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Abstract: Due to their low absorption, the LaF3;/MgF, material pair is widely used in the
far-ultraviolet space payload. In the space environment, there are plenty of energetic particles
(electrons, protons, Y rays, and atomic oxygen) and strong ultraviolet lines. These energetic
particles penetrate into the films, and may change the materials’ physical and chemical structures.
Hence, these energetic particles and ultraviolet lines may degrade the performance of LaF3/MgF,.
We examined the effect of a simulated high-energy space environment on a LaF3/MgF, multilayer.
Dendritic patterns were observed in LaF3/MgF, multilayer irradiated by the 30 keV electrons.
The generation mechanism was proposed. This pattern was gradient wrinkle delamination due
to the electric discharge, and it was non-uniform, asymmetric. This problem can be avoided
by decreasing the substrate heating temperature and lay number (total thickness), and choosing
the fluoride material substrate. The LaF3/MgF, multilayer demonstrated no changes after the
irradiation of the protons, vy rays, atomic oxygen, and ultraviolet lines.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Due to high refractive-index-contrast between LaF3 (high-index material) and MgF, (low-index
material) and their stability, LaF3 and MgF, was composed a multilayer (ML), which was widely
used in far-ultraviolet (FUV). LaF3/MgF, multilayer was used as antireflection and reflection
coatings in 193 nm [1] and 157 nm [2] photo-lithography systems because of their lower absorption
and larger band gaps, and they achieved higher laser-induced-damage thresholds compared with
oxide coatings. A mirror based on LaF3/MgF, ML protected by a dense silicon dioxide protection
layer was used in the free-electron laser system at ELETTRA [3]. In astronomical exploration,
LaF3/MgF, coatings were used to reflect the emission lines of 121.6nm (H), 130.4 nm (O),
135.6 nm (O), 140-180 nm (N, LBH) [4—12]. Periodic LaF3/MgF, MLs working at 130.4 nm,
135.6 nm, 140-160 nm, 160-180 nm, were used at the ultraviolet imager onboard the Polar satellite
[6]. Non-periodic broadband LaF3/MgF, MLs developed by us were also utilized in the wide-field
auroral imager onboard Fengyun-3D satellite, and the working wavelength was 140-180 nm [4].

The properties of LaF3 and MgF, were extensively studied [13—21]. Due to the high stress
of MgF, and large difference in thermal expansion coefficient (CTE) between coatings and
the substrate, crakes always appeared [7,22,23]. AlF3 was used to replace the MgF,, and a
better result was achieved for LaF3;/AlF; ML [24]. However, more attention should be paid on
the stability of LaF3/AlF; ML in a long time. LaF3/AlF; has not been used in astronomical
exploration. Due to its good heritage of the space application, LaF3/MgF, coating is still the first
choice for the optical payloads.

In the space, there are plenty of energetic particles (protons, electrons, y rays, and atomic oxygen
(AO)) and ultraviolet (UV) lines. When optical MLs are exposed to these energetic particles, their
optical performances may degrade over time. It was found that the surface roughness, optical
loss, stress of LaF3 thin films were improved after thermal annealing and UV light irradiation
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at 193 nm [25]. It was found that there were no major radiation-induced changes in reflectance
for LaF3/MgF, mirror after 250 krad of y ray radiation from a %°Co gamma source [26]. The
influence of protons and electrons irradiation on MgF, substrate was extensively investigated in
FUV [27,28]. However, there are no reports about the influence of protons, electrons, and AO
irradiation on LaF3/MgF, ML. Here, the effects of a simulated high-energy space environment
on the LaF3/MgF, ML were investigated. In 2022, the Lyman-alpha Solar Telescope (LST)
onboard the Advanced Space-based Solar Observatory (ASO-S) Satellite has been launched at
this space environment (an altitude of 720 km) [29,30]. Our fabricated LaF3/MgF, ML was used
in the LST.

2. Design, fabrication, irradiation experiment, and characterization

LaF3/MgF, was designed by Optilayer software (version 10.48 h) [31], quarterwave (QW) ML
design was used, the working wavelength was 121.6 nm, and the incident angle was 17 degree.
The nominal thicknesses of LaF3 and MgF, were 14.6 nm and 19.7 nm, respectively.

The purity of LaF3; and MgF, was 99.95%, and 99.99%, respectively. MgF, and LaF; were
deposited by the thermal evaporation method. They were fabricated by a molybdenum boat
with a rate of 0.2 nm/s. The base pressure of chamber was pumped by molecular pump to be
3.0 x 10~#Pa. The thickness was controlled by the quartz crystal.

We carried out the experiment of a simulated high-energy space environment in Lanzhou
Institute of Physics (China). Electron gun (EFHS-100-2W, STAIB INSTRUMENTE Company,
Germany) was used to produce the electrons. Dual-beam proton accelerator (2.0MVSIN-
GLETRONDUAL, High Voltage Engineering Company) was used to produce the protons.
Coaxial AO simulation facility developed by Lanzhou Institute of Physics was used to produce
AO. %°Co Source was used to produce vy rays for the total ionizing dose (TID) irradiation
experiment. The Mercury-xenon lamp with a power of 500 W was used to produce the UV lines.
The test flux and total dose were given in Table 1.

Table 1. A simulated high-energy space environment and experimental information.

Irradiation Energy Test Flux Total Dose Test Time (Hours)
Proton 100 keV 1.6x 100 cm™2 57! 3.54x 103 cm™2 2

Electron 30keV 4.8x10°cm™2 57! 5.67x 101 cm™2 32

AO 5eV 1.0x1020m=2 5! 2.76 X 10** m=2 7

TID — 50rad [Si] 4.44 x 107 rad [Si] 248

uv — 3.162 x 103 W/m? 1.94 x 1010 J/m? 1704

The reflectance in the FUV region was measured by our own developed reflectometer with a
deuterium lamp, and the details about this system can be found in Ref. [32]. The film surfaces
were observed by the laser interferometer (ZYGO, GPI/XP).

3. Results and discussion

Figure 1 shows reflectance curves of samples after protons, TID, AO, and UV irradiations, and
synergetic effect of four kinds of irradiations for the sample is also given. It was found that there
were no significant changes of reflectance at 121.6 nm after theses irradiations. These samples
with 9 layers were deposited on a fused silica substrate with a heating temperature of 320 degree.

As shown in Fig. 2, it was well known that LaF3/MgF, ML was prone to crack [7,22,23]. There
are two reasons for this phenomenon: one was large difference of the CTE between fluoride films
and fused silica substrate, the other was high intrinsic stress of fluoride films, especially MgF,.

Different from this common phenomenon, we found that there were dendritic patterns in
LaF3/MgF, coatings after 30 keV electron irradiation. Dendritic patterns can be observed by
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Fig. 1. Reflectance curves of samples after protons, TID, AO, and UV irradiations.

Fig. 2. Cracks in LaF3/MgF, coating: (a) the plane view, and (b) the oblique view. For
comparison, the pictures (c, d) for samples without cracks are also given.

naked eyes in a specific angle and a laser interferometer, and it was dependent on the thickness of
fluoride films, the substrate heating temperature, and the substrate materials.

As shown in Fig. 3, with increasing of the layer number from 6 to 10 (a-c) and the temperature
from 220 to 240 degree (d-e), dendritic patterns became more obvious. As shown in Fig. 3(f)-3 g,
we replaced the fused silica substrate by the MgF, substrate, the dendritic patterns disappeared.

To better understand the dendritic patterns, we gave different views in Fig. 4(b)—4(e). The
dendritic patterns were located at the edge of the coatings. They were wrinkle delamination. The
magnitude of the wrinkles decreased from the edge to the center of the coating. For comparison,
surface map of bare substrate was also given. Surface map of coatings before 30 keV electron
irradiation was same to Fig. 4(a), for brevity, this picture was not provided. In addition, as shown
in Fig. 4(f), dendritic patterns destroyed the reflectance of the coating. The reflectance reduced
from 74.3% to 43.7%, and the central wavelength shifted to the longer wavelength by 6 nm.

To understand the generation mechanism of the dendritic patterns, Casino v2.4.8.1 software
[33] was used to simulate the electron irradiation on LaF3/MgF, coatings. Figure 5 shows 30
keV electron beam trajectories in (a) the mirror and (b) the coatings. It can be seen that most of
the electrons transmitted the coatings and dispersed in the substrate, and the dispersion distance
was within 10 um. As shown in Fig. 5(c), a large number of the electrons accumulated in a
narrow insulative area, they induced a huge electric field intensity of 2.56 x 10'° V/m. Thus,
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Fig. 3. (a-c) Dendritic patterns in LaF3/MgF, coatings with different periodic numbers
after 30 keV electron irradiation: (a) 6 layers, (b) 8 layers, (c) 10 layers. The substrate
temperature was 240 degree, and the substrate was fused silica. (d-e) Dendritic patterns in
LaF3/MgF, coatings with different substrate temperature after 30 keV electron irradiation:
(d) 220 degree, (e) 240 degree. The layer number was 8, and the substrate was fused silica.
(f-g) Dendritic patterns in LaF3/MgF, coatings with different substrate materials after 30
keV electron irradiation: (f) MgF; substrate, (g) fused silica substrate. The layer number
was 7, and the substrate temperature was 290 degree.
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Fig. 4. (a) Surface map of bare substrate. Different views of the dendritic patterns in
LaF3/MgF, coatings on the fused silica substrate: (b) oblique plot, (c) surface map, (d) solid
map, (e) intensity map. The layer number was 9, and the substrate temperature was 340
degree. (f) The reflectance variance of LaF3/MgF; on the fused silica substrate after the
electron irradiation. The layer number was 9, the substrate temperature was 340 degree, and
the incident angle was 17 degree.
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they generated the electric discharge nearby the conductive metal edge (supporting sample), and
they released the huge thermal energy. Significant temperature increase resulted in thermal stress
enhancement, which leaded to the appearance of the dendritic patterns at the edge of the coatings.
As shown in Eq. (1), the total stress includes thermal stress, intrinsic stress and extrinsic stress
due to external load. It was well known, high substrate temperature (200-300 °C) during the
deposition resulted in a lower intrinsic stress and a higher thermal stress for the MgF, film [17].
Thus, our fabricated LaF3/MgF, ML has a strong thermal stress. The extrinsic stress due to the
electron irradiation was essentially a thermal stress, which can be calculated by Eq. (2), where E
is the Young modulus, v is the Poisson ratio of the coating, g and agy are the TECs of the
substrate and film, respectively, T is the room temperature, and T, is the heating temperature due
to the electric discharge of the electron irradiation.

Fig. 5. Simulation results of 30 keV electron beam trajectories in (a) the mirror and (b)
the LaF3/MgF, coatings by Casino v2.4.8.1 software. The electron beam beats from the
coatings to the substrate of the mirror, the blue lines denote the forward electrons and the
red lines denote the reverse. The number of used electrons is 7.12152 x 10°. Beam area has
a radius of 200 nm. The density is 5.67 x 10'* e/cm? (as shown in Table 1).

Traditionally, as shown in Fig. 6, the film stress brings about a curvature change on the
substrate. The tensile stress makes the substrate surface become concave, and the large tensile
stress generates the cracks. The compressive stress makes the substrate surface become convex,
and the large compressive stress generates the buckling delamination of the coating. The
traditional stress can be calculated by Eq. (3), where dg and ds are the thicknesses of the substrate
and the film, respectively, R, and Ry are substrate radii before (Rg) and after (R.) electron
irradiation. Surface figure variance and the delamination due to the traditional stress are uniform
and isotropic [34]. On contrary, here, as shown in Fig. 4(b), the stress was mainly located at
the periphery of the coating, and it was asymmetric, anisotropic, and not uniform. The stress
decreased from the edge to the center of the coating. As shown in Fig. 4(b) and 4(c), although
there were wrinkles at the edge of the coating, the coating had no changes in the PV value, and
there was no dendritic pattern at the center of the coating. In other words, this asymmetric tensile
stress generated a different variance in the surface figure, it cannot be characterized by a curvature
change on the substrate, and it thus cannot be calculated by the Eq. (3). Figure 7 illustrates the
formation of the wrinkle delamination due to the asymmetric tensile stress. There was the largest
stress at the outmost of the coating, where the adhesion may be weak due to some defects. This
stress was large enough to overcome the adhesion between the film and the substrate, and the
film wrinkled and delaminated. The gradient stress caused the gradient wrinkles from the edge
to the center of the coating. The non-uniformity of the thermal tensile stress was the formation
reason for this wrinkle delmaination.
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Fig. 6. Illustration of the effect of a tensile or compressive deposited thin film on the
substrate bending [34].

Fig. 7. Tlustration of asymmetric-tensile-stress-induced wrinkle delamination.

To avoid this wrinkle delamniantion, the total stress of LaF3;/MgF, must be reduced. In
other words, as shown in Eq. (1), the intrinsic and thermal stress must be reduced. Finally,
we made a tradeoff between the reflectance and dendritic patterns. We reduced the substrate
heating temperature and the thickness of coatings to avoid the dendritic patterns after the electron
irradiation and the cracks in LaF3/MgF,. As shown in Fig. 8, with decreasing of layers, reflectance
of sample decreased from 74.7% to 68.1%, and the substrate heating temperature was 220 degree;
with decreasing of substrate heating temperature, reflectance of sample decreased from 75.6% to
68.1%, and the layer number of samples was 6. Variance of dendritic patterns dependence on
the substrate heating temperature and the thickness of coatings can be found in Fig. 3. Finally,
LaF3;/MgF, with a layer number of 6 on the fused silica was chosen, and the substrate heating
temperature was 220 degree. No dendritic pattern was observed, and surface morphology was
same to Fig. 3(a) and 3(d). As shown in Fig. 8, the measured reflectance was 68.1% at 121.6 nm,
and the incident angle was 17 degree.
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Fig. 8. Experimental reflectance curves of LaF3/MgF, ML with different layers (a) and
substrate heating temperature (b).
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4. Conclusions

The QW 121.6 nm LaF3/MgF, ML was fabricated. We carried out a simulated space environment
test on the MLs. No significant changes were found after the proton, y ray, AO, and UV
irradiations. Unexpectedly, dendritic patterns were found by naked eyes and the reflectance
degraded for the coatings after 30 keV electron irradiation, and these patterns were gradient
wrinkle delaminations characterized by the laser interferometer. The magnitude of the wrinkles
gradually decreased from the edge to the center of the coating. The wrinkles were non-uniform,
asymmetric. The large temperature enhancement caused by the electric discharge was the
formation mechanism of the wrinkle mechanism. By decreasing the layer number and the
substrate heating temperature, that is, by reducing the intrinsic and thermal stress, a LaF3/MgF;
ML without the wrinkles and cracks was obtained, and it has a reflectance of 68.1% at 121.6 nm.

Our job provided a thorough investigation on the space environment adaptability for LaF3/MgF,
MLs, and the synergetic effect of proton, y ray, AO, and UV irradiations was also given.
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