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Development of an anti-reflection coating for optical windows in mul-

timode electro-optical detection systems

HUI Bing' ", LIU Nan-nan', PENG Yong-chao', FU Xiu-hua?, BAI Yue-jie', YANG Lu-yan',
DONG Suo-tao®, JIA Feng'
(1. North Navigation Control Technology Co.Ltd., Beijing 100176, China;
2. Changchun Univ Sci & Technol, Sch Optoelect Engn, Changchun 130013, Peoples R China;
3. Changchun Univ Sci & Technol, Zhongshan Inst, Zhongshan 528437, Peoples R China)
* Corresponding author, E-mail: hb_optical@126.com

Abstract: As a critical component of integrated optoelectronic detection systems, multispectral ZnS win-
dows enable multiband, common-path optical configurations. In this study, a broadband anti-reflection coat-
ing was designed and fabricated on multispectral ZnS substrates for multimodal detection applications cover-
ing the visible spectrum, the 905 nm laser band, and the long-wave infrared (LWIR) region. The residual
stress, deposition process, coating design, and error sources of single-layer YbF; films were systematically
investigated. By examining the effects of ion-source parameters on the stress of YbF; films, the optimal de-
position conditions were determined to be a bias voltage of 150 V and a discharge current of 50 A. Initial ex-
periments showed that the average transmittance in the visible band was only 73.35%. Inverse analysis indic-
ated that this deviation was mainly caused by a systematic error in the tooling factor. After correcting the
tooling-factor deviation and implementing an optimized monitoring strategy based on inverse spectral analys-
is, the layer-thickness error was effectively reduced, enabling precise control of highly thickness-sensitive
layers. Normalized-coordinate analysis further revealed pronounced wavelength-dependent differences in
spectral sensitivity between the visible and infrared regions. Therefore, a targeted single-band optimization
strategy, combined with segmented monitoring of highly sensitive layers, was adopted to compensate for
spectral shifts induced by cumulative thickness errors during multilayer deposition. The measured results
show that, within an incidence-angle range of 0-15°, the average transmittance reached 93.57% at 450-1 000

nm and 92.91% at 8 000-12 000 nm, satisfying the required performance specifications.
Key words: thin films; anti-reflection coating; multiband integration; multimode detection systems
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1 Introduction

With advances in multimode electro-optical de-
tection technology, multimode detection systems in-
creasingly require multispectral common-path archi-
tectures instead of conventional multi-path designs,
thereby reducing system volume and weight for ter-
minal-guidance applications .

Multimode detection technology requires the
integration of three spectral channels for target-
background detection, namely visible imaging oper-
ating at 450-800 nm, infrared imaging at 8 000-12 000
nm, and laser detection at 905 nm. The visible band
enables direct optical imaging of the target, the laser
band facilitates target detection, tracking, and ran-
ging, and the infrared band guarantees clear ima-
ging during nighttime and low-illumination scenari-
os, thereby enabling all-weather day-and-night oper-
ation. These modalities complement each other, en-
hancing target recognition performance and en-
abling all-weather operational capability.

The implementation of multispectral common-

path optical systems critically relies on thin-film

doi: 10.3724/CO.EN-2026-0012
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technology to ensure that each spectral band meets
its performance requirements. Multiband infrared
coating technology remains a major research focus
in the field of optical thin films.

Substantial progress has been made for differ-
ent spectral bands and substrate materials. In 2007,
Fu Xiuhua et al. prepared 3-5 pm and 8-12 um dual-
band infrared anti-reflection coatings on ZnS domes
via electron-beam and ion-assisted deposition™. In
2016, triple-band coatings covering visible, laser,
and mid-wave infrared bands were realized on ZnSe
substrates™. In 2019, high-transmittance films over
1.5-5 um were fabricated on silicon substrates with
transmittance above 96.54%. Relevant research
also summarized the development status of domest-
ic integrated optical thin film technology for spec-
tral imaging systems®. In 2021, Zhou et al. de-
veloped infrared dual-color filter films working at
3.2-3.8 um and 4.9-5.4 pm bands to meet multispec-
tral detection demands'®. In 2022, Li et al. fabric-
ateddual-bandanti-reflectioncoatingsapplicabletol 064
nm laser and long-wave infrared range with superi-

or optical performance!”.
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International studies have focused on innovat-
ive film structures, fabrication techniques, and mul-
tifunctional coatings. Novel multilayer designs in-
tegrate infrared optical performance with radiative
cooling capability®™. Laser-etching techniques have
also been used to fabricate anti-reflection micro-
structures, which greatly enhance the optical trans-
mittance and laser damage resistance of infrared ele-
ments™. These explorations offer new approaches to
improving the performance of multiband thin films.

Although extensive research!'*' has been con-
ducted on anti-reflection coatings for the visible,
near-infrared, and mid-wave infrared bands, few
studies have addressed broadband multiband coat-
ings that simultaneously cover the visible and long-
wave infrared regions.

This study focuses on broadband transmittance
enhancement from the visible to the far-infrared,
covering the visible television band, the 905 nm
laser band, and the long-wave infrared band. For
specific performance requirements, the average
transmittance in the 450-1000 nm and 8000-12000
nm bands needs to surpass 90% when the incid-
ence angle is between 0° and 15°. Few materials ex-
hibit high transmittance across both the visible and
mid-to-long-wave infrared regions simultaneously.
Moreover, their refractive indices and extinction
coefficients exhibit pronounced wavelength depend-
ence across these spectral ranges, resulting in dis-
crepancies between theoretical design and practical
fabrication outcomes. In addition, the wide band-
width requirement in the visible region and the large
spectral separation between the two target bands
result in complex multilayer structures consisting of
a large number of thin films. Therefore, enhancing
thickness control accuracy and reducing film stress

represent key challenges in this work.

2 Thin-film materials and process in-
vestigation

2.1 Materials selection

According to the specified technical perform-

ance requirements, the selection of coating materi-
als must ensure low absorption loss in both the vis-
ible and infrared spectral regions, sufficient mech-
anical strength, stress compatibility between adja-
cent film layers, and strong adhesion between the
coating and the substrate!'”. In this study, multispec-
tral zinc sulfide (ZnS) was adopted as the substrate
material. ZnS exhibits a broad transmission window
from 380 to 14,000 nm, and its spectral transmit-
tance curve is presented in Fig. 1. Multispectral ZnS
was selected as the high refractive index material in
the coating system. Ytterbium fluoride (YDbF;),
which offers good stress compatibility with ZnS,
was chosen as the low refractive index material.
YDbF; exhibits high transmittance over 220-
14000 nm.
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Fig. 1 Transmission spectrum curve of multispectral ZnS

substrate.

2.2 Process investigation of single-layer YbF;

films

Although YbF; demonstrates favorable mech-
anical strength and superior abrasion resistance rel-
ative to other fluoride-based materials, substantial
internal stress may accumulate when the YbF; layer
is deposited to a large thickness, potentially causing
delamination and cracking. Three components make
up film stress, namely surface stress, thermal stress
and intrinsic stress. Surface stress is determined by
the surface tension of the film layer and the interfa-
cial tension between the film and the substrate.
Thermal stress originates from the mismatch in

thermal expansion coefficients between the coating
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and the substrate. Intrinsic stress, also referred to as
internal stress, originates from the microstructural
evolution during film growth. When the substrate,
coating materials, and multilayer design are fixed,
the overall stress is dominated by the intrinsic stress
of the film layers!'”",

When a thin film is deposited onto a substrate,
the stress within the film induces deformation of the
substrate surface profile. In this study, BK7 glass
was adopted as the substrate material for single-lay-
er YbF; experiments. Based on elastic mechanics
theory™?!1 when the film thickness is much smaller
than the substrate thickness, the film stress can be
calculated using the Stoney formula®?! from the
change in the substrate’s peak-to-valley (PV) value
before and after deposition. The film stress is given
by

E& (1 1 .
7T 6(-v)d,\R, R,)

whereE; is the Young’s modulus of the substrate
(82 GPa), v; is the Poisson’s ratio (0.17), R,is the
radius of curvature of the substrate after coating,

and R; is the radius of curvature before coating.

r2

Ri=37 - 2)
r2
Ri= 57 (3)

In these expressions, r denotes the measure-
ment radius, f, and f; represent the PV values be-

fore and after coating, respectively, and A is the

wavelength of the interferometric laser used in the
measurement.

During film deposition, plasma source para-
meters are among the critical factors that influence
film stress™*1, Based on the above analysis, this
study investigates the effects of different plasma
source conditions on the intrinsic stress of YbF; thin
films. Adjusting the ion-assisted deposition para-
meters to reduce film stress allowed us to determine
the optimal deposition conditions and correspond-
ing optical constants for the multilayer coating
design.

The deposition process parameters used in the

experiment are listed in Tab. 1.

Tab.1 Deposition parameters for the control experi-

ments.
AAPS APS Bias  Film
. VacuumTemperature Rate Discharge .
Experiment o ) voltage thickness
(mbar) (°C) (nm-s™) current
oW (m)
(V)
120/130/
A 5x107 120 0.5 50 140/150/ 500
160
40/45/
6
B 5x10 120 0.5 50/55 150 500

The surface of coated substrates, 30 mm in dia-
meter and 2 mm thick, was measured using a ZYGO
laser interferometer. To mitigate diffraction-in-
duced interference at the coating edge caused by the
fixture, a 90% clear aperture of 27 mm in diameter
was adopted during the measurement. When the ion
source current was maintained at 50 A and the bias
voltage was set to 120 V, 130V, 140 V, 150 V, and

160 V, respectively, the corresponding results are

shown in Fig. 2.

(2

Fig. 2 Surface profiles of the substrate before coating and of YbF; films deposited under different ion-source bias voltages.
(a)120 V; (b)130 V; (¢)140 V; (d)150 V; (e)160 V; Surface measurement results of YbF; films under different ion
source bias voltages. (f)120 V; (g)130 V; (h)140 V; (1)150 V; (j)160 V.
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When the ion source bias voltage was set to trend of film stress is shown in Fig. 3(a). As the ion
120V, 130V, 140V, 150V, and 160 V, the vari- source bias voltage increased, the stress of the YbF;
ations in the peak-to-valley (PV) values of the film thin film exhibited a trend of initially decreasing and
surface were 0.290 A, 0.183 A, 0.143 A, 0.058 A, and then increasing. The minimum film stress was ob-

0.128 A, respectively. The corresponding variation tained at a bias voltage of 150 V.
20 — 12
(@ \ (b
16 * —_—
\ 9t
< <
[ . [
S 1t E -
2 * 2
5 26t
2 2] .
*
4r 3
120 130 140 150 160 40 45 50 55
Bias voltage/V Discharge current/A

Fig. 3 (a) Variation of YbFj; film stress under different ion source bias voltages; (b) Variation of YbF; film stress under differ-

ent ion source discharge currents.

When the ion source discharge current was set and the variation trend of film stress is presented in
to 40 A, 45 A, 50 A, and 55 A, the variations in the Fig. 3(b). As the ion source discharge current in-
PV values of the film surface were 0.117 A, 0.111 A, creased, the stress variation was relatively small, ini-
0.058 A, and 0.088 A, respectively. The correspond- tially decreasing slightly before increasing, with a

ing surface measurement results are shown in Fig. 4, minimum at 50 A.

(b) ™ 3 (c) Pteyi 5 2 (d) RSy

2 (h) e

) @

PV0.245)
(e) RMS0.015

Fig. 4 Surface profile of the substrate before deposition (pre-experiment). (a)40 A; (b)45 A; (¢)50 A; (d)55 A. Surface meas-
urement results of YbF; films under different ion source discharge currents. (¢)40 A; (f)45 A; ()50 A; (h)55 A.

In summary, the stress variation of YbF; thin a slight decrease followed by an increase, with a
films is primarily influenced by the ion source bias minimum at 50 A. Considering the impact of film
voltage. As shown in Fig. 3(a), the film stress ini- stress on practical application requirements, the fi-
tially decreases and then increases with bias voltage, nal optimized deposition parameters were selected
reaching a minimum at 150 V. In contrast, the dis- as a bias voltage of 150 V and a discharge current of

charge current has a weaker effect; the stress shows 50 A.
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In this study, the optical constants of ZnS and
YDbF; thin films were characterized under actual de-
position conditions. The refractive indices in the 400-
1000 nm visible and near-infrared band were accur-
ately measured using a J.A. Woollam M2000 spec-

troscopic ellipsometer. In contrast, the optical con-

(@
1.68 |

Refractive index

400 500 600 700 800 900 1000

Wavelength/nm

2721
2.56

240

Refractive index

2241

2.08

400 500 600 700 800
Wavelength/nm

900 1000

stants in the 8000-12000 nm long-wave infrared
band were derived from numerical fitting of the ex-
perimental spectral data. The calibrated optical con-
stant parameters of the two thin film materials are

presented in Fig. 5.
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Fig. 5 Refractive-index dispersion curves of YbF; and ZnS. (a) Refractive index curve of YbF; for 400-1000 nm; (b) Refract-
ive index curve of YbF; for §000-12 000 nm; (c) Refractive index curve of ZnS for 400-1 000 nm; (d) Refractive index

curve of ZnS for 8000-12 000 nm.

3 Coating design and fabrication

3.1 Coating design

In this study, a dual-band high-transmittance
coating covering the ranges 0f450-1 000 nm and 8 000
-12000 nm was designed on a ZnS substrate. The
specified incidence-angle range, broad visible-band
bandwidth, and large separation between the visible
and infrared bands make the coating design challen-
ging. According to the conventional Baumeister the-
ory of anti-reflection coating design™!, broadband
design presents inherent limitations, necessitating
more sophisticated optimization strategies. Based on

thin-film optical theory, the optical admittance of a

single-layer film can be expressed using the charac-

teristic matrix method, as shown in Eq. (4).

C €080 + i1,C0S0
Y1=_=772 1.']771. 1 ’ 4
B cos&1+z(”—f)sm61

SinG
| B |_| coso, [Smo, 1 .
whereM = c|= m is the

insing; coss, |L

characteristic matrix of a single-layer film,

2n
0, = 7 nyd; cos6; ) denotes the wavelength.

Following Baumeister’s multilayer anti-reflec-
tion coating concept, the coating stack can be treated
as an equivalent optical admittance. Accordingly,
the overall characteristic matrix of the multilayer
system is given by the product of the individual lay-

er matrices, as expressed in Eq. (5).
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K
M=]]m; . (5
j=1
The equivalent optical admittance of the mul-
tilayer system is then given by

Y==

b (6)
B

B 1
Where[ C }—M[ n,

], n,represents the refractive
index of the substrate.
During coating design, a merit function was in-

troduced, as defined in Eq. (7)

MeritFunction =% Zﬂ ZGW(/LQ)
[Tea=T@O] . D

where N is the total number of sampling points, 4
denotes wavelength, 0 represents the angle of incid-
ence, and T(4,6) is the calculated transmittance of
the current coating system at wavelength 1 and in-
cidence angle 6. The merit function incorporates a
weighting function W (4,0) to emphasize optimiza-
tion at spectral band edges and specified incidence
angles, while reducing the weight assigned to other
spectral regions.

To achieve optimal anti-reflection perform-
ance, the equivalent optical admittance of the mul-
tilayer system should be made as close as possible

to the refractive index of air (n, = 1). Since the out-

280t (a)
240

YbF,
ZnS

— N
[ =
(=R
T T

120 |

Thickness/nm

B 0
(=R
T T

0 4 8 12 16 20 24 28 32

Number of layers

S

ermost layer forms the first film-air interface and
determines the initial admittance transformation dir-
ection, YbF; was selected as the outermost layer?”.

According to the technical specifications, the
initial coating structure was set as Sub | (HL)*15 |
Air where Sub represents the multispectral ZnS sub-
strate, H denotes a quarter-wave optical thickness
layer of multispectral ZnS, L denotes a quarter-wave
optical thickness layer of YbF;, and the reference
wavelength was set to 1500 nm.

Thickness optimization was performed using
OptiLayer, with wavelength and incidence angle tar-
gets specified in the optimization objectives. A com-
bination of the gradient refinement algorithm and
needle optimization algorithm was employed for
global optimization. ZnS was adopted as the first in-
terfacial layer to enhance the adhesion between the
coating and the substrate. To reduce thickness er-
rors associated with quartz crystal monitoring dur-
ing deposition, a minimum physical thickness con-
straint of 10 nm was imposed.

The optimized theoretical spectral perform-
ance is shown in Fig. 6. The final coating structure
consisted of 34 layers with a total physical thick-
ness of 1.6 um. At normal incidence (0°), the calcu-
lated double-sided average transmittance reached
99.02% over the range of 450-1 000 nm and 98.41%
over the range of 8000-12 000 nm.

100 —_—
(b)
80 )
— Double-sided-0Deg
—— Double-sided-15Deg
60 — Single-sided-0Deg

100 ~—

80
40 60

40
20 20

0 s s s
400 600 800 1000 1200

Transmittance/(%)

2000 4000 6000 8000 10000 12000
Wavelength/nm

Fig. 6 Layer thickness distribution of the coating stack and theoretical spectral performance of the multispectral anti-reflec-

tion coating. (a) Thickness distribution map of the multilayer coating system; (b) Theoretical spectral curve of the

multispectral anti-reflection film design.

3.2 Fabrication process

The coatings were fabricated by thermal evap-

oration using an ARES 1100 vacuum coating sys-

tem, manufactured by Biihler Leybold Optics, Ger-
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many. The system is equipped with an oil-free tur-
bomolecular pumping system, an HPE16 electron-
beam evaporator, a 12-position rotating resistive
evaporation source, an APSpro ion source, and an
INFICON IQM-6 six-channel quartz crystal thick-
ness monitoring system. Both YbF; and ZnS layers
were deposited by resistive thermal evaporation.
The substrate temperature was maintained at 120 +
3 °C during deposition. To enhance adhesion, the
substrate was pre-treated with an ion beam prior to
deposition.

In addition to the baseline deposition paramet-
ers listed in Tab. 2, a segmented thickness-control
strategy was adopted during multilayer fabrication.
Given the high spectral sensitivity of YbF; layers re-
vealed by reverse analysis, the tooling factor of
YbF; was calibrated separately from that of ZnS,
and the outermost YbF; layer was monitored separ-

ately to reduce cumulative thickness deviation. This

= \
= \
.S .
E
=
]
=
20 - -- Actual spectra
—— Theroetical spectra
0 A A A A A
400 500 600 700 800 900 1000
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~
E |©
S
< " .
Z of -
= ’
172] ' L ]
3 " w||® .
E‘ _1 i LI | " & =N
5 .
£ -2

10 20 30
Number of layer

process adjustment was introduced to improve vis-
ible-band spectral stability while maintaining the in-

frared-band transmittance.

Tab.2 Deposition process parameters.

. Deposition - .
Material temperature ( °C) Rate (nm's™) APS Parameters Tooling
ZnS 0.8 - 77.5

120
YbF; 0.5 140 V/50 A 70.6

3.3 Testing and analysis

The transmittance over the 450-1 000 nm spec-
tral range was measured using a Cary 5000 UV-Vis-
NIR spectrophotometer (Agilent Technologies),
whereas the transmittance in the 8000-12000 nm
range was measured using a Spectrum 3 Optica
Fourier transform infrared (FTIR) spectrometer
(PerkinElmer). The single-sided transmittance spec-
tra measured at normal incidence (0°) are shown in
Fig. 7(a) and Fig. 7(b).

100
(b

80 et PR ANTTIITII T e M-
<
g 60f
E
% 40
g
=

20+ - -- Actual spectra

—— Theroetical spectra

0
6000 7000 8000 9000 10000 11000 12 000
Wavelength/nm

2.5

(d)
2.0t

15¢

1.0r

05F

Second-order layer sensitivity/nm2

10 20 30
Number of layer

Fig. 7 Measured single-sided transmittance spectra of the coating and first-order and second-order sensitivity of the coating

stack. (a) Transmission test spectral curve for 400-1000 nm; (b) Transmission test spectral curve for 8§ 000-12 000 nm;

(c) First-order sensitivity; (d) Second-order sensitivity.

The measured average transmittance over the

450-1000 nm band was 73.35%, notably below the
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theoretical design target of 82.52%. Pronounced
transmittance ripples were also observed in the 450-
640 nm spectral region. Compared with the theoret-
ically designed visible transmission bandwidth, the
measured bandwidth was noticeably narrower. For
the 8000-12000 nm band, the measured average
transmittance was 82.76%, in good agreement with
the theoretical value of 84.73%.

The significant deviation observed between the
measured and theoretical transmittance curves in the
visible region cannot be attributed solely to absorp-
tion by the substrate and coating materials within
this spectral range. The discrepancies between actu-
al and theoretical layer thicknesses must also be
analyzed. Fig. 7(c) and 7(d) show the first-order and
second-order sensitivity analyses of the coating
stack.

The first- and second-order sensitivity distribu-
tions of the coating stack show that YbF; layers
have relatively high overall sensitivity and domin-
ate the spectral performance determination of the
optical system. Inverse analysis attributed the nar-
rowing of the visible-band transmission bandwidth
primarily to a systematic deviation in the tooling
factor during YbF; deposition, which resulted in an
actual deposited thickness of only 92.42% of the
theoretical value. This thickness deviation propag-
ates through the coating stack, resulting in contrac-
tion of the visible transmission bandwidth.

Let the theoretical physical thickness of the j
YbF; layer be dj,. Owing to the systematic error of
the quartz crystal microbalance (QCM), which is
represented by the tooling factor k, and assuming
that k remains constant during the deposition of the
YbF; film, the actual physical thickness d; can be

expressed as

djzkdj() N (8)

where nj, denotes the refractive index of the YbF;
thin film. When the dispersion relation is neglected,
ny can be approximately regarded as a constant
within the considered wavelength range and is inde-

pendent of the film thickness. The theoretical phase

2n
thickness of a single layer is 6(4)j = (7)11;061/0,

and the corresponding actual phase thickness 6(4);

is

o(); = (z—f)njodj = (%)nﬂ) -(kd o) = k6(D) jo
D)
Substituting Eq. (9) into the characteristic mat-
rix Mand Eq. (5), the total characteristic matrix of

the multilayer coating system can be written as
K
j=1

At the central wavelength Ay, the theoretically
designed phase thickness is d;,(4). Without re-op-
timizing the coating system, this value is usually an

T
integer multiple of 5 For any wavelength A, the

phase thickness can be expanded as

2n A
(5j0(/l)=(7)l’ljodj0= 705]'0(/10) . (11)
Ao
A
also referred to as the normalized frequency. There-

where & = — is defined as the relative wavenumber,

fore, Eq. (11) can be simplified as
80 () =gdjp(do) - 12

For an actually deposited film, the tooling
factor can be equivalently expressed in the normal-
ized-frequency domain, and the phase thickness be-

comes
0;(g) =kdj(g) =k-gop(do) . (13)

The above analysis indicates that the actual
phase thickness is equivalent to multiplying the the-
oretical phase thickness by the constant &, or equi-
valently replacing the normalized frequency g with
k-g. Therefore, in the normalized-frequency do-
main, the actual spectral response can be approxim-
ately represented as a scaling transformation of the
theoretical spectral-response function. In other
words, the overall spectral response can be approx-
imated as a linear scaling along the wavelength axis,

and the relative spectral shift becomes a constant
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that is independent of wavelength.

For the infrared band, if a fixed proportional
systematic deviation exists in the physical thickness,
the multilayer stack can be approximated as a uni-
formly scaled structure. However, in the normal-
ized frequency coordinate system, the spectral re-
sponse of the optical thin films exhibits approxim-
ate scale invariance. Therefore, the difference
between the theoretical design and the measured
spectrum is determined solely by deviations in the
tooling factor and is independent of the absolute
wavelength. This indicates that the infrared band is
relatively insensitive to proportional deviations in
the deposition thickness. The bandwidth variation
caused by a systematic tooling factor deviation is ef-
fectively suppressed at longer wavelengths, leading
to a smaller discrepancy between the measured and
theoretical infrared spectra.

Consequently, the coating stack can be optim-
ized by comparing the measured and theoretical
spectra in the visible region, without explicitly re-
optimizing the infrared band. The narrowing ob-
served in the visible transmission bandwidth can be
ascribed to the systematic tooling factor deviation of
the YbF; layers. When the scaling coefficient is
0.92, a noticeable reduction in the visible band-
width can be observed. Further reverse analysis in-
dicates that the pronounced spectral oscillations in
the 450-640 nm region originate from the thickness
deviation of the outermost YbF; layer. A comparis-
on between the experimental results and the fitted

analysis is presented in Fig. 8.

100
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Fig. 8 Comparison between the fitted spectrum and the

measured spectral curve.

The entire deposition process was monitored
using a quartz crystal microbalance (QCM). This
technique controls the film thickness by monitoring
the variation in the oscillation frequency of an AT-
cut quartz crystal. As the film thickness increa-
ses, the oscillation frequency decreases, reducing
detection sensitivity and introducing monitoring er-
rorsi*l.

Theoretical and experimental analyses con-
firmed that adjusting the tooling factor for YbF; lay-
ers and independently monitoring the outermost lay-
er significantly improve spectral performance.

Specifically, optimization prioritized layers
with higher first- and second-order sensitivity in the
visible band rather than globally re-tuning the entire
stack. This sensitivity-prioritized correction strategy
reduced error propagation from the outer YbF; lay-
ers toward the inner multilayer stack and was more
effective than uniform thickness compensation. As a
result, the visible-band ripple was suppressed and
the measured spectrum became more consistent with
the theoretical profile, while the infrared band re-
mained comparatively stable because of its lower
sensitivity to proportional thickness deviation.
These modifications effectively smoothed the over-
all spectral response and suppressed the oscillations
in the visible band. The adjusted measured spectral
curves are presented in Fig. 9.

Within an incidence angle range of 0°-15°, the
averagetransmittancereached93.57%inthe450-1 000
nm region and 92.91% in the §000-12,000 nm re-

gion, thus meeting the specified requirements.
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Fig. 9 Measured spectral transmittance curves. (a) 0-15°
transmittance spectrum over 450-1 000 nm;(b) 0-15°

transmittance spectrum over 8 000-12 000 nm.

3.4 Environmental testing

To ensure product reliability under operational
conditions, the following environmental tests were
conducted on the samples.

(1) Adhesion test

At room temperature, a 3M adhesive tape with
a width of 2 cm and a peel strength of no less than
2.74 N/cm was firmly applied to the coated surface
within the effective clear aperture. Care was taken to
ensure that the tape was flat and free of air bubbles,
and was then rapidly peeled off in a direction per-
pendicular to the surface. No film delamination or
cracking was observed on the sample surface.

(2) Temperature and thermal shock test

The samples were placed at a low temperature
of —46 + 2 °C and a high temperature of 71 + 2 °C,
with a holding time of 2 h under each temperature
condition. The chamber temperature ramp rate did
not exceed 2 °C/min. After cooling back to room
temperature, the coating surface was carefully ex-
amined, and no defects such as peeling, delamina-
tion, cracking, or blistering were observed.

For the thermal shock test, the samples were al-
ternately exposed to -46 = 2 °C and 71 = 2 °C. No
peeling, delamination, cracking, or blistering was
observed on the coating surface.

(3) Damp heat test

References:

The samples were placed in a humidity cham-
ber at a temperature of 50 + 2 °C and a relative hu-
midity of 95% to 100% for 24 hours. After removal
from the chamber, the coating surfaces were inspec-
ted, and no peeling, delamination, cracking, or blis-
tering defects were detected.

After the aforementioned environmental tests,
no significant changes were observed in the spectral
performance of the samples. The fabricated visible,
laser, and LWIR anti-reflection coating exhibited
excellent environmental stability and satisfied the

requirements for practical applications.

4  Conclusion

On the basis of the material optical properties
and design requirements, multispectral ZnS and
YbF; were selected as high and low refractive index
materials, respectively. The influence of different
ion source process parameters on film stress was in-
vestigated, and the optimal ion source parameters
for YbF; deposition were determined. Using the cal-
culated material parameters, the anti-reflection coat-
ing was designed and successfully fabricated via
resistive thermal evaporation. Comparing experi-
mental results with sensitivity distribution analysis
and reverse simulation revealed the wavelength-de-
pendent error sensitivity in different spectral bands.
Targeted process optimization and precise monitor-
ing of high-sensitivity layers were carried out ac-
cordingly. Ultimately, an anti-reflection coating ap-
plicable to visible, laser, and long-wave infrared
multimode detection systems was successfully fab-
ricated. Environmental tests confirm that the mult-
iband anti-reflection coating exhibits stable per-
formance and strong environmental adaptability.
These results demonstrate the feasibility of broad-
band visible-laser-LWIR anti-reflection coating

design for integrated multimode detection systems.
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