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Abstract
Various coatings in high-power laser facilities suffer from laser damage due to nodule defects. We propose a nodule dome
removal (NDR) strategy to eliminate unwanted localized electric-field (E-field) enhancement caused by nodule defects,
thereby improving the laser-induced damage threshold (LIDT) of laser coatings. It is theoretically demonstrated that the
proposed NDR strategy can reduce the localized E-field enhancement of nodules in mirror coatings, polarizer coatings
and beam splitter coatings. An ultraviolet (UV) mirror coating is experimentally demonstrated using the NDR strategy.
The LIDT is improved to about 1.9 and 2.2 times for the UV mirror coating without artificial nodules and the UV mirror
coating with artificial nodule seeds with a diameter of 1000 nm, respectively. The NDR strategy, applicable to coatings
prepared by different deposition methods, improves the LIDT of laser coating without affecting other properties, such as
the spectrum, stress and surface roughness, indicating its broad applicability in high-LIDT laser coatings.
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1. Introduction

Laser coatings are one of the key components in laser
systems, such as inertial confinement fusion lasers, ultra-
intense and ultra-short lasers and high-energy lasers[1–4].
Many coatings used in ultraviolet (UV) to near-infrared
(NIR) lasers, including mirror coatings[5–7], polarizer coat-
ings[8,9] and beam-splitting coatings[10,11], suffer from laser
damage due to nodule defects. Nodule defects grow from
particles on the substrate surface and/or particles gener-
ated during the coating deposition process into inverted
cones with domed tops[12–14], resulting in unwanted local-
ized electric-field (E-field) enhancement and coating layer
discontinuities[6,15,16]. The reported micro-lens model and
angular-dependent transmission model suggest that localized
E-field enhancement can lead to nodule ejection under laser
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irradiation[17,18]. Although several works have been devoted
to eliminating nodules[19–21], nodules are unavoidable in laser
coatings. Traditionally, laser conditioning[22,23] and nodule
planarization[24] methods are used to reduce the adverse
effects of nodule defects. However, laser conditioning pro-
duces plasma scalds and nodule-ejected pits[25], requiring
a trade-off between the laser-induced damage threshold
(LIDT) and the surface quality of the coating; nodule pla-
narization is limited to ion-beam sputtering deposition, not
e-beam evaporation – a technique especially suitable for
large, high-power laser optics.

Here, we propose a nodule dome removal (NDR) strategy
to eliminate the unwanted localized E-field enhancement
caused by nodule defects, thereby improving the LIDT
of laser coatings. First, the reduction of localized E-field
enhancement in mirror coatings, polarizer coatings and
beam-splitter coatings by removing nodule domes is theoret-
ically investigated using the finite-element method (FEM)[7].
Then, a UV laser mirror coating with artificial nodule seeds
is prepared, and nodule domes are experimentally removed
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by the NDR process. As we will show, this NDR strategy can
reduce the localized E-field enhancement and improve the
LIDT of laser coatings without degrading other properties
of the coating, such as the spectrum, stress and surface
roughness. We believe that our NDR strategy can benefit
various laser coatings prepared by different deposition
techniques.

2. Simulation

The E-field distributions of nodules without domes in a
mirror coating (HR), a polarizer coating (POL) and a plate
laser beam splitter coating (PLBS) are investigated by FEM
simulation. For comparison, the E-field distribution of nod-
ules with domes in the corresponding coatings is calculated.

The design structures and theoretical reflectance spectra of
the coatings are shown in Table 1 and Figure 1(a), respec-
tively. The geometry of the nodule used for FEM simulation
is described by D = sqrt(4dt)[26], where D is the diameter of
the nodule dome, d is the diameter of the spherical seed and
t is the depth of the seed, as shown in Figure 1(b). Here, d is
set to 550 nm in all coatings, and t and D are calculated and
listed in Table 1.

The E-field distributions of nodules with and without
domes in HR, POL and PLBS coatings are compared in
Figure 1(c). For all coatings, the localized E-field enhance-
ment is significantly reduced in nodules without domes
compared to nodules with domes, especially in the high
refractive index (n) layer, which is more prone to damage
under laser irradiation due to its relatively smaller band

Table 1. Design structures of the coatings.

Sample Design structure Reference Refractive index (n) t (nm) D (nm)wavelength (nm) nH nL
HR Substrate |2L1(H1L1)18H18.15L1|Air 1187 1.653 1.437 9224 4505
POL Substrate |2L2(H2L2)70.5H2L20.5H2L2 (H2L2)7 1064 2.030 1.438 6002 3634

0.45H23.5L2|Air
PLBS Substrate |2L3H3L3H32L3|Air 1187 1.834 1.437 1356 1727

Note: Hi and Li represent the high-n layer and low-n layer with a quarter-wavelength optical thickness (QWOT) at the reference
wavelength, respectively.

Figure 1. (a) Theoretical reflectance spectra of a mirror coating (with an incident angle of 45◦), a plate laser beam splitter coating (with an incident angle
of 45◦) and a polarizer coating (with an incident angle of 57◦). (b) Geometry of the D = sqrt(4dt) nodule. (c) Simulated E-field distributions for the nodules
with and without domes (with an incident light with a wavelength of 1064 nm). The inset shows the E-field distribution in high-n layers, and the peak E-field
intensity values are given.
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gap[27]. The maximum E-field intensity in the high-n layer is
shown in the inset of Figure 1(c). Simulation results show
that the proposed NDR strategy can reduce the localized
E-field enhancement of nodules in various coatings. The
NDR strategy may be a good solution to improve the LIDT
of coatings with initial damage closely related to nodule-
induced E-field enhancement.

3. Experimental details

3.1. Preparation of artificial nodules

Spherical nodule seeds with diameters of 200, 550, 750 and
1000 nm are pre-planted on the surface of BK7 substrates
using the following steps. First, the seeds are dispersed in
anhydrous ethanol for 15 minutes by ultrasonic treatment.
Next, the ethanol suspension is heated to 60◦C and left
to stand for 10 minutes. Then, the substrate is immersed
vertically in the ethanol suspension for 1 minute. Finally,
the substrate is removed from the ethanol suspension and
the liquid is quickly blotted from the edge of the substrate
with a cleanroom wiper. Here, the nodule seeds with a
diameter of 200 nm are gold particles, while the nodule seeds
with other diameters are monodisperse silica. For the mirror
coating used at an angle of incidence of 45◦ in this work, no
matter whether the seeds are gold particles or silica spheres,
the E-field distribution at the nodule defects shows little
difference. A nodule areal density of 30–50 mm–2 is achieved
by adjusting the concentration of the ethanol suspension
containing silica or gold microspheres, resulting in nodules
under each laser shot when performing LIDT measurement.

3.2. Preparation of mirror coatings

A UV mirror coating consisting of alternating Al2O3–HfO2

mixture layers and SiO2 layers is deposited by electron-

beam (e-beam) evaporation. The Al2O3–HfO2 mixture layer
is deposited by dual-source e-beam co-evaporation of Al2O3

and metal Hf. All coating interfaces are co-evaporated inter-
faces described elsewhere[5]. Prior to deposition, the coating
chamber is heated to 200◦C and evacuated to a base pressure
lower than 5 × 10–4 Pa. The deposition rates of Al2O3

and HfO2 in the mixture layer are 0.07 and 0.03 nm/s,
respectively. The SiO2 layer is evaporated from SiO2 at a
deposition rate of 0.20 nm/s. The oxygen pressures for the
deposition of Al2O3–HfO2 mixture and SiO2 layers are 1.8 ×
10–2 and 5 × 10–3 Pa, respectively.

3.3. Nodule dome removal process

The NDR process consists of six steps, as shown in Figure 2.
Step 1 is cleaning. The polishing pad – a single-side pol-
ished silicon wafer with a root-mean-square (RMS) surface
roughness less than 0.5 nm – is ultrasonically cleaned with
deionized water for 5 minutes to obtain a clean polishing
surface. Step 2 is wetting. Anhydrous ethanol is added to
the polishing pad, and the ethanol diffuses rapidly due to
its excellent wettability with the silicon wafer. Step 3 is main
polishing. The coating is placed on the polishing pad to form
a uniform ethanol liquid film between the pad surface and
the coating surface. The coating is pushed to rotate at a
constant speed on the surface of the polishing pad. During
the rotation process, the liquid film is gradually thinned, the
gradually increasing capillary force[28] between the coating
and the polishing pad acts as a normal load and the nodule
dome is gradually polished by friction[29]. Step 4 is cleaning.
The polishing pad is ultrasonically cleaned while rinsing
the coating surface with deionized water for 5 minutes to
partially remove the debris generated in step 3. Step 5 is fine
polishing. The coating is placed on the polishing pad and
pushed to rotate in a flowing deionized water environment
for 5 minutes to remove residual debris. Step 6 is drying.

Figure 2. Schematic illustration of the proposed NDR process. (a) A nodule defect without and with the NDR process. (b) The six steps of the NDR process.
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The coating is dried with a lamp. In the proposed NDR
process, anhydrous ethanol is used instead of the polishing
powder used in traditional polishing methods[30,31], thus
avoiding possible surface scratches to the coating.

3.4. Characterization of mirror coatings

The transmittance spectrum of the coating is measured
by a spectrometer (Lambda 1050 UV/VIS/NIR, Perkin-
Elmer), and the reflectance spectrum is calculated from
the transmittance data, neglecting absorption. The RMS
roughness is characterized by an atomic force microscope
(AFM, Veeco Dimension-3100) in tapping mode with a
scan area of 5 µm × 5 µm. The sample surface profile
of the coating is characterized by an optical interferometer
(ZYGO Mark III-GPI) in a controlled environment with
a temperature of 23◦C ± 1.5◦C and relative humidity of
45% ± 5%. The surface and cross-section morphologies
of the coating at the nodules are obtained by a focused

ion-beam scanning electron microscope (FIB-SEM, Carl
Zeiss AURIGA CrossBeam). The one-on-one LIDT
measurement is performed by the method described in the
ISO 21254 standard, using an s-polarized 3ω Nd:YAG laser
with a pulse width of 8 ns and an angle of incidence of 45◦.
The effective beam size on the sample surface is about
0.30 mm2, and 15 sites are tested for each laser fluence.

4. Results and discussion

4.1. Properties of UV mirror coatings without and with the
NDR process

A UV mirror coating with a layered structure of sub-
strate/2L(ML)18M8.15L/air is designed to achieve an s-
polarized reflectance higher than 99.5% at 355 nm at an
angle of incidence of 45◦. M and L represent Al2O3–HfO2

mixture and SiO2 layers with a quarter-wavelength optical
thickness (QWOT) at 395 nm, respectively. The atomic

Figure 3. Morphologies and optical properties of mirror coatings without and with the NDR process. (a) SEM characterized morphologies of the nodule
domes with different polishing times. (b) AFM characterized morphologies of the mirror coating with different polishing times. (c) Residual height of the
nodule dome versus polishing time. (d) RMS roughness, (e) reflectance spectra (measured at an incident angle of 45◦, s-polarized light) and (f) surface figure
of the mirror coating without and with the NDR process. Error bars in (c) and (d) describe the values measured at different areas of the coating.
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content ratio of Al and Hf in the Al2O3–HfO2 mixture layer
is about 2.28:1. The n values of M and L at 395 nm are 1.709
and 1.459, respectively.

The surface morphologies of the nodules (seed diameter:
550 nm) after different polishing times are shown in Figures
3(a) and 3(b). The polishing time here and later refers to
the main polishing time of step 3 in the NDR process. For
nodules before the fine polishing step (step 5), debris of the
nodule dome is observed near the nodule, and most of the
debris can be removed by step 5 (Figure 3(a)). The height of
the nodule dome is reduced from approximately 540 nm to
53 ± 8 nm after a polishing time of 10 minutes. Figure 3(c)
shows the residual height of the nodule dome as a function of
polishing time. The effect of the NDR process on the surface
roughness, spectrum and surface figure of the mirror coating
is studied by using a mirror coating without artificial nodule
defects. RMS roughness (Figure 3(d)) of the mirror coating
does not show a significant change within the polishing time
we investigated. After polishing for 10 minutes, no obvious
changes are observed in the reflectance spectrum (Figure
3(e)) or surface figure (Figure 3(f)) of the mirror coating.

4.2. Laser-induced damage threshold of mirror coatings

The laser damage probabilities of the mirror coatings with-
out the NDR process as a function of input laser fluence
are compared in Figure 4(a). For the mirror coating with
artificial nodule seeds with a diameter of 200 nm, the damage
probability is close to that of the mirror coating without
artificial nodules. As the nodule seed diameter increases,

the LIDTs of the mirror coating decrease. The laser damage
probability curves of the mirror coatings without and with
the NDR process are compared in Figures 4(b)–4(f). Mirror
coatings with an artificial nodule seed diameter more than
or equal to 550 nm and without the NDR process show
a damage probability curve that can be explained by the
presence of one type of defect. Other mirror coatings show
a damage probability curve that can be explained by the
presence of two types of defects with different LIDTs. The
model developed by Krol et al.[32] is used to extract the defect
parameters. If we assume the existence of one class of defects
in mirror coatings with artificial nodule seed diameters more
than or equal to 550 nm and without the NDR process,
and assume the existence of two classes of defects in other
mirror coatings, we obtain the results shown in Table 2. Here,
Di, Ti and �Ti represent the area defect density (integrated
over the thickness), LIDT and the standard deviation of
the LIDT, respectively. Overall, the LIDT of the mirror
coatings is improved by about 1.6–2.2 times after adopting
the NDR process. Among them, the LIDTs of the mirror
coating without artificial nodules and the mirror coating
with artificial nodule seeds with a diameter of 1000 nm are
improved by about 1.9 and 2.2 times, respectively.

4.3. E-field intensity distributions and laser-induced
damage morphologies

For coatings with artificial nodule seed diameters more than
or equal to 550 nm and no NDR process, only nodule-related

Figure 4. Laser-induced damage probability. Single-pulse damage probability as a function of the input fluence for (a) all mirror coatings without the NDR
process, mirror coatings deposited on substrates with (b) no artificial nodule defects and artificial nodule defects with seed diameters of (c) 200 nm, (d)
550 nm, (e) 750 nm and (f) 1000 nm. Error bars describe the relative error of damage probability, including sample-to-sample uncertainty, measurement
error of the laser spot area and fluctuations in laser energy[33].
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Table 2. Extracted defect parameters of mirror coatings without and with the NDR process.

Seed diameter (nm) d1 (mm−2) T1 (J/cm2) �T1 (J/cm2) d2 (mm−2) T2 (J/cm2) �T2 (J/cm2)
A B A B A B A B A B A B

0 5.4 3.8 3.5 6.5 1.0 1.0 23.0 11.0 7.8 9.8 2.0 2.0
200 6.0 4.2 3.6 6.4 0.8 0.8 33.0 14.0 8.1 9.5 2.0 2.0
550 38.0 4.1 3.3 5.4 0.7 0.7 22.0 9.3 2.0
750 41.0 4.6 2.6 4.2 0.5 0.5 35.0 9.0 2.0
1000 43.0 4.3 1.8 3.9 0.5 0.5 42.0 7.8 2.0

Note: A and B represent mirror coatings without the NDR process and mirror coatings with the NDR process, respectively.

damage morphology is observed, which is consistent with
the defect parameters extracted in Table 2. For coatings with
an artificial nodule seed diameter of 550 nm and no NDR
process, typical damage morphologies under different input
laser fluences are shown in Figure 5. The E-field distribution
at the nodule is investigated by FEM simulation to study
the laser-induced damage mechanism. An FIB-characterized
cross-sectional image of the nodule in the mirror coating is
used as input for simulation. The boundary between the nod-
ule and the surrounding coating is often discontinuous due
to self-shadowing effects, and the discontinuity increases
with increasing seed diameter. The boundary discontinuity
is ignored when we extract the nodule geometry from the
measured cross-sectional images. The residual height of the
nodule dome in the simulation is 50 nm, which is close to
the residual height of the nodule dome in the experimental
samples. An s-polarized light with a wavelength of 355 nm
illuminates the mirror coating at an angle of incidence

of 45◦, and the direction of incident light is illustrated in
Figure 5. For an illumination fluence near the LIDT, damage
occurs in the top-right of the nodule (Figure 5(f)), on the
side opposite to the direction of the incident light. The FEM
simulation shows that in the top region of the nodule, there is
an E-field enhancement in the left-hand side of the outermost
low-n layer and in the right-hand side of the neighbouring
high-n layer. Although the E-field enhancement of the low-n
layer is higher, the high-n layer with enhanced E-field is more
prone to damage under laser irradiation due to the smaller
band gap of the high-n material. Two localized peak E-field
intensity values in high-n layers are given in Figure 5(e).
The damage morphology shows traces of material melting,
indicating that considerably high temperatures are generated
during the laser-induced damage process, and the resulting
high tensile stress leads to micro-cracks. At higher input
laser fluence, the top few layers of the nodule are lifted
(Figure 5(g)). With a further increase in laser fluence, the

Figure 5. Morphologies of nodules (seed diameter: 550 nm) in the coating without the NDR process. (a) Surface and cross-sectional morphologies of
a nodule. Surface and cross-sectional morphologies at the nodules after laser irradiation with fluences of (b) 2.8 J/cm2, (c) 3.9 J/cm2 and (d) 5.6 J/cm2.
(e) The E-field intensity distribution in high-n layers. (f)–(h) Schematic diagram of the simulated damage morphologies for increasing laser fluence.
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entire nodule is ejected. Micro-cracks are also observed in
the middle of the right-hand boundary of the nodule (Figure
5(h)).

For coatings with the NDR process, two morphological
features are observed. One morphological feature is related
to nodules observed at fluence slightly higher than the
LIDT. The second morphological feature, a flat-bottom pit
unrelated to the nodule, is observed as input laser fluence
increases. Figure 6 shows typical damage morphologies of
nodules (seed diameter: 550 nm) in coatings with the NDR
process. The E-field distribution and the peak value in high-
n layers are given in Figure 6(e). The peak value in high-
n layers of the nodule with the NDR process is smaller
than that of the nodule without the NDR process, and the
E-field enhancement area within the nodule with the NDR
process is smaller. Consequently, the coating with the NDR
process shows improved damage resistance compared with
the coating without the NDR process. The initial damage
starts from the top-left of the nodule, and the damaged area
and depth increase with the laser fluence (Figures 6(f)–6(h)).

The E-field distribution and damage morphology of nod-
ules (with different seed diameters) in coatings without and
with the NDR process are compared in Figure 7. Overall,
for coatings without the NDR process, the localized E-field
enhancement is mainly concentrated in the top region of the
nodule and the middle region of the right-hand boundary
of the nodule (as highlighted in Figure 7(a)), and the peak
E-field intensity value at the nodule increases with increasing

seed diameter. For the coating with the NDR process, the
localized E-field enhancement at the nodule is obviously
reduced (Figure 7(c)), especially in high-n layers of the nod-
ule (both the peak value and the E-field enhancement area
within the nodule are smaller). The peak E-field intensities
of nodules in coatings without and with the NDR process are
compared in Table 3.

Typical damage morphology of nodules in coatings with-
out the NDR process shows that most of the layers in
the nodule area are ejected along the nodule boundary
under laser irradiation. Micro-cracks are observed in the
middle region of the right-hand boundary of the nodule
(as highlighted in Figure 7(b)), corresponding to the E-field
enhancement region in the FEM simulation. Nodules with
a seed diameter of 200 nm present unique differences in
damage morphology, with several layers damaged in the
top-right region of the nodule, which is consistent with the
E-field enhancement region. Typical damage morphology
of nodules in coatings with the NDR process is shown in
Figure 7(d). For nodules with a seed diameter of 200 nm, the
damage morphology is similar to that in coatings without the
NDR process, except that most of the layers in the nodule
area are not ejected. For nodules with seed diameters larger
than 200 nm, the damage starts at the top-left region of the
nodule, corresponding to the localized E-field enhancement
in the high-n layers. The insets of Figures 7(b) and 7(d) show
the E-field distribution in the high-n layers around the micro-
crack and the damage area, respectively.

Figure 6. Morphologies of nodules (seed diameter: 550 nm) in the coating with the NDR process. (a) Surface and cross-sectional morphologies of a nodule.
Surface and cross-sectional morphologies at the nodules after laser irradiation with fluences of (b) 8.9 J/cm2, (c) 14.3 J/cm2 and (d) 17.5 J/cm2. (e) The E-field
intensity distribution in high-n layers. (f)–(h) Schematic diagram of the simulated damage morphologies for increasing laser fluence.
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Figure 7. Simulated E-field distributions and damage morphologies of nodules in coatings without and with the NDR process. (a) Simulated E-field
distributions and (b) typical damage morphologies of nodules in coatings without the NDR process. (c) Simulated E-field distributions and (d) typical
damage morphologies of nodules in coatings with the NDR process. Insets show the E-field distribution in high-n layers around the micro-crack and the
damage area.

Table 3. Maximum E-field intensity values for nodules with different seed diameters.

Seed diameter 200 nm 550 nm 750 nm 1000 nm
L M L M L M L M

Without NDR 3.9 2.4 6.3 3.4 6.4 3.5 6.9 5.3
With NDR 3.0 1.9 4.1 2.7 4.1 2.8 4.5 4.1

5. Conclusion

In conclusion, we propose an NDR strategy to reduce the
localized E-field enhancement of nodule defects, thereby
improving the LIDT of laser coatings. It is theoretically
demonstrated that the proposed NDR strategy can reduce the
localized E-field enhancement of nodules in mirror coatings,
polarizer coatings and beam splitter coatings. A UV mirror
coating is then experimentally demonstrated using the NDR
strategy. The LIDT is improved by about 1.9 and 2.2 times
for the UV mirror coating without artificial nodules and
the UV mirror coating with artificial nodule seeds with a
diameter of 1000 nm, respectively. Typical damage mor-
phologies of mirror coatings suggest that the improvement
in the LIDT is largely due to the NDR strategy reducing
the local E-field enhancement caused by nodule defects. Our
proposed strategy involves only a simple polishing process,

and is applicable to coatings prepared by different deposition
methods. It can improve the LIDT of laser coating without
affecting the other properties, such as the spectrum, stress
and surface roughness. We believe that the proposed method
can benefit many areas of laser technology where high-LIDT
laser coatings play a key role.
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