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a b s t r a c t

In the pursuit for 355 nm high laser resistant dielectric coatings, layer-pair number of 10 and 15 LaF3/AlF3

high reflectors with and without SiO2 undercoat were prepared on BK7 substrates. The results indicate

considerable increase in 355 nm laser-induced damage threshold (LIDT) for samples with undercoat. The

samples were analyzed in Normalized Electric Field Intensity distribution, total stress, damage depth and

damage morphology, revealing that SiO2 undercoat benefits fluoride coatings by shielding substrate

defects and reducing coating defects.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Optical thin film components have always been playing a
significant role in high power laser systems [1]. With relatively
larger energy band gaps and higher laser-induced damage threshold
(LIDT), fluorides are promising coating materials for application in
UV lasers [2,3]. However, the major limitations in preparing high
LIDT fluoride coatings are crack due to high tensile stress and
damage originated from defects. In order to reduce the total stress
of fluoride multilayer coatings, research such as ion-assisted deposi-
tion (IAD) [2], post-heat treatment [4,5], and oxides/fluorides double
stack design [6] were conducted. The dominant defect inside the
coatings was considered to be nano-absorbing centers [7–9], and
was investigated by planting artificial nanoparticles into the films
[10,11].

According to previous research [12] and our work, defects in
the substrate–coating interface constitute an important part in
defects that reduce LIDT of fluoride coatings, including substrate
subsurface defects induced by the polishing process and surface
contamination [13] before the coating process [14]. These defects
may not only act as initiator of laser-induced damage, but also
debase the coatings. SiO2 undercoat was proved to be effective in
shielding substrate interface defects in Ta2O5 monolayers [15],
but few research has been done on its effects on high-reflective

(HR) coatings, especially on fluoride coatings. This work aims at
unraveling the influence of substrate etching and SiO2 undercoat
on the LIDT of 355 nm LaF3/AlF3 HR coatings.

2. Experimental details

2.1. Sample preparation

10-layer-pair and 15-layer-pair LaF3/AlF3 coatings with and
without SiO2 undercoat were prepared on polished BK7 sub-
strates in a Leybold coater equipped with two electron beam guns
and Mo boats. LaF3 and AlF3 films were deposited by resistant-
heating technique, while SiO2 films were prepared by electron
beam deposition (EBD) with substrate temperature of 473 K. A
vacuum system containing a cryopump and a Meissner trap was
induced to reach the starting pressure of 2.7�10�4 Pa. All the
substrates were supersonic cleaned and half of them were HF
etched in advance to reduce subsurface defects [13,16]. Informa-
tion for the four designs are listed in Table 1, among which S, H

and L refers to a layer with a quarter wavelength optical thickness
of each material, respectively.

2.2. Sample characterizations

The transmittance and reflectance spectra of each sample were
measured by Perkin–Elmer Lambda 1050 UV/VIS/NIR spectrometer.

The stress of films was obtained using curvature method by
measuring the radii of substrates before (R1) and after (R2)
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deposition. The total stress (stot) can be calculated from Stoney’s
equation [17]:

stot ¼
Es

6 1�nsð Þ
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tf
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�
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where Es and ns refers to Young’s modulus and Poisson ratio of
substrate, while ts and tf represents the thickness of substrate and
film, respectively.

The LIDT measurement was performed in the ‘‘1-on-1’’ mode
following ISO standard 11254-1.2 on a set-up described in Ref.[6].
The 355 nm, 8 ns illumination laser beam was generated by a
tripled Nd:YAG laser system with Gaussian radii of 240/320 mm.
The LIDT (J/cm2) was defined as energy density of the incident
pulse when the damage probability was 0%, which could be
linearly extrapolated from the corresponding relationship
between damage probability and the pulse fluence.

The depth profile of damage sites was obtained by a Veeco
optical profiler. The surface defects were observed in dark field
mode with magnification of 200 times using a Leica microscope.
The damage morphology was observed through a Carl Zeiss
Auriga field emission scanning electron microscope (FESEM).

3. Results

3.1. Optical properties

As shown in Fig. 1, the reflectance at 355 nm for the 10-layer-
pair (Group 1) and the 15-layer-pair (Group 2) LaF3/AlF3 HR
coatings reaches 87.2% and 95.8%, respectively, indicating that the
reflectance increases with increasing layer pairs. It is also appar-
ent that the SiO2 undercoat has little influence on the optical
performance of the coatings.

3.2. Laser-induced damage threshold

Damage probability curves of coatings on etched substrates
are depicted in Fig. 2, from which LIDT was calculated and

displayed in Fig. 3. Samples with undercoat (Group B) present
considerable improvement in LIDT values than samples without
undercoat (Group A).

In Fig. 2, the slope of damage probability curves reflects the
density of sensitive defects in the coatings. Compared with
H(LH)10 high reflectors (A1), H(LH)15 coatings (A2) have relatively
steeper damage probability, indicating the increasing density of
absorption centers. However, the introduction of undercoat
reduced the density, resulting in smaller slope in 6S H(LH)15

films (B2). Curves of A1 and B1 have similar slope but different
intercept, referring to equivalent density of defects and distinct
kind of defects. The LIDT resulted in a decline with increasing
layer pairs, which will be discussed later.

3.3. Electric field

The normalized electric field intensity (NEFI) inside the coating
stack was calculated by thin film design software (TFCalc), as
shown in Fig. 4. Because the optical thickness of SiO2 layer is
6 quarter wavelength, the NEFI remains unchanged with under-
coat. The decrease of NEFL from 0.03 (Group 1) to 0.004 (Group 2)
due to the additional layer pairs could reveal that the substrate–
film interface of Group A was more vulnerable to the incident
laser pulse.

3.4. Total stress

As presented in Fig. 5, the tensile stress for group B is relatively
smaller than that of group A. This can be attributed to the buffer

Table 1
The stack formulas and coating materials for the four designs.

Group Stack formula Coating materials

A1 H(LH)10 H: LaF3 [n(355 nm)¼1.71]

B1 6S H(LH)10 L: AlF3 [n(355 nm)¼1.41]

A2 H(LH)15 S: SiO2 [n(355 nm)¼1.54]

B2 6S H(LH)15

Fig. 1. Reflectance curves for HR coatings with four designs.

Fig. 2. Damage probability curves for the four designs.

Fig. 3. LIDT values for the four designs (A1: H(LH)10, B1: 6S H(LH)10, A2: H(LH)15

and B2: 6SH(LH)15).
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