic introduction of samples (a) without and (b) with
suture layer. The gray dashed lines denote the sample without pit (B-1
and B-2) and the solid outlines denote the sample with pit (A-1 and
A-2). The incident medium was air, and the suture layer was a PIAD
SiO,; layer. The thickness of the suture layer was D = 4, 680 nm.

the substrate and “H” and “L” denote HfO, and SiO,, respec-
tively. Both H and L had a quarter-wave optical thickness at a
reference wavelength of 1064 nm (H:138 nm, L:183 nm).
The coatings were deposited using Hf and SiO, as the starting
materials. The ambient pressure for both HfO, and SiO,
deposition was 2 x 1072 Pa. SiO, was deposited at a rate
of ~0.3 nm - s, and HfO, was deposited at a lower rate of
~0.09 nm -s7'. The refractive indices of HfO, and SiO, at
1064 nm are 1.912 and 1.449, respectively. The total physical
thickness of the functional coatings was 5440 nm. In addition,
sample B-2, having neither pits nor a suture layer, was evapo-
rated with HR coatings in the same coating chamber as a refer-
ence The transmissions of the A-1, A-2, B-1, and B-2 samples
(0°), which were lower than 0.5% at 1064 nm, were measured
by a spectrometer (Lambda 1050 UV/VIS/NIR, Perkin-Elmer)
with a transmittance measurement error of less than 0.08%.
The surface morphologies before and after HR coating dep-
osition were investigated by AFM, and the coating surface
roughness values with/without (B-2/B-1) a suture layer were
2.891 nm and 2.837 nm, respectively. Considering the uncer-
tainty in the RMS calculations, the difference between the
obtained surface roughness values is negligible. The suture layer
with PIAD scarcely influences the surface roughness of the
functional coatings in both the transverse and vertical direc-
tions. As shown in Fig. 2, the uncoated pit on substrate, coated
pit without suture layer, and coated pit with suture layer, are
shown in left-to-right order. The deformation in the functional
layer was effectively relieved and the surface pits were closed or
nearly closed. The effect of suturing had a direct correlation

with the pit size and depth.
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Fig. 2. (From left to right of each figure) AFM morphologies of
uncoated substrate pit, coated pit without suture layer (sample A-1),

and coated pit with suture layer (A-2) on sample of pit width of
(@) 2.6 pm, (b) 4.2 pm, and (c) 6.0 pm.

None of these samples showed cracking failure during and
after deposition. The surface shapes of our samples were char-
acterized, because thick EB coatings may have mechanical
shortcomings. The global mechanical properties of the refer-
ence samples B-1, B-2, and B-3 were characterized by a
ZYGO Mark III-GPI interferometer at 632.8 nm. All tests
were conducted at a relative humidity of 45 & 5% and temper-
ature of 22 & 2°C. Substrate radii before (R1) and after (R2)
deposition were used to calculate their coating stress (Gcoings)
utilizing Stoney’s equation [17,18]:

E, g (1 1
. — s . = . — -, 1
O'coatmgs 6(1 _ V,—) tf <R2 R1> ( )
f total — Ocoatings X Tlayer- (2)

Here, E; and v, denote the Young’s modulus and Poisson
ratio of the substrate, respectively, while #, and 7 represent the
thicknesses of the substrate and the film, respectively. £,/
(1 -v,) is the biaxial modulus of the film, which is equal to
86 GPa. Because the interface stress in our experiment was
too weak and could be ignored, the total force (f,,) of the
coatings can be defined using Eq. (2); the subsequent calcula-
tion results are shown in Table 2. The surface shapes of refer-
ence samples and the fused silica substrate were characterized
by an interferometer, as shown in Fig. 3. The PIAD suture layer
in sample B-3, which has a small pore size, has a packing den-
sity close to unity, leading to favorable compressive stress [17].
Samples B-1 and B-2 showed the same optical properties but
opposite mechanical stresses; here, the suture layer transforms
the functional layer surface shape from tension [Fig. 3(a3)] to
compression [Fig. 3(a2)]. With a relatively high preloaded com-
pressive stress, all coatings could endure a total coating thick-
ness of 10.2 pm with no apparent coating cracking failure.

Table 2. Global Stress of the Samples?®

Sample B-1 B-2 B-3
O coatin, s(MPa) -51.9 627 -200.4
F ol (x105 N/m) -52.5 34.1 -93.8

“Negative values are compressive stress, while positive values are tensile stress.
The statistical error of coating stress is less than 8%.
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Fig. 3. Surface shape of (al) substrate, (a2) B-1, (a3) B-2, and (a4)
B-3. The color scale was on the unit of wavelength of 4 = 632.8 nm.

As shown in Fig. 4, the scanning electron microscopy-
focused ion beam (SEM-FIB) results demonstrated that one
of the advantages of a suture layer is the decreased internal crack
density caused by multilayer deformation. We have previously
investigated the negative impacts of the internal cracks on laser
resistance in Ref. [13]. The substrate pit deformational effects
during deposition could be isolated by a suture layer. Due
to the fast planetary rotation of the substrate during EB
deposition, the difference in the deposition dynamic effects
on the pits with greater breadth-depth ratios can be ignored.
HfO, and SiO, multilayer growth could be considered syn-
chronous perpendicular to both the substrate surface and pit
sites. The pit was effectively flattened and the functional layer
remained continuously geometrical in the transverse direction.

The LIDT was adapted from ISO standard 21254 and in-
troduced in Refs. [19-21]. The 1-on-1 mode was used to evalu-
ate the laser resistance of the entire sample, and raster scanning
aimed at the pitted site was carried out to determine the laser
resistance of the artificial defect itself. The laser damage system

s

Fig. 4. (a) and (b) Cross section of nodule defect in B-1, originating
from the suture layers. Cross section of A-1 with coated pit sizes of
(c) 2.6 pm, (d) 4.2 pm, and (e) 6.0 pm. Cross section of A-2 above
sutured layer with pit sizes of (f) 2.6 pm, (g) 4.2 pm, and (h) 6.0 pm.
The red arrows indicate the internal crack in the coatings.
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utilized in this work has been described in detail elsewhere
[19,20]. Laser damage experiments were carried out using a
12 ns pulse from a 1064 nm Nd:YAG laser at a normal inci-
dence angle. The e spot diameters along the x and y axes were
both 416 pm [22]. Damage was judged by comparison of the
test area before and after laser irradiation on-line by a CCD
detector. For 1-on-1 laser damage testing, 20 sites for each
energy density were examined, and the morphologies of the
damaged site were recorded. LIDT was defined as energy
fluence of the incident pulse when the damage probability
was 0%. The raster scanning aimed at the pitted site was halted
either when more than 10 pits were damaged, or when cata-
strophic damage occurred [21]. The laser energy originated
from a specific fluence that was based on previous 1-on-1 ex-
periments, and gradually increased to the stop fluence by steps
of 5-7 J - cm™. The raster scanning region (10 mm x 10 mm)
of B-1 and B-2 was examined to ensure that no visible struc-
tural defects existed before laser irradiation, for ruling out their
influence on laser-resistance of the undeformed coatings.

The 1-on-1 LIDT of samples B-1 and B-2 were 64 J - cm™
and 85 J - cm™2, respectively. The reduction of the laser resis-
tance threshold for HR coatings with a suture layer was caused
primarily by the larger coating thickness, which increased the risk
of structure defect formation, like nodules. In fact, more nodule
ejection damage was noticed on B-1 after 1-on-1 mode laser
damage testing based on SEM-FIB observation. Based on FIB
observations, the nodule defects originated mostly from the su-
ture layer, as shown in Fig. 4(a), and led to the failure of the
coating at lower laser fluence. For the pitted sample A-1, the
1-on-1 laser-induced damage probability was strongly influenced
by both the pit size and the suture layer. However, A-2 had a
relatively stable LIDT. The pit site was not damaged, and nodule
ejection was the real bottleneck for improving the LIDT. In the
raster scanning mode, the impact of pit size on the laser resistance
of coatings with a suture layer was higher than for coatings with-
out a suture layer, as shown in Fig. 5. The laser damage resistance
was reduced as the pit size increased. Because the raster scanning
mode was utilized and aimed at the pitted area, the damage
results reflected the laser resistance of the pitted coating while
ruling out the influence of nodule ejection. Unfortunately, the
coating without a suture layer was seriously influenced in this
regard by the substrate pits’ size. The laser resistance of the
HR coatings on pits could go as high as the LIDT of the un-
deformational coating at a pit width of 2.6 pm, and reach a
lowest value of ~20 J - cm™ at a pit width of 5.2 pm. The dam-
age results of raster scanning showed that substrate pit defects
could be effectively isolated by using suture layers.

The laser-induced damage of thermal-mechanical failure at
1064 nm was induced primarily by localized electronic field

Laser-resistance in raster scan

0 26 36 42 47 50 52 60
Pit-size (um)

Fig. 5. Laser resistance in raster scanning mode of A-1, A-2, B-1,
and B-2 samples.
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Fig. 6. Normalized e-field distribution calculated in (a) B-1 and
B-2, and likewise with A-1 having coated pit sizes of (c) 2.6 pm,
(d) 4.2 pm, and (e) 6.0 pm, and A-2 with pit sizes of (f) 2.6 pm,
(g) 4.2 pm, and (h) 6.0 pm.

(e-field) enhancement [23,24]. We investigated the depend-
ence of the e-field enhancement on the pit size. The e-field
distributions on the pitted sites were simulated using the finite
element method, over a rectangular and 2D simulation
domain. For the e-field simulation, to obtain accurate results,
the rectangular simulation domain was gridded with suffi-
ciently small spaces to ensure that there were at least 10 meshes
per wavelength. Furthermore, periodic boundary conditions
were applied in the x-direction, and perfectly matched layer
boundary conditions were applied in the y-direction. The sim-
ulation was performed using a 1064 nm plane wave as the in-
cident field, as shown in Fig. 6. For the undeformed coating
samples (B-1 and B-2), their e-field distribution has a topical
feature nearly coincident, as shown in Fig. 6(a). The position of
the highest e-field value in these coatings lies in the surface
layers, namely, the overcoat and the first HfO, /SiO, deposi-
tion period. The surface layers are easily damaged when the
e-field distribution severely deviates from the designed ones,
because it suffers the most laser fluence deposition during laser
irradiation. The deformational coating changes the e-field dis-
tribution, and the laser resistances of the coatings are inversely
proportional to the e-field enhancement. For samples A-1 and
A-2, we extracted the reflective index profiles by image process-
ing with SEM-FIB figures and calculated the actual e-field dis-
tribution, as shown in Fig. 5. For A-1, the deformed functional
layer could be equivalent to a microscale concave mirror, where
the light was focalized on the axes along the groove bottom.
The light intensification occurred in the coating surface, espe-
cially at the air/coating interface, whose e-field intensity was de-
signed as 0. However, for A-2, the light intensification was not as
obvious as A-1 because the suture layer relieved the geometrical
deformation in the functional layers. Though the deformation
did not completely vanish, the suture layer could lower the
probability of damage induced by e-field intensification.

In conclusion, a suture layer formed using PIAD was intro-
duced into HR coating deposition to isolate the impact of sub-
strate pit defects. The suture layer also effectively controlled the
global stress in instances of coating cracking failures. The cross
section results determined by SEM-FIB demonstrated internal
crack elimination. The laser resistance of the pitted region was
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not related to the pit size. The numerical calculation of e-field
distribution showed that a suture layer effectively decreases the
e-field value of the surface layer of HR coatings. Though the
laser resistance was partly influenced by nodule defects intro-
duced by the PIAD process, coating techniques involving su-
ture layers is still a promising way to improve the laser damage
performance of surfaces, especially for substrates having low
surface quality. The suturing layer could be used for smoothing
the substrate pit geometrically and lower the probability of
damage induced by e-field intensification.
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