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Abstract: Filters, as a key component in the photoelectric detection system, can simplify the optical system
and improve detection efficiency. Based on the usage requirements, a visible/near-infrared filter film with up
to 5 wavebands needs to be designed and prepared, while simultaneously satisfying high reflection in 2 wave-
bands and high transmittance in 3 wavebands. Therefore, we have conducted a systematic study on the film
design, thin film preparation process, and control accuracy of film layer thickness. In this work, the short-
wave pass film system is superimposed with the long-wave pass film system, and the number of cycles and
matching coefficient of the film system are tuned to meet the requirements of cut-off band. Additionally,
Smith method was used to match bandpass film system to optimize the transmission band and complete the
visible/near infrared multiband laser filter film design. In the preparation process, combined with the sensitiv-
ity of the film layer, inverse analysis is used to invert the film layer monitored by each optical monitoring
chip. The optical control scheme with weak optical signal in the monitoring process is simulated and correc-
ted, and the monitoring wavelength with stronger optical signal is matched, resulting in an improvement of
the control accuracy for the film thickness and the transmittance in the specified wavelength range. Ulti-
mately, the actual physical thickness is 9.66 pum, and the error with the theoretical design thickness is less
than 0.4%, and the transmittance of the specified 3 wavebands exceeds 99%. The average transmittance of

the cut-off bands at the 455—500 nm and 910—1 000 nm is 0.45% and 0.16%, respectively.
Key words: optical film; multiband; film system design; reverse analysis

Wo#s H #A3:2025-05-11; 1£1T B #8:2025-06-04
EE&WH: EKAARPAEEE (No. 62304152)
Supported by the National Natural Science Foundation of China (No. 62304152)



240 RED2E (RgEs)

A] DL/ 2T 5 25 iR B il ot g e BR Y F 451

#19%

FUR, GAM,KFH, EXF & B, AR g, AE R
(L RBEEIARF HEGEAXR GHEMBL2EEALRE RETHHGAMHELLLE,
X # 300384;
2. R A BRI A E], LA 1000155
JLRBEIAY ERERMFEIRYR RETHEE F5AEEHELLHE, XiZ 300384 )

E IR AL IR AR GE h B SCHERRIF, BERS TR R GRS TRINACR . MR OR, % 280 1R 4
— R 223K 5 APB A RT ULAT ZEAMIE I, [RII 96 A2 2 AN B BUR A 3 AN BE g IR o I, ARSOW AR B0
W A T2 LA B2 R BE R AR BE BEAT T R eI o AR T v i St 00 R 2 -5 4l JIR 2R R T 28 o, - R ik
ZA ) R 1RO DT E ZR 5, DA LD B 2R o e, iz T Smith T V& DA 8 158 28 25 i i B, MATTT € ] WL/ 214k
ZWBIHOCIRO IR BT, TEfl sl e b, 855 W2 M R BUE, 5 SO T AL R R BT R . W i R R
HOLAR S B8 B M P07 S AT AME IE, H DT RCGAR S A i WP I, BEMISR iRy 17 1R P58 B2 1 P s 2 A e A
FEE PR B N AT . R, Tl A RO UE DGR SE PR B EEE Dy 9.66 um, SIS TR IR 22/ T 0.4%, H 3 i

T BB L R 99%, 7F 455~500 nm 1 910~1000 nm 5 BL - 435 151 2843 51K 0.45% F10.16%.

X O ORGRFEE; ZREG R ALGEI EQ o
FE435:0482.31 ZEkFRERD: A

1 Introduction

In recent years, with the rapid development of
laser systems!'?, optical microcavity™, optical
communication and biological detection™, the used
instruments have put forward higher requirements
for the optical performance of the optical system fil-
ter. The design process is complicated and the optic-
al path is intricate by selecting a variety of single-
band spectral filters to overlap according to differ-
ent bands, rendering the single-band spectral filter
inadequate for meeting the needs of using require-
ments. In contrast, multiband filter films offer ad-
vantages such as simplifying the optical path mech-
anism design and enhancing the detection effi-
ciency, making them widely used in optical mi-
crocavities, biological detection and other fields.

In 2014, Tongtong Wang et al. designed and
prepared dual-band infrared antireflection film,
which could achieve an average transmittance of
more than 95% in the 0.8—1.7 um and 3.7-4.8 pm
bands!"”. In 2016, Gaoyuan Mi et al. designed a

doi: 10.37188/CO.EN-2025-0031

CSTR:32171.14.CO.EN-2025-0031

triple-band antireflection film, which was able to
achieve an average transmittance of more than
96.0% in the 0.5-0.8 um, 1.064 pm, and 3.7—4.8 um
bands!"!. John C. Bellum et al. developed a 22.5°
dichroic color-splitting film with 96.6% and 0.6%
transmittance at 527 nm and 1054 nm, respective-
ly!"2. By 2022, a study produced three-band compat-
ible high reflectance dielectric films with an aver-
age reflectance of more than 99.5% in the bands of
0.5—0.65 um, 0.78—0.83 um, and 1.05—1.08 pum'?.
Xingyu Chen et al. developed a five-band antireflec-
tion film, which finally achieved transmittance over
91.0% at 0.808 pum, 0.880 um, 0.915 pm, and more
than 95% at 3.7—4.8 um and 10.6 pm!¥., Using TiO,
and SiO, as coating materials, spectroscopic films
were prepared, yielding transmittance of 10.3%,
10.5% and 80.4% at 0.4 pm, 0.68 um and 0.485 um,
respectively"”. It can be concluded that researchers
have conducted extensive studies on the design and
preparation of multiband filter films, but there are
few reports on filter films with up to five bands.

The developed multiband laser filter in this

work covers the visible and near-infrared spectral
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regions. Due to the simultaneous reflection and
transmission of multiband, there are high require-
ments for the design of the film system, the film
preparation process, and the control accuracy of the
film thickness. In this work, based on the require-
ments of technical parameters, a reasonable film
system scheme is designed with suitable high and
low refractive index coating materials, and the
monitoring scheme of high sensitivity film layer is
optimized, and physical vapor deposition (PVD)
technology is used to prepare multiband laser filter
film.

2 Experiment

2.1 Materials and software

In this work, BK7 is selected as the substrate
material for the filter due to its excellent light trans-
mittance, stable physical and chemical properties,
and good mechanical strength. The specific dimen-
sions are 1 inch in diameter and 4 mm in thickness.
The specific technical parameters of the film are

shown in Table 1.

Tab.1 Technical parameters of multiband laser filter
film

Parameter Specification

Angle /° 0
Transmission band /nm 880, 1064, 1083, 1342

Transmittance /% =99
Waveband of cut—off region /nm 455-500; 910-1000

Transmittance of cut—off region /% <1

Based on the analysis of technical parameters,
the coating material with a transparent region of
400—1400 nm band could be selected. Within this
spectral range, commonly employed materials in-
clude TiO,, H4, Ta,0Os and HfO,. In the vacuum
heating and evaporation, TiO, is prone to loss of
oxygen due to the decomposition, generating high
absorption sub-titanium oxide thin film Ti,0,,.; (n =
1,2, -+, 10) and affecting the stability of the coat-

ing. Under the electron beam heating and evapora-

tion, the refractive index of H4 and HfO, are lower
than Ta,0s, and Ta,Os film has a dense film struc-
ture, low absorption characteristics and strong laser
damage resistance!'™'”. Consequently, Ta,Os has
been used as the high refractive index film layer ma-
terial. SiO, film has the characteristics of low com-
pressive stress, high damage threshold, and robust
layer integrity. As an oxide compatible as Ta,Os,
SiO, was selected as the material of low refractive
index film layer in this work.

The coating materials used in the experiment
include Ta)Os (99.998%, JuBo Guneng (Suzhou)
Thin Film Materials Co., Ltd.) and SiO, (99.999 7%,
JuBo Guneng (Suzhou) Thin Film Materials Co.,
Ltd.). OptiLayer (13.77, OptiLayer GmbH, Russia)
software was used to design the film system and
analyze the sensitivity of each film layer. MCalc
(V4.0.21, Leybold Optics (Beijing) Co., Ltd.) soft-
ware was used to calculate optical constants of the
films and design the optical control monitoring
scheme.

2.2 Thin film preparation

Thin film preparation was conducted on a Ley-
bold SYRUSpro1110 vacuum coating machine, em-
ploying a dual e-type electron gun to facilitate the
evaporation of the material, an APS ion source to
assist deposition, and an OMS5100 optical film
thickness monitoring system and a six-probe crystal
control system to monitor the thickness of the film
and the rate of deposition of the material in real time
throughout the experiment.

The actual plating process parameters resulting
from the combination of material properties and
equipment process parameters are presented in
Table 2. Here, APS denotes the ion source, and HPE
denotes the electron gun. Prior to depositing the
film, the substrate is wiped with an ethanol ether
mixture with a volume ratio of 1:3. After the pro-
gram is set up, the substrate was baked at 180 °C
for 1800 s when the vacuum degree reaches 5x
10° mbar. After baking, the APS ion source is
turned on and the surface of the substrate is bom-
barded for 300 s, and then the coating is started.
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After deposition of the film, the vacuum chamber is
cooled down to room temperature and the samples

are removed.

Tab.2 Equipment process parameters

Flow rate of

. Substrate Degree of  Deposition O,/sccm
Material temperature/’C  vacuum/mbar rate/nm-s'
APS HPE
Ta,0s 0.3 15 35
180 5x107°
Sio, 0.7 25 25

2.3 Characterization

The transmittance of the films coated was
tested using an UV-Vis spectrophotometer (Cary-
7000, Agilent, USA). The surface shape of the sub-
strates with deposited film was characterized by a
laser interferometer (G150, Shine Optics, China)
with the light source wavelength of 632.8 nm. The
cross-sectional morphology of the films was meas-
ured by an environmental field-emission scanning
electron microscope (Quanta FEG 250, FEI, USA).

3 Results and discussion

3.1 Film system design

The analysis of technical parameters indicates
that the film system needs to satisfy the two reflec-
tion bands and four transmission bands. According
to the theory of thin film design, the first step in the
design process is to establish the reflection band,
which then be calculated by the characteristic mat-
rix method™"®. The characteristic matrix of the peri-

odic film is shown in formula (1) and (2)

i .
M, = cosd; Esm& , D
| i sind;  cosod
o L 1)
cos — sin
Mz = 2 m 2 N (2)
| inpsind,  cosO,

where d;, J, denote the phase difference of high and
low refractive index materials, respectively. #;, #,
denote the refractive indices of high and low refract-

ive index materials, respectively. Assuming that the

film system repeated periods is s, the characteristic

matrix of the film system can be obtained as
u=mM: (3>

where M is a fundamental cycle of periodic film
system and the characteristic matrix can be written

as

M = M,M,M\M,--- M, M,M, =[ i Ty ]

nmy; My
4)
Matrix operations are performed and it can be
obtained that
1
M| = My = CO0S28;COSH, — — (m + @) sin2§; sind,,
2\m
(5)
, | .
. |sin28,cosd, + = (l + @)005261 sind,+
1 2\m m
mp=— 1 s
iz (m — @) sind;
,2 n m )
(6)
. | .
sin26,cosd, + — (m + @)cos%l sind,+
. 2\ m
np =11 1
- (ﬂ - @)sin(sl
,2 n m ]
7

If |1/2(my; +ma)| > 1, the equivalent conduct-
ance is imaginary, that is, the waveband is a reflec-
tion band when there are enough film layers and the

width of the reflection band wave number Ag is

2 -
Ag = —arcsin(u) . 3
T m+m

Therefore, the reflective band boundary wave-

length 4; and 4, can be calculated as

Ao Ao

= — = 9
1+Ag’7  1-Ag 9

A

Thus, the wavelength width of the reflective
band A4 is

AL=2Ag, . (10

The reflection bandwidths with center wave-
lengths of 475 nm and 950 nm are calculated by
equations (9) and (10). The long-wavelength-
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passing film system Sub|(0.5HLO.SH)"S|Air is
employed as the fundamental structure, with S|
representing the number of cycles, Sub repre-
senting the substrate, Air representing the inci-
dent medium, H and L representing the /4 optical
thickness of Ta,Os and SiO,, respectively, and 4
representing the reference wavelength. The su-
perimposition of a short wave pass film system
Sub|(LHL)"S,|Air onto the film system structure is
overlapped with the long wave pass film system.
Simultaneously, the number of film system periods
and matching coefficients are tuned to set up the
two reflection bands for shortwave and longwave.

According to the reflective bandwidth of the
film system and the reference wavelength, com-
bined with OptiLayer software to simulate the theor-
etical value of the spectrum of the film system, the
period numbers of the two film stacks is tuned to in-
vestigate the dependency of the reflectivity on the
period numbers, and the result is shown in Fig. 1(a)
and (b) (color online). The transmittance in the
bands of 455-500 nm and 910—1000 nm is high
when the period number is small and decreases with
the increase of the period numbers. The specific the-
oretical values in relation to the period number are
shown in Table 3. Considering the increasing num-
ber of film layers with the period numbers, the pass-
band waviness will increase, and the subsequent
compression of the waviness and the fabrication
complexity will also rise. After comprehensive eval-
uation, S;=8 and S,=15 were selected as two film
stack cycle, as demonstrated in Fig. 1(c) (color on-
line). The 455—500 nm and 910—1000 nm exhibit
high degree of cut-off, and the transmission region
maintains excellent transparency.

Under the premise of ensuring the spectral
characteristics of the cut-off band, it is necessary to
design the transmission band to meet the sub-
sequent optimized transmission spectral curve with
high passband transmission, high rectangularity.
The film system structure of the transmission band
is designed according to Smith's method, and the

film system structure expression is Sub|[n(HL)"sH

2wl n(HL)Y"sH wL)]"S;|Air. The method involves
treating the film stack on either side of the selecting
layer as two effective interfaces, typically, with

spacer layer composed of 2w or 2wH.
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Fig. 1 Transmittance spectral curves of (a) long-wave-
length-passing and (b) short-wavelength-passing
with different period numbers; (c) superimposed
transmittance spectral curves of film system at peri-
od number $,=8, S,=15; (d) initial design and (e)
optimized design transmittance spectral curve; (f)

transmittance spectral curve of antireflection film

Tab.3 Spectral theoretical values and period numbers

Cycles number of S; Tys5.500um /% Cycles number of S To10-1000 nm /%

2 43.23 3 44.66
4 10.68 6 12.49
6 2.42 9 5.70
8 0.56 12 0.87
10 0.13 15 0.12
12 0.02 18 0.07

At the center wavelength and adjacent wave-
length, transmission peaks appear. Then, the equi-
valent refractive index is adjusted after a reasonable
symmetrical matching of high and low refractive in-
dex materials to generate transmission band in the

desired wavelength band. According to the interfer-
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ence results of the effective interface, the distribu-
tion of the total interface transmittance can be de-

rived by formula (11)

T =
T, T,
4(R1R2)l/2 o1+ —26 '
72 5in
(1-RiR,) 2

[1-(RR)T |1+

(1D

where T;, T», R;, R, are the transmittance and re-
flectance of the two reflective stacks, respectively,
@1 and ¢, are the phase of the two film stacks, re-
spectively, and J is the effective phase thickness.
Near the transmission peak wavelength in the film
system, a better passband shape can be obtained by
using a film system with a rapid change in reflectiv-
ity. According to equation (11), it can be seen that
when R|=R,, the phase condition is

QD] +(p2—26 _

> mn (12)

then high transmittance is obtained at any wave-
length.

The single cavity is connected in series in the
basic spectrum of the multi-band filter film. Among
them, the parameters such as the matching number s
of high and low refractive index materials, the coef-
ficient n, and the interval layer coefficient 2w in
each single cavity reflection layer determine the
bandwidth of passband. The spectra of film systems
with varying coefficients are simulated, and it is ob-
served that the coefficient w affects the passband
spacing, which increases with w. However, the amp-
litude of the passband ripples at the center
wavelength increases as @ increases. The coeffi-
cient n affects the passband bandwidth. As n in-
creases, the passband becomes wider, but the cut-off
degree in the inter-passband cut-off region becomes
worse. Increasing the number of single cavities
[n(HL)"s H] in the film system can increase the
number of passbands, while the bandwidth of each
passband becomes narrower.

The target band was adjusted, and multiple

simulations were conducted to determine the optim-

al parameters for s=1, n=1, w=1 and S$;=5. The film
system Sub|(HLH 2L HLH L)"5 |Aircan be ob-
tained, which ensures that the cut-off region is not
destroyed and the transmission peaks appear in the
passband. The subsequent optimization process can
be also simplified. Initial transmittance curve for the
film system is obtained as shown in Fig. 1(d) (color
online).

As illustrated in Fig. 1(d), the amplitude of the
ripple oscillation in the passband is large. To fulfill
the technical specifications, it is imperative to im-
plement effective measures for passband ripple
compression and to optimize the overall design of
the film system. The film system is input into the
OptiLayer software to optimize the design of the
film system. In the process of establishing the target
parameters for optimization, the introduction of an
unregulated film layer serves to compress the pass-
band interval ripples and enhance the passband
transmittance. The final film system was obtained as
Sub|0.3921H 0.1512L 0.3712H 0.3958L---1.6621L
0.9022H 0.2846L 0.4560H |Air, with a total of
85 layers and a physical thickness of 9.69 pm, and
the transmittance spectral curves of the optimized
film system are shown in Fig. 1(e) (color online).
The optimized film system exhibits a high cut-off
rate in the cut-off region and a smooth ripple
compression in the passband range. The transmit-
tance at 880 nm, 1064 nm, 1083 nm, and 1342 nm
15 99.90%, 99.99%, 99.99%, and 99.97%, respect-
ively. Thetransmittanceat455—500 nmand 910—1 000
nm is 0.01% and 0.003%, respectively. The design
meets the technical specifications with significantly
enhanced transmittance in the passband region and
better suppression of passband ripple oscillations.

To ensure that the light output is maintained at
a high transmittance rate, an antireflection film with
a wavelength range of 800-1400 nm needs to be de-
posited on the other side of the substrate. The design
scheme of the antireflection film was Sub|0.4597H
0.6382L 3.8605H 1.7642L|Air, comprising a total of
four layers of film with a physical thickness of
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approximately 548.54 nm. The transmittance curve
of the designed antireflection film is illustrated in
Fig. 1(f). Given the antireflective coating has a relat-
ively simple design due to fewer layers, the devel-
opment process of antireflection film is not de-
scribed in detail in this work.

3.2 Film thickness monitoring scheme

This work follows film thickness control
scheme previously reported by us, which involves a
combination of “ crystal control with optical con-
trol”. The crystal control method involves monitor-
ing the physical thickness of the film by monitoring
the amount of change in the vibration frequency of
the quartz crystals of the AT cut, enabling the real-
time detection of the film deposition rate. The optic-
al control method employs the changes in light in-
tensity or polarization state of transmitted or reflec-
ted light caused by thin film interference invent-
ively to determine the optical thickness of the film,
incorporating a compensation mechanism for the
film thickness error.

The designed film system parameters were im-
ported into MCalc software for simulating and op-
timizing the parameters including the number of op-
tical control chip and monitoring wavelength. It was
determined that controlling the error of each layer
within 1% is unfeasible when the number of optical
control chips is less than 3. Therefore, it was con-
cluded that the optimal number of optical control
chips in this scheme is 3, as illustrated in Fig. 2
(color online). The first optical control chip monit-
ors 1st-32nd layers, with a monitoring wavelength
of 660 nm. The second optical control chip monit-
ors 33rd-68th layers, with a monitoring wavelength
of 664 nm. The third optical control chip monitors
69th-85th layers, with a monitoring wavelength of
688 nm.
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Fig. 2 Optical monitoring design of multiband laser filter
film. (a) 1% (b) 2% (c) 3*

3.3 Spectral testing and analysis

Transmittance measurements were performed
on the deposition films and the results are shown in
Fig. 3(a) (color online). It was found that the aver-
age transmittance in the cut-off region of the
455-500 nm and 910—1000 nm bands was 1.04%
and 0.36%, respectively. In contrast, the passband
transmittance had decreased significantly, with
transmittance at 880 nm, 1064 nm, 1083 nm, and
1342 nm being 81.86%, 91.91%, 94.65%, and
95.69%, respectively.
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sensitivity of the film layer

By analyzing the discrepancy between the de-

position thickness of each layer of the film system



246 RED2E (RgEs)

#19%

and the designed thickness in the experiment, it is
found that several film layers showed significant de-
viation. Therefore, the spectral testing for optical
control chips (1%, 2* and 3*) and interactive analysis
with the theoretical design were conducted on them
accordingly. The results of the testing and analysis
are presented in Fig. 3(b—d) (color online).

The actual coating process is subject to a num-
ber of variables, including temperature, vacuum, de-
position rate, which result in slight variations to the
theoretical design in the preparation of each layer of
film. The test spectra of the 1* and 3* optical control
chip exhibited minimal discrepancy with the theor-
etical design, whereas the transmittance curve of the
film layer monitored by the 2* optical control chip
demonstrated a notable decline. This is due to the
weak optical signal during wavelength monitoring,
which prevents the film system from meeting the
expected standards.

By employing reverse engineering software to
analyze the discrepancy between the actual and de-
signed thickness of each layer of the film system, it
was determined that among the 33rd-68th layers
monitored by the 2* optical control chip, the ac-
tual plating thickness of the 38th, 49th, 50th, and
60th layers deviate from the designed thickness seri-
ously.

The thickness of each layer of the film and its
sensitivity were analyzed using OptiLayer software,
as illustrated in Fig. 3(e) and (f) (color online). This
software enables precise error assessment during
preparation by quantifying how thickness control
deviations, with larger sensitivity values resulting in
greater impact on the transmittance spectrum of the
film system. This can potentially cause negative ef-
fects such as “ collapse” in the spectral transmit-
tance region and "uneven" characteristics, leading to
a discrepancy between the actual transmittance
curve and the theoretical design. Consequently, it is
imperative to exercise precise control over the
highly sensitive film layer to obtain results that are

in accordance with the theoretical design.

Therefore, in conjunction with the film layer
sensitivity analysis, 2% optical monitoring scheme
needs to be adjusted. The film system parameters
are imported into the MCalc software for the simu-
lation of the optical control scheme, adjusting the 2*
optical monitoring wavelength, comparing and ana-
lyzing the strength of the 2% optical signal as well as
the degree of matching with the monitoring wave-
lengths of the 1% and 3* optical control chip. The
monitoring wavelengths were closely matched to
minimize the systematic error caused by the grating
adjustment in the optical control system. After re-
simulation of 2* optical monitoring scheme of 33rd-
68th layers of film, and find a monitoring wave-
length at 601 nm with a stronger optical signal was
found, and the original monitoring program was re-
placed. The optical monitoring signal changing with
the thickness for 2* optical monitoring scheme is
shown in Fig. 4(a) (color online), and the error of
each film layer thickness can be controlled to less
than 0.5%. Re-depositing the 33rd-68th layers of
films for 2* optical monitoring scheme, spectral
tests results are shown in Fig. 4(b) (color online). It
can be observed that transmittance in the 1000—
1100 nm band of the adjusted 2* optical control chip
is greatly improved and the error between transmit-
tance spectral curve and theoretical design is smal-

ler.

@ O e
100 100 _— esign - - Test

Y
WYY

YYVyY ey

Transmittance/|
W oE o ®
s 5 3 &8
—

Transmittance/(%)

— «—Transmittance of Ta,0 H
20 Transmittance of i, | I
Change rate before stop judgment 0 [t J |

0 1.6 232 348 464 580 400 800 1200

Optics thinkness

Wavelength/nm

— Design - - Test

Transmittance/(%)
IS
3
Transmittance/(%)

0
400 800 1200 800

Wavelength/nm Wavelength/nm

Fig. 4 Adjusted 2" optical monitoring. (a) Design scheme
and (b) experimental test transmittance spectral
curve; measured and design transmittance spectral
curves for (c) single-sided and (d) double-sided

films



1

XIN Ya-wu, et al. : Development of visible/near-infrared multiband laser filter film 247

Based on the optimization of the 2* optical con-
trol chip, the multiband laser filter film was com-
pletely coated again, and the spectral testing results
are shown in Fig. 4(c). The average transmittance of
the film samples in the cut-off region of 455—
500 nm and 910—1000 nm bands is 0.45% and
0.16%, respectively, and the transmittance in the
transmission regions of 880 nm, 1064 nm, 1083 nm,
and 1342nm is 94.91%, 95.05%, 95.06% and
95.08%, respectively. It can be concluded that the
spectral characteristics of the transmission area have
been significantly improved, leading to an increase
in transmission rate. After depositing antireflective
film on the other side of the sample, the spectral test
of the double-sided coating is shown in Fig. 4(d).
The average transmittance of the film samples in the
cut-off region of 455-500 nm and 910—1000 nm
bands is 0.45% and 0.16%, respectively, and the
transmittance in the transmission region of 880 nm,
1064 nm, 1083nm and 1342nm is 99.13%,
99.04%, 99.04% and 99.07%, respectively, which
can meet the requirements of the technical paramet-
ers.

3.4 SEM testing

The cross-sectional morphology of the mult-
iband laser filter film was characterized using an en-
vironmental field-emission scanning electron micro-
scope (SEM). By measuring the actually deposited
film thickness via SEM cross-sectional imaging and
comparing it with the designed value, the thickness
error of the prepared film was determined, directly
reflecting the deposition accuracy of the coating
process. The SEM results in Fig. 5(a) (color online)
show that the multiband laser filter film exhibits a
distinct layered structure. The physical thickness of
the film is 9.66 um, with a relative error of 0.37%
compared to the theoretical design value of 9.69 pm.
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Fig. 5 (a) Cross-sectional morphology of multiband laser
filter film. (b) Uncoated substrate surface shapes. (c)
Single-sided coated surface shapes. (d) Double-

sided coated surface shapes

3.5 Surface shape testing

Due to the difference between the film and the
substrate material, along with the energetic particle
bombardment during preparation, the microstruc-
ture of the film material deviates from the equilibri-
um state. This generates residual stress throughout
the film structure, consequently causing microscop-
ic morphology of the film surface irregularities.
Here, a ZYGO laser interferometer was used to
measure the surface shape of the substrate. The two
parameters of the surface profile are PV (the differ-
ence between the wave peaks and troughs at the mi-
crolevel) and RMS (Root Mean Square of surface
roughness), which reflect the flatness of the film
surface. These parameters reflect the flatness of the
film surface, and the light source wavelength of the
interferometer is 632.8 nm. Fig. 5(b) (color online)
shows the surface shape of the uncoated substrate
with PV value of 0.23458L and RMS value of
0.02148A.

Fig. 5 (c) and (d) (color online) shows the sur-
face shape test plots for single-sided and double-
sidedcoatings. ThemeasuredPVvalueswere(0.396 721
and 0.678 18\ and the RMS values were 0.051 551
and 0.11565A for single and double-sided coatings,
respectively. As shown in the figure, the PV value
gradually increases from the center to the edge of
the coating, but all indicators meet the technical re-
quirements within the effective clear aperture. Since
the overall stress of double-sided coating is higher
than that of single-side coating, the micro-morpho-
logy of double-sided coating is more inhomogen-

eous than that of single-sided coating. Although the
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deformation degree and surface roughness are high-
er than that of single-sided coating, overall, both the
PV value and the RMS value satisfy the require-

ments for use.

4 Conclusion

In summary, according to the requirements of
multi-band laser filter film, a visible/near-infrared
multiband laser filter film is successfully developed
by combining different film systems. The structure
of multi-channel filter film system is analyzed and
summarized, and the design method and the law of

multi-channel filter film were identified. The sensit-

ivity of each film layer of the filter film is inversed
and analyzed using the reverse engineering soft-
ware OptiRE, and the film thickness monitoring
method is optimized. This, addressed the issue of
excessive film layer error caused by optical monit-
oring during the deposition process. The average
transmittance of the prepared filter film samples
in the cut-off region of 455-500 nm and 910-—
1000 nm bands is 0.45% and 0.16%, respectively.
Moreover, the transmittance is 99.13%, 99.04%,
99.04%, and 99.07% at 880 nm, 1064 nm, 1083 nm,
and 1342 nm, respectively, which fulfill the require-

ments of the technical specifications.
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