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Abstract: The development of efficient dielectric coatings in the far UV (FUV) is demanded
for upcoming space instrumentation, such as LUMOS (LUVOIR Ultraviolet Multi-Object
Spectrograph) in LUVOIR mission, among other applications. Multilayers (MLs) based on
MgF2 and LaF3 have been developed in the last decades for the 157-nm and 193-nm
lithography, demonstrating excellent optical properties. Yet, the deposition procedure to
obtain coatings with optimal performance has not been fully detailed in the open literature,
such as the dependence of ML performance with deposition and post-deposition temperature.
This research investigates the effect of the substrate deposition temperature of MgF2/LaF3
ML coatings prepared by thermal evaporation on FUV reflectance, stress, roughness, as well
as the performance of the coatings and their evolution over time. The relatively higher
expansion coefficient of these two fluorides in comparison with fused silica substrates results
in a large tensile stress for coatings deposited at high temperature and later cooled down to
room temperature. Such stress may result in coating cracking and delamination. A
compromise deposition temperature of ~240ºC and 13 bilayers was found for optimal ML
reflectance peaked at ~160 nm before cracks are generated. Above this deposition
temperature, stress increased, which resulted in an extension of the cracked area and in a
slight roughness increase and FUV reflectance decrease. MLs that were deposited at room
temperature and later annealed resulted in a similar reflectance and stress to those of hotdeposited coatings for a given temperature.
1. Introduction
Astronomical observations in the far ultraviolet (FUV; λ=100-200 nm) are key to unveil
fundamental information for astrophysics, solar physics and atmosphere physics. FUV
contains a wealth of spectral lines with a unique diagnostic potential for the physics of the
local Universe. FUV astronomy has been heavily hindered by optical-coating performance,
along with detectors, which ultimately limit the sensitivity of space telescopes and their
instruments. The high absorption of materials and the need of an accurate knowledge of their
optical constants in this part of the spectrum are among the chief factors that limit coating
optical performance [1].
Future space missions will require efficient FUV coatings. LUVOIR is a large mission
concept to cover the FUV that competes to become the next NASA flagship mission. Among
the sub-assemblies proposed in LUVOIR, LUMOS (LUVOIR Ultraviolet Multi-Object

Spectrograph) will offer point source and multi-object spectroscopy across the UV bandpass.
It will provide, among others, low and medium resolution modes across the FUV and nearultraviolet observation windows. LUMOS instrument is being designed to support LUVOIR
UV science requirements, from exoplanet host star characterization to tomography of
circumgalactic halos and to water plumes on outer solar system satellites [2]. LUMOS
includes a FUV imaging channel that will employ narrow- and medium-band filters. The
International Solar-Terrestrial Physics (ISTP) was a pioneering instrument to include FUV
narrowband coatings [3]. Considering that LUMOS has been envisioned to explore very faint
objects in the FUV, coatings with enhanced performance are desired. Other fields may benefit
from the development of more efficient FUV bandpass mirrors, from space observations for
solar physics and atmosphere physics to other fields that involve FUV radiation, such as
excimer laser optics, petawatt-laser beamlines, thermonuclear fusion reactors and the
semiconductor industry.
FUV reflective filters are based on multilayers (MLs) of two low absorption materials with
high- and low-refractive indices in Bragg configuration [4,5]. Fluorides are the materials of
choice for these MLs, as they are the materials that keep their transparency deeper in the
FUV. LiF is the material in nature with the shortest cutoff of ~102 nm; however, LiF
hygroscopic nature complicates its practical application [6]. MgF2 is the next material with
shortest cutoff at 115 nm, except for AlF3, a material with similar FUV properties to MgF2,
but short on experience. MgF2 is a very prominent fluoride due to its low refractive index
over a wide spectral range from the FUV to the mid-IR as well as low absorption and
acceptable mechanical robustness. The second material in the ML must be also as transparent
as possible and must have a contrasting refractive index with MgF2. LaF3 has been most often
chosen as the high-index material. GdF3 is a secondary high-index material choice, but it is
expected to have a somewhat longer cutoff compared to LaF3.
FUV ML coatings of MgF2/LaF3 are better deposited by evaporation in vacuum. However,
coatings deposited via evaporation grow with large porosity when deposited on a substrate at
room temperature (RT). Such porosity could be filled with water vapour molecules or other
contaminants upon exposure to the atmosphere, which may increase FUV radiation
absorption and hence decrease coating performance.
Fluoride films coated by evaporation are known to be more transparent in the FUV when
deposited on a hot substrate [7]. This extra transparency in each layer is expected to provide a
ML with enhanced reflectance. Evaporation-deposited fluoride coatings that grow on a hot
substrate typically develop high tensile stress, which may cause the optics to deform and even
coating cracking or delamination. For MLs of fluorides, this tensile stress is mostly due to a
large thermal expansion coefficient difference between the substrate and the film materials
when coatings are deposited at high temperatures on low expansion substrates, such as fused
silica or Zerodur®. A trade-off between the number of bilayers, deposition temperature and
stress needs to be determined.
ML coatings based on MgF2 and LaF3 have been reported in the literature
[3,8,9,10,11,12,13]. Yet the deposition procedure to obtain coatings with optimal
performance has not been fully detailed in the open literature, such as the dependence of ML
performance with deposition and post-deposition temperature.
The objective of the present study is to optimize the main deposition parameters of highreflectance FUV filters tuned at approximately 160 nm as an archetype that can be tailored to
peak the ML at any FUV wavelength longwards of ~120 nm, such as the various filters
proposed for LUMOS [2]. The present MLs, that peak at 160 nm, could be also applicable to
optical systems that involve an F2 excimer laser, operating at the close 157 nm wavelength,
among other applications.

The influence of the number of layers in MgF2/LaF3 MLs and its deposition and/or postdeposition temperature on optical performance, mechanical robustness and coating durability
has been investigated. The present research is organized as follows. Section 2 describes the
experimental techniques used. Sections 3 and 4 present the results obtained on the
dependence of deposition and post-deposition temperature on ML reflectance, stress,
roughness and cracks and a discussion about these results. By evaluating both the design and
the deposition temperature, this research provides an optimization of the main deposition
parameters of MgF2/LaF3 MLs prepared by thermal evaporation to obtain good performing,
stable and durable coatings tuned in the FUV.

2. Experimental
MgF2/LaF3 MLs were deposited in a high-vacuum chamber pumped with a turbo-Roots pump
system and a Ti sublimation pump with a shroud that is cooled down with liquid N 2. VUVgrade MgF2 and 99.99% pure LaF3 were evaporated from W boats with deposition rates of
~0.9 nm/s for MgF2 and ~0.4 nm/s for LaF3. Chamber base pressure was 3  10 5 Pa and it
increased to~ 3  10 4 Pa during deposition. Film thickness was measured in situ with a
quartz-crystal monitor that had been previously calibrated by profilometry. The total coating
thickness was measured with contact profilometry and/or by fitting reflectance and/or
ellipsometry measurements.
The ML was deposited on a substrate in contact with a resistance heater; two K
thermocouples were used to measure temperature. Coatings were deposited onto 2”-diameter,
0.5 mm-thick, two-side polished fused silica (FS) wafers, with a root-mean-square (RMS)
roughness of less than 1 nm. Substrates were cleaned through several rinses with organic
solvents and with a glow discharge in vacuum. FS was selected because it is a common and
accessible substrate material for optics, even though its thermal expansion coefficient
contrasts starkly with the expansion coefficient of the fluorides of the coating. Substrate
temperature was stabilized for ~1-2 h before deposition to favour uniformity. When
deposition was finished, the coating was cooled down at a rate of ~0.3oC/min. A slow cooling
has proved to be successful to slightly reducing stress in MgF2/LaF3 mirrors [12]. Various
samples were deposited at RT or at a relatively low temperature and annealed in vacuum in
situ.
Stress was measured ex situ at RT by the curvature method using a contact profilometer
which was adapted to guarantee sample relocation after deposition. To avoid external loads
that could affect the macroscopic stress during deposition, a “free-tension” holder was
designed to place the wafers in contact with the heating element. The radius of curvature was
measured in two perpendicular directions before and after deposition. Stress was calculated
by averaging both measurements, which were obtained several times to reduce uncertainty.
Error propagation of the relevant parameters was performed to estimate stress error.
The optical surface quality regarding the growth of cracks and/or delamination caused by
stress and the presence of particles deposited in the evaporation process was evaluated with
an optical microscope in dark field mode, checking the whole surface with different
magnifications.
FUV fluoride ML reflectance was measured in GOLD’s reflectometer (GOLD is the Spanish
acronym for Thin Films Optics Group, Madrid, Spain), which operates in ultra-high vacuum
(UHV) conditions. The reflectometer has a grazing-incidence, toroidal-grating
monochromator, with entrance and exit arms 146o apart, which covers the 12.5-200 nm

spectral range. A deuterium lamp was used to cover a range of 113 to 185 nm. A channelelectron-multiplier with a CsI-coated photocatode was used as a light detector. Reflectance
was obtained by alternately measuring the incident intensity and the intensity of the light
beam reflected by the sample. Reflectance measurements were performed at 5o from normal
incidence. FUV reflectance was initially measured after ~one-hour sample contact with the
atmosphere, which will be referred to as fresh and it was also measured after various months
of storage in a desiccator. Some aged samples were measured at NASA Goddard Space Flight
Centre (GSFC) with a McPherson Vacuum Ultraviolet (VUV) 225 spectrophotometer. This
spectrometer has a one-meter length, high-vacuum monochromator with a 1200 lines/mm
grating at near-normal incidence operating in the spectral range from 30 nm to 325 nm. The
spectrometer is equipped with a windowless hydrogen-purged light source, which provides
discrete H2 emission lines between 90 nm and 160 nm and a continuum above these
wavelengths. The detector, which is housed inside a sample-holder compartment, consists of
a photomultiplier cathode tube connected to a light-pipe for feeding the light signal coming
out of the monochromator. The light pipe has a fluorescence and high quantum efficiency
coating of sodium salicylate that is used to convert the FUV radiation into visible light.
Reflectance measurements with the latter spectrophotometer were performed at 10° from
normal incidence; a negligible reflectance difference from normal incidence to 10º is
calculated for the present MLs.
AFM analysis of microroughness was performed with a height resolution scanning probe
microscope in tapping mode. The tip radius was 20 nm. AFM images of 1 x 1 µm were
obtained.
3. Results
3. 1. Design optimization
A preliminary study was made to define a suitable design for a (HL)n periodic ML, where
MgF2 is the low index material (L), LaF3 is the high index material (H) and n is the number of
bilayers. Nominal layer thicknesses of 28.1 nm (MgF2) and 21.1 nm (LaF3) were used in a
quarterwave (QW) ML design [5] using the optical constants of the two fluorides reported in
the literature [13].
Several MgF2/LaF3 ML mirrors peaked at ~160 nm with different number of layer pairs
ranging from 12 to 21 were deposited on glass substrates at 250ºC, the reported MgF2 optimal
deposition temperature for broadband Al/MgF2 mirrors [14].
The large stress of fluoride coatings deposited on substrate materials with low thermal
expansion coefficient may result in coating cracking and delamination. It has been reported
that these cracks and delamination in MLs are correlated with the force per unit width
(FPUW) more than with total stress [15,16]. FPUW equals the integral of total stress through
ML film thickness; assuming that stress does not vary with film thickness, FPUW equals
stress times film thickness [15,16]. According to this, FPUW is proportional to the number of
bilayers, for a constant bilayer thickness, so that there must be a bilayer number threshold
above which cracks and/or delamination are typically produced. The coatings were observed
by optical microscopy and cracks were noticed on coatings above 14 layer pairs, whereas no
cracks were observed for coatings with 13 and 12 bilayers. Let us see the effect of the number
of bilayers on reflectance. Figure 1 a) compares the reflectance measured for MLs with 13
and 15 bilayers. No significant difference on peak reflectance was obtained. Fig. 1 b) presents
the calculated percentage of maximum peak reflectance as a function of the number of
bilayers. Calculations were performed with MgF2 and LaF3 optical constants obtained for
films deposited at 250ºC [14]. Roughness was assumed to increase with total thickness as in
[16]. In the calculations, the effect of cracks or delamination was not considered. By limiting

the ML to 13 bilayers, reflectance could be at most of 4% below the theoretical maximum,
whereas between 13 and 15 bilayers such difference stays below 2%. This is due to a modest
reflectance increase per added bilayer above a reasonable number of bilayers, along with the
trend of surface and interface roughness to grow with the number of layers [17,18]. In most
practical situations, a reflectance close to maximum with no cracks in the coating is expected
to be the best choice. Hence the design chosen was periodic MLs with n=13 bilayers, around
the threshold of cracking appearance while maintaining low scatter losses.

Fig. 1. a) Fresh reflectance as a function of wavelength of (MgF2 /LaF3)n filters deposited onto glass
substrates at 250ºC for two different numbers of layer pairs, n. b) Calculated peak reflectance as a
function of n for (MgF2 /LaF3)n filters taking into account the increasing roughness with thickness.

3.2 Temperature effect
A set of nine narrowband reflectors nominally tuned at 160 nm were deposited on FS
substrates at temperatures ranging from RT to 400oC. Additionally, three samples were
deposited at RT or at a relatively low substrate temperature and later annealed in vacuum
over a period of 2-3 hours. The purpose of the latter samples was to compare post-annealing
with hot deposition. The design was nominally the same for all samples, with periodic
bilayers and n = 13. The nominal thicknesses were 28.1 nm (MgF2) and 21.1 nm (LaF3).
Table 1 highlights the relevant deposition parameters for the different samples.
Table 1. Deposition or post-deposition temperatures
Sample Name
M45
M80
M240
M240_2
M300
M400
M50A240
M50A240_2
M100A240

Deposition
Temperature (ºC)
45ºC
80ºC
240ºC
240ºC
300ºC
400ºC
50ºC
50ºC
100ºC

Post-annealing
treatment (ºC)
240ºC
240ºC
240ºC

Fig. 2 displays the reflectance of several samples deposited at various temperatures both fresh
and aged from 1 to 10 months in a desiccator. An increasing deposition temperature is
expected to increase each material density and to vary its refractive index too [7,19], which
results in that the correct film thickness and mass of MgF2 and LaF3 layers depend on the
deposition temperature. Even though we attempted to counteract such dependence through
slight film thickness adaptation to obtain coatings peaked at 160 nm, there was some

dispersion in ML peak. Central wavelength λ0, peak reflectance R(λ0) and bandwidth
(FWHM) of fresh and aged ML coatings are compared in table 2 for the samples shown in
Fig 2.

Fig. 2. Reflectance as a function of wavelength of fresh and aged (MgF2 /LaF3)13 filters at
different deposition (a) or annealing temperatures (b). Ageing period in months is shown in parenthesis.
Solid (dotted) lines correspond to fresh (aged) measurements. ªM45 (45ºC), M240 (240ºC) and
M100A240 (100ºC + 240ºC ann.) ~1 year aged samples were measured at NASA/GSFC.

Central wavelength λ0, peak reflectance R(λ0) and bandwidth (FWHM) of fresh and aged
multilayer coatings are compared in Table 2 for the samples shown in Fig 2.
Table 2. Central wavelength, reflectance at central wavelength, FWHM, and stress of fresh and aged samples
Deposition Temperature
(Td ºC)
M45 (45ºC)
M80 (80ºC)
M240 (240ºC)
M240_2 (240ºC)
M300 (300ºC)
M400 (400ºC)
M50A240 (50ºC + 240ºC A)
M50A240_2 (50ºC + 240ºC A)
M100A240 (100ºC + 240ºC A)

λ0 (nm)
Fresh/Aged
148.4 / 152.1
- / 165.2
167 / 169.8
159 / 160.8
159.4 / 162.5
158.4 /158.2
172.6 /174.2
149.4 / 151.6
165.8 / 169.4

̅ (λ0)
𝑹
Fresh/Aged
0.91 / 0.88
- /0.91
0.98 / 0.90
0.99 / 0.93
0.94 / 0.82
0.93 / 0.81
0.96 / 0.94
0.94 / 0.90
0.96 / 0.91

FWHM (nm)
Fresh/Aged
15.9 / 14.6
- / 18.3
19.3 / 18.6
17.9 / 17.5
17.8 / 17.8
16.6 /16.2
20 / 16.6 /16.3
18.6 /18.7

Stress (MPa)
Fresh/Aged
84.5 / 137 / 89.5
137 / 77.5
170 / 112
217 / 110
292 / 263
147.5 / 67.5
140.5 / 55.5
137 / -

3.3 Stress
The total stress of a thin film can be decomposed into various contributions that are related
with microstructure, chemical reactions, external loads and thermal changes [20]. Among
these components, thermal stress is caused by the difference in thermal expansion coefficients
(CTE) between the substrate (αsub) and the film (αfilm) and by the temperature difference
between deposition (Td) and stress measurement (T) [15,21]:
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where E and  stand for Young modulus and Poisson ratio of the coating, respectively and
(E/1-)film is called the biaxial modulus of the coating. Both CTE and biaxial modulus depend
on the coating microstructure and may deviate from the bulk material. The present MLs
(except for the RT one) are assumed to involve mostly thermal stress induced by the large
expansion-coefficient difference between the fluorides and the substrate [15,22].
Coating stress causes a curvature change on the substrate, which can be measured to calculate
the film stress. If substrate thickness, ds, is large compared to film thickness, df, the total
stress, σtotal, is given by Stoney’s equation, which relates the total, macroscopic stress with the
change in the substrate radii before (R0) and after (Rd) deposition [23]:
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Stoney’s equation can be generalized to MLs, assuming that each individual layer contributes
to the total deformation of the substrate regardless of its position and of its neighbours
[24,25]. The stress measured for the present samples is displayed in table 2 and in Fig. 3 a).
Fig. 3 b) displays stress relaxation over time for samples stored in a desiccator.

Fig. 3. a) Total stress vs deposition or annealing temperature for samples presented in table 1. The
numbers in the inset refer to samples (1) M240, (2) M240_2, (3) M50A240, (4) M50A240_2 and (5)
M100A240. b) Sample stress relaxation over time.

3.4 Optical Microscopy
Coatings were inspected through optical microscopy to evaluate the density of cracks and/or
the presence of delamination. Images were taken after few hours of contact with the
atmosphere and they were taken again several months after deposition on similar sample
areas. Fig. 4 displays dark-field optical microscopy images taken after few hours contact with
the atmosphere for samples deposited at a) 45ºC, b) 240ºC, c) 400ºC and d) for the sample
deposited at 50ºC and annealed at 240ºC. Fig. 5 displays dark-field optical microscopy
images of the sample deposited at 400ºC a) after few hours of contact with the atmosphere, b)
after ~one year stored in a desiccator.

Fig.4. Dark-field images of (MgF2/LaF3)13 MLs on FS deposited at 45ºC (M45) (a), 240ºC (M240)
(b), 400ºC (M400) (c) and 50ºC + annealing at 240ºC (M50A240_2) (d). Images were taken after
few hours contact with the atmosphere.

Fig.5. Dark-field image of (MgF2/LaF3)13 ML on FS deposited at 400ºC (M400) after ~1 year stored in
a desiccator. The image corresponds to an area similar to the area in Fig. 4 c)

3.5 Topography

Surface topography was measured for various samples with AFM to calculate surface
roughness. Fig. 6 displays the resulting topography of the analyzed surfaces.

Fig.6 Surface topography of (MgF2/LaF3)13 MLs on FS deposited at 45ºC (M45) (a), 240ºC (M240) (b),
300ºC (M300) (c), 400ºC (M400) (d), 50ºC + annealing at 240ºC (M50A240) and 100ºC + annealing at
240ºC (M100A240)

From AFM data, Power Spectral Density (PSD) curves were calculated, which are plotted in
Fig. 7. PSD provides information about the contributions of the different spatial frequencies
to surface roughness. Table 3 displays RMS roughness for samples deposited and/or postannealed at different temperatures.

Fig.7. Power Spectral Density calculated from AFM images for various samples.
RMS roughness, Rq, was calculated by integrating PSD through the frequency spectrum
covered and is presented in table 3
Table 3. RMS roughness for samples deposited at different temperatures ranging from 45ºC to 400ºC and for
post-annealed samples.

Sample Name
Rq (nm)

M45
0.6

M240
2.0

M50A240
1.6

M100A240
1.7

M300
2.1

M400
2.2

4. Discussion

4.1 Fresh coatings
The largest reflectance was obtained for ML coatings deposited at 240°C. This temperature is
consistent with the optimum deposition temperature found for MgF2 protective layer on Al
for broadband FUV mirrors [14]. For the latter coatings, a trade-off is necessary between the
increasing transparency of MgF2 with deposition temperature [14] and the increasing Al
roughness with temperature. In the present case, a trade-off must be found between the
increased transparency of the fluorides with temperature and their increase of stress and
surface roughness both with temperature and with the number of layers or total coating
thickness. Deposition of the fluoride layers at increased substrate temperatures result in layer
density increase, which may be related with the enhanced transparency [14]. For coatings
deposited at 300ºC and above, reflectance decreases. This effect may be in part due to the
growth of cracks; it can also be due to the possible interdiffusion enhancement at the
interfaces and, to a small extent, to the slight roughness increase with deposition temperature.
For samples centered at shorter wavelengths, such as M50A240_2, a comparative lower peak
reflectance when fresh may be partly attributed to the somewhat higher absorption of the
fluoride layers at shorter wavelengths. A fresh reflectivity of 99% at 160 nm was measured
and it kept above 90% after almost a year of ageing. These results are similar to reported
values in literature [9]. Post-annealed samples reflectance was almost as high as for samples
deposited on hot substrates, which suggests that the post-annealing process is also a
successful procedure to increase layer transparency and hence the reflectivity of the ML
coatings.
Both stress and roughness increased with deposition temperature. Roughness severely
increased from RT to 240ºC but it further increased only marginally for coatings deposited at

higher temperatures. Ref. [11] shows a RMS roughness of 2.39 nm for a (MgF2/LaF3)20
mirror on FS tuned at 193 nm and Ref. [16] shows values above 3 nm for ~600 nm thickness
MgF2/LaF3 mirrors deposited at 250ºC on FS. These values are slightly higher but
comparable with present results.
Stress increased with temperature quasi-linearly for this ML design, confirming that thermal
stress is the main component of macroscopic stress in samples deposited on heated substrates
[15,22]. The stress of post-annealed samples and of samples heated while deposited was very
similar.
Fig. 4 shows that both crack width and crack density grow with deposition temperature, since
both stress and hence FPUW increase with the latter. To evaluate this effect, we estimated the
crack fraction area over the microscopy images. Samples with post-annealing treatment
showed a larger crack density than the sample deposited directly at the same temperature.
This result can be attributed to the fact that post-annealed samples undergo an expansion
followed by a contraction process. Furthermore, in the post-annealing procedure the coating
remained longer time at the hot temperature compared to hot-deposited samples. Cracks in
samples deposited on a hot substrate were seen to be rather directional, as can be observed in
the sample deposited at 400ºC. This effect is not seen in the post-annealed samples. As FS is
an amorphous material, no cracking directionality is expected, so that we found no
explanation for it. As seen principally in Fig. 4 d), cracks seem to begin at point defects, as
they might be weaker areas. These defects are believed to be mostly particles originated from
material spitting out of the evaporation boats during deposition, because they were not visible
under microscopy on inspection after substrate cleaning prior to deposition. Hence
minimizing particle spitting is expected to be an effective way to reduce the cracked area.
For fresh hot-deposited samples, a correlation between crack density and temperature was
observed. Additionally, the smaller reflectance for temperatures above 240ºC is correlated
also with the crack density increase. The latter may not explain the full losses observed on
peak reflectance. The sample deposited at RT showed a lower reflectance, which is attributed
to the loss of transparency due to water or contaminant absorption within its porous structure
and not to crack formation. Summarizing the aforementioned studied effects, the
determination of the optimal deposition temperature involves a balance between a high
temperature that leads to film density closer to bulk and to increased transparency, while
keeping low stress values and low crack formation.

4.2 Coating evolution over time
In addition to the decrease of reflectance, sample stress also decreased over time. Fig. 5
shows that cracking is also a dynamic process: the density of cracks grows with storage time.
This behaviour had been previously observed [15]. To evaluate the effect of cracking
increase, we summed up the lengths of the cracks over the microscopy images on equal areas
for both fresh and aged samples and we obtained that samples with the highest initial stress
(such as M300 or M400) developed more cracks during storage than samples with initially
lower levels of stress.
Reflectance decay over time could be partly explained by further crack development, but
there may be also some other aging phenomena, such as some possible interdiffusion
processes at the layer interfaces. The absorption of some water or other contaminants either in
the porous structure, which is expected to be larger for low deposition-temperature samples,
or on the slightly larger effective surface provided by the enhanced roughness, which
somewhat grows with deposition temperature, might be related with reflectance decay, as

well. Water absorption could be noticed in the annealed sample that was peaked at ~150 nm,
which decayed twice than the annealed sample peaked at ~170 nm. Its more severe ageing is
compatible with the larger extinction coefficient of water by two orders of magnitude at 150
nm compared with 170 nm [26].
The initial stress was observed to decrease over time, which is understood as a relaxation
process. This behaviour was not analyzed in depth, but we propose several processes that may
have contributed to such decrease. Stress decrease over time could be explained as gradual
relaxation at the coating-substrate interface, where atoms tend to reach a lower energy
configuration driven by atom natural vibration. In case interfaces undergo some
interdiffusion, the latter might contribute to some stress relaxation. Samples coated at higher
temperatures, like M400, are expected to undergo a larger interdiffusion initially and hence a
smaller relaxation can be expected over time. Stress relaxation has been also associated with
water absorption in the pore structure of the coating [12,16,27]. Water molecules probably
reduce the electrostatic attraction forces at grain boundaries, hence reducing thermal stress.
This would explain a higher relaxation through water absorption for samples deposited at
lower temperatures, which are more porous and hence, would absorb more water than
samples with film packing density closer to bulk. However, water absorption might be a
somewhat superficial phenomenon, at least for coatings deposited at relatively high
temperatures, so that its stress relaxation capacity at deep layers is presumed to be small. The
generation of new cracks over time is expected to provide some stress release too, as crack
generation causes some reduction on the thermally-induced mismatch between film and
substrate.
The present MLs underwent a band shift over time. Hence all samples, except the sample
deposited at 400ºC, underwent a reflectance shift to longer wavelengths of ~2 nm that should
be taken into account in the design. This behaviour had been also observed on aged fluoride
MLs [28] and has been previously reported for fluoride coatings, as a result of water or
oxygen absorption [19,28]. Band-shape changes and/or band shifts can be also explained by
interdiffusion of materials over time. The lack of shift for the sample deposited at 400ºC
might be due to a lower porosity and to that most of the interdiffusion process might have
occurred before its reflectance was measured, leaving small room for further interdiffusion
over time, which would also explain the aforementioned lower stress relaxation caused by
interdiffusion.
5. Conclusions
The dependence of FUV reflectance, stress, roughness and crack generation with deposition
and post-deposition temperature for the preparation of optimum MgF2/LaF3 narrowband
coatings peaked at ~160 nm has been investigated. A compromise deposition temperature of
~240°C and 13 bilayers was found for optimal reflectance before cracks are generated and it
is also a good trade-off to restrain scattering losses. Fresh peak reflectance values of about
99% were achieved, while values above 90% remained after almost a year of storage in
desiccator. Temperatures above 240ºC resulted in MLs with lower reflectance while
roughness only slightly increased above this temperature, keeping RMS values of ~2 nm.
Stress was found to approximately increase in a linear way with deposition temperature,
leading to crack formation on 13-bilayer MLs, which contributed to reflectivity losses. For
coatings deposited at 300C and above, roughness only increased slightly and most of the
lower reflectance at these deposition temperatures is attributed to the increase of the cracked
area and possibly to enhanced interdiffusion across interfaces.

Upon sample ageing, stress displayed a trend to decrease. Final stress values of ~100 MPa
were measured for samples deposited or post-annealed at 240ºC after several months of
ageing. Both stress and reflectance decrease over time can be correlated with several factors,
including the generation of new cracks over time, which was found to be more critical for
samples that showed larger stress values initially.
The other factors that could explain the reflectance and stress losses over time are the
absorption of water or other contaminants in the ML, as well as the interdiffusion between the
fluorides that is seemingly to occur in the interfaces progressively over time. The
interdiffusion and the absorption of contaminants might also explain the band shifts towards
longer wavelengths observed in aged samples.
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