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The emission lines of 140-180 nm are auroral bands of N, Lyman-Birge-Hopfield, and they have been imaging
targets of many satellites that need reflective mirrors. To obtain good imaging quality, the mirrors also should
have excellent out-of-band reflection suppression as well as high reflectance at working wavelengths. We designed
and fabricated non-periodic multilayer LaF;/MgF, mirrors with working wave bands of 140-160 nm and 160—
180 nm, respectively. We used a match design method and deep search method to design the multilayer. Our work
has been utilized in the new wide-field auroral imager of China, and the application of these notch mirrors with
excellent out-of-band suppression reduces the utilization of corresponding transmissive filters in the optical system
of space payload. Furthermore, our work provides new routes for the design of other reflective mirrors in the far

ultravioletregion. © 2023 Optica Publishing Group

https://doi.org/10.1364/A0.482763

1. INTRODUCTION

The aurora is generated by collisions between energetic charged
particles and atmospheric gases (N, and O3) at high altitude.
Imaging of the aurora from space provides spatial/temporal
information that maps back to different regions of the magneto-
sphere [1-3]. The emission lines of 140—180 nm are auroral
bands of N, Lyman-Birge-Hopfield (LBH). Wave bands of
140-160 nm are referred to as LBH-short (LBH-S), and those
of 160-180 nm are referred to as LBH-long (LBH-L). The
LBH band has been an important imaging target of several
satellites, including the wide-field auroral imager (WAI)/FY-
3D [1], WAI/FY-3H, WIC/IMAGE [2], and UVI/Polar [3].
Besides near ultraviolet and visible lines, there are also strong
lines of 121.6 nm (H), 130.4 nm, and 135.6 nm (O) in the
aurora, which destroy the imaging quality of the LBH band.
Hence, out-of-band suppression must be taken into account in
the design of optical systems. UVI/Polar used three reflective
mirrors and a transmissive filter to image LBH-S and LBH-L,
respectively. The reflective mirror was composed of 35 layers
of periodic LaFs/MgF, and a Pyrex substrate; the reflectances
were about 25%, 30%, 58% at 121.6 nm, 130.4 nm, and
135.6 nm, respectively, and out-of-band reflection suppression
of the periodic LaF3/MgF, multilayer was poor. The out-of-
band reflection suppression of their optical system was mainly
achieved by transmissive filters [3]. WIC/IMAGE selected an
inverted Cassegrain optical system to image the LBH band.
They used two broadband reflective mirrors, and these mir-
rors also provided near ultraviolet and visible suppression.
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Unfortunately, they did not give the structure of the mirrors; the
reflectances were 40%, 15%, and 40% at 121.6 nm, 130.4 nm,
and 135.6 nm, respectively, and out-of-band reflection suppres-
sion of their broadband mirror was not good [2]. WAI/FY-3D
and WAI/FY-3H of China both chose four reflective mirrors.
Besides a BaF, filter, no other filters were used. Hence, reflec-
tive mirrors must provide strong out-of-band suppression.
WAI/FY-3D detected LBH bands, and a 22-layer non-periodic
LaF;/MgF, broadband mirror was used [1,4]. Bandwidth
extended technology was utilized to achieve a broad band of
40 nm. The average reflectance was about 10% at 185-220 nm,
but was still too high. WAI/FY-3H detects LBH-S and LBH-L
bands, and stricter out-of-band suppression is proposed.

Because of the relatively low absorption and good stability, a
LaF;/MgF, multilayer has been widely used in the far ultravio-
let (FUV) region, such as 193 nm lithography [5], 157 nm laser
lithography [6], and astronomical exploration [4]. A variety of
periodic LaF3/MgF, multilayers have been designed and fab-
ricated and their optical properties extensively studied [7-21].
The Zukic group utilized the natural absorption of one of the
film materials to block the transmission at shorter wavelengths
in a Fabry—Perot filter and chose a reflection filter to reject the
transmission of the Fabry—Perot filter at the longer wavelength.
The average transmittance was smaller than 0.1% in the longer
wavelength, the transmittance was smaller than 0.1% in the
shorter wavelength, and the two filters had a bandwidth of
smaller than 5 nm and a peak transmittance of higher than 25%
[7]. Although a non-periodic multilayer was widely used to
design a reflective filter with good out-of-band suppression,
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no such LaF3/MgF, multilayer has been reported. Fluoride
material films deposited by boat and electron-beam evaporation
exhibited tensile stress [13,16,17]. Strategies such as reducing
substrate temperature and introducing a third material as a
stress compensation layer were proposed to enhance the laser-
induced-damage threshold [9,11,12,20]. Optical constants of
LaF; and MgF, were studied as a function of film deposition
conditions [8,14]. MgF, and LaF; films can be deposited by
ion-beam sputtering or boat and electron-beam evaporation;
those deposited by ion-beam sputtering demonstrated the
best homogeneity and lowest surface roughness value of about
0.7 nm, as well as high compressive stress [18,19,21]. Because
the porous column structure of fluoride materials is prone
to absorb the water, they exhibit a reflectance shift to longer
wavelengths over time [20]. If LaFs;/MgF, is deposited on a
fused silica substrate, it will easily crack, resulting from the large
difference of thermal expansion coefficients (TECs) between
the substrate and the film. The crack phenomenon can be alle-
viated if one chooses a fluoride substrate, and reduces substrate
heating temperature and layer numbers [4,22]. AlF3 was used to
replace MgF,, and better optical properties were achieved, but
more attention should be paid to stability in the long term [23].
To date, due to its good application heritage, the LaF;/MgF,
multilayer is still the first choice in astronomical exploration.

Based on the requirements of WAI/FY-3H, non-periodic
LaF;/MgF, multilayer mirrors were designed and fabricated,
with working wave bands of 140-160 nm and 160-180 nm,
respectively.

2. DESIGN

The designer of the optical system gave us design targets or
requirements for mirrors, including average reflectance in the
working wavelength, and reflectance suppression (RS) ratio
between out-of-band and in-band. The requirements are given
in Table 1, derived from overall consideration of the intensity
of emission lines for the aurora, quantum efficiency of the
microchannel plate (MCP) detector, and transmittance of the
BaF, filter. Details can be found in the literature.

A. Optical Constants

The optical constants of LaF3 and MgF, were derived from the
characterization of reflectance of a single layer by OptiLayer
software [24]. The single layer of LaF3 or MgF, was fabricated
under the same coating process as multilayer mirrors. The
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nominal thickness of the single layer was 130 nm, incident
angles were 10° and 20°, respectively, and the substrate was
Zerodur. Figure 1 shows the fittings of experimental reflectance
curves for LaF3 (a), (b) and MgF, (), (d). The goodness of fit
was 1.03 and 0.20, respectively. The wavelength ranged from
120 nm to 220 nm, and the inhomogeneities were —24.3%
and 3.9%, respectively. The work of Lin demonstrated that the
inhomogeneity of LaF; can be enhanced to —2.14% at a sub-
strate heating temperature of 400° [25], and the inhomogeneity
was —12.85% at 250°. The substrate heating temperature was
170° in our experiment; hence, the inhomogeneity of LaF;
was lower than their samples. The fitting was not as good from
120 nm to 130 nm for LaF3, and this may result from its high
inhomogeneity. The fitting for MgF, was excellent. Figure 2
demonstrates the optical constants of LaF3 (a) and MgF, (b) in
the range from 120 nm to 220 nm, respectively.

B. Match Method Design

A quarter-wave (QW) periodic stack is a basic dielectric reflect-
ing structure; by increasing the period number, the reflectance
at the working wave band can be significantly enhanced, and
transition from the reflecting to transmitting zone becomes
sharper. The shortcoming is that it has pronounced sideband
ripples and must be suppressed in a filter application. Sideband
ripples result from the mismatch between the QW stack and
surrounding media (air and substrate). A symmetrical period
can be mathematically treated as a single equivalent layer with an
equivalent phase thickness and equivalent admittance (Herpin
index), allowing many advantages and convenience for the
analysis and design of filters [26]. Our match design idea is that
we choose a symmetrical periodic multilayer with better match-
ing with surrounding media as the main structure of the notch
filter, add a special layer to match with residual surrounding
media, and finally refine the multilayer by Optilayer software.

We used symmetrical periodic multilayers of (0.5L H0.5L)"
and (0.5HLO.5H)” to design reflective stacks [26]:
(0.5LHO.5L) and (0.5HLO0.5H) are basic symmetrical peri-
ods, L denotes low-index material with a QW optical thickness,
H denotes high-index material with a QW optical thickness,
and m and 7 are periodic numbers. The working wavelengths
were 140-160 nm and 160—180 nm, respectively. The substrate
was Zerodur, and incident angle was 33.5°; this angle was the
incidentangle of one of the mirrors in our optical system.

Figure 3 reveals the calculated equivalent parameters of

(0.5LH0.5L)" and (0.5HL0.5H)". For comparison, the

Table 1. Requirements and Theoretical and Experimental Results for the Mirrors
Reflectance/RS at
Reflectance at 160-180 (LBH-S)
‘Working Reflectance/RS Reflectance/RS ~ Reflectance/RS orat 140-160 Reflectance RS
Wavelength at121.6 at130.4 at135.6 (LBH-L) at 180-220

LBH-S (requirement) >35.00% <0.150 <0.100 <0.250 <0.200 <0.125
LBH-S (theory) 39.28% 0.61%/0.016 0.34%/0.009 0.31%/0.008 2.4%/0.061 1.55%/0.039
LBH-S (experiment) 42.87% 6.09%/0.142 2.12%/0.049 5.52%/0.129 4.65%/0.108 1.69%/0.039
LBH-L (requirement) >40.00% <0.15 <0.100 <0.167 <0.200 <0.125
LBH-L (theory) 43.22% 0.42%/0.010 0.57%/0.013 0.90%/0.021 4.3%/0.099 3.7%/0.086
LBH-L (experiment) 48.53% 4.81%/0.099 2.71%/0.056 1.60%/0.033 6.74%/0.139 4.35%/0.090
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refractive index of the Zerodur substrate is also provided. The
refractive index of (0.5HL0.5H) demonstrated a better match
with that of the Zerodur substrate than (0.5LHO0.5L) out of

effectively suppressed, and the drawback was that there was
little reflectance increase in the longer wavelength, especially
175 nm for the LBH-S mirror and 185 nm and 200 nm for
the LBH-L mirror. The Refine function of Optilayer software
[25] was used to further optimize the multilayers; tolerances
were set to 0.01 for 121.6 nm, 130.4 nm, and 135.6 nm, and
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others were set to one. Finally, good optical performance was
achieved. For the LBH-S mirror, the average reflectance was
39.28%. Reflectances were 0.61%, 0.34%, 0.31%, 2.4%, and
1.55% at 121.6 nm, 130.4 nm, 135.6 nm, 161-180 nm, and
181-220 nm, respectively. For the LBH-L mirror, the average
reflectance was 43.22%. Reflectances were 0.42%, 0.57%,
0.90%, 4.3%, and 3.7% at 121.6 nm, 130.4 nm, 135.6 nm,
140-159 nm, and 181-220 nm, respectively. All these data are
summarized in Table 1. The layer number was 16, and the total
thicknesses of LBH-S and LBH-L nm mirrors were 353 nm and
414 nm, respectively.

C. Deep Search Design

Stimulated by the rapid development of machine-learning and
deep search optimization methods [27-32], we also used the
deep search method of Optilayer software to design the mirrors.
A 17-layer solution to our LBH-L mirror was found by the deep
search gradual evolution method without any stated design in
a completely automatic mode [32]. Figure 5 demonstrates the
design results of the deep search. Compared with our match
design method, the deep search design gave better results: higher
peak reflectance, and better RS at 121.6 nm, 130.4 nm, and
135.6 nm [Fig. 5(a)]. On the contrary, this multilayer had 17
layers, and the first layer was MgF,. Deep search was indeed a
fast, effective design method, and it demonstrated a noticeable
advantage. However, the multilayer designed by deep search
had a total thickness of 528.5 nm, which was 114.5 nm thicker
than that obtained by our match design method. This would
lead to cracking of thin films, resulting from thermal stress of
thicker fluoride films. Hence, we reduced the layer number from

17 to 15, and redesigned the multilayer. Unfortunately, in a
15-layer multilayer, the total thickness was still 525.5 nm, and
it exhibited worse RS at 121.6 nm, 130.4 nm, and 135.6 nm
[Fig. 5(b)]. Figure 6 gives the thickness distribution in multilay-
ers designed by the match method (16 layers) and deep search
method (15 layers and 17 layers). Most of the layer thickness
was in the range from 10 nm to 45 nm, but the thickness of the
16th layer was 65 nm in the 17-layer deep search design; the
thicknesses of the sixth and 14th layers were 80 nm and 65 nm,
respectively, in the 15-layer deep search design. Deep search was
prone to give some extreme thicker layer in its design. Large film
thickness deviation may lead to some difference in refractive
index and inhomogeneity. For optical thin film deposition in
the FUV region, only a quartz monitor is used to control film
thickness. A quartz monitor can control only physical thickness
(d), not optical thickness (nd; # is the refractive index of films),
as optical monitoring can. A large film thickness brings large
errors in thickness control. Thus, taking into account practical
fabrication, we discarded the multilayer structure obtained by
the deep search method.

3. FABRICATION

LaF; and MgF, were put in a molybdenum boat and deposited
by the resistive thermal evaporation method. The deposition
rate was 0.2 nm/s, and the substrate was the Zerodur. The
deposition rates were controlled by a quartz monitor. The base
pressure was 2.5 X 10~% Pa, and the substrate heating tempera-
ture was 170°. The deposition parameters of the layer number,
the total thickness, and the substrate heating temperature were

Fig.5.
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determined by the criterion that no cracks were observed by the
white interferometer [4].

A. Reflectance

The reflectance of the mirror was measured by a McPherson
VUVaS2000 ultraviolet spectrophotometer with a step of 1 nm,
and the base pressure was 4 x 1072 Pa.

Figure 7 gives the experimental results of our fabricated mir-
rors. The LBH-L mirror exhibited better agreement between
theoretical calculation and experiment than LBH-S. For the
LBH-S mirror, the average reflectance was 42.87%. Reflectances
were 6.09%, 2.12%, 5.52%, 4.65%, and 1.69% at 121.6 nm,
130.4 nm, 135.6 nm, 161-180 nm, and 181-220 nm, respec-
tively. For the LBH-L mirror, the average reflectance was
48.53%. Reflectances were 4.81%, 2.71%, 1.60%, 6.74%, and
4.35% at 121.6 nm, 130.4 nm, 135.6 nm, 140—159 nm, and
181-220 nm, respectively. As shown in Table 1, the test results
of the fabricated mirrors demonstrated a small deviation from
the design, especially in terms of the out-of-band inhibition
capability. This may result from the thickness dependence of the
optical constants [5], larger inhomogeneity of LaF3, thickness
control errors, or test errors. We utilized a single layer coating
with a thickness of 130 nm to derive the optical constants, and
its thickness was quite larger than the thickness of each layer
in the multilayer. Even though the single layer coating and
multilayer were deposited under the same deposition proc-
ess, the optical constants may have little difference due to its
thickness dependence [5]. In FUV coating deposition, only a
quartz monitor was used to control the physical thickness rather
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than optical thickness, which an optical monitor can control,
and this may introduce some thickness errors. The ultraviolet
spectrophotometer used a deuterium lamp as a light source, and
the intensity of its emission lines at 115-136 nm is weak. Hence,
the accuracy of measured reflectance may be not good.

B. Stress

It is well known that high substrate temperatures (200°-300°C)
during deposition results in lower intrinsic stress and higher
thermal stress for MgF, film [5,13,16,17]. Thus, our fabricated
LaF;/MgF, ML has strong thermal stress. As shown in Eq. (1),
the total stress of the LaFs;/MgF, multilayer includes thermal
stress and intrinsic stress [13,16,17,22]. Thermal stress can
be calculated by Eq. (2), where E is the Young’s modulus, v is
the Poisson ratio of the coating, g, and g1y are the TECs of
the substrate and film, respectively, T is the room temperature,
and T is the substrate heating temperature during deposition
[13,16,17,22].

Traditionally, as shown in Fig. 8, 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 cracks [33]. The traditional stress can be calculated by
Eq. (3) (Stoney equation), where d; and d ¢ are the thicknesses of
the substrate and film, and R, and Ry are substrate radii before
(Ro) and after (R;) film deposition, respectively [13,16,17,22].
It was found that the film cracked when the substrate heating
temperature was 230°C during deposition. Although no crack
occurred for the film, the surface figure of the substrate changed
significantly when the substrate heating temperature was 180°—
220°C during deposition. Figure 9 gives the stress of films when
the substrate heating temperature is 170°~220°C during depo-
sition. The stress was calculated by Eq. (3), the parameters were
cited from Refs. [17,34], and the stress was the sum of LaF5 and
MgF, . Films deposited at 170°C had a tensile stress of 536 MPa,
the surface figure had a small variance after deposition, and opti-
cal performance was stable after three months. The equations
are as follows:
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Experimental results of our fabricated multilayers: (a) LBH-S and (b) LBH-L.
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Fig. 8. Illustration of the effect of a thin film with tensile stress on
the substrate bending [33].
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Fig. 9.  Stress of films when the substrate heating temperature is
170°-220°C during deposition.

4. CONCLUSIONS

To meet the requirement of WAI/FY-3H, we designed and
fabricated a non-periodic LaF3/MgF, multilayer. The working
wavelengths were 140-160 nm and 160-180 nm, respectively.
The optical constants of LaF3 and MgF, were derived by the
characterization of the reflectance at two incident angles for the
single layer.

Deep search was used to solve our problem, and it exhibited a
noticeable advantage. The multilayer designed by this method
showed excellent optical performance. However, it needed
thicker multilayers. This led to cracks in the film, resulting
from the thermal stress of fluoride film. Thus, we proposed
the match design method to design the multilayer. Due to its
better match, the refractive index of the Zerodur substrate
(0.5HL0.5H)” was selected as the main structure of the mul-
tilayer, MgF, was used to match the difference of the refractive
index between the unit of (0.5HL0.5H) and air, and the Refine
function of Optilayer software was used to further optimize the
multilayer. The fabricated mirrors exhibited excellent optical
performances, as used in WAI/FY-3H.

If a single layer LaF3 coating with different thicknesses is
deposited, optical constants of LaF; may be more precisely
characterized. If a new deuterium lamp is used in the ultraviolet
spectrophotometer, measurement accuracy may be enhanced.
All of these efforts may contribute to reduce the disagreement
between experiment results and design. Due to a lower tensile
stress of AlF; compared with MgF,, AlF3/LaF; is another
promising potential material pair candidate. More layers can be
used in this multilayer, the deep search method may be effec-
tively used to design this thicker multilayer, and better optical
performance may be achieved. However, space adaptability of
the AlF3 /LaF3 coating should be seriously considered.
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