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Fabrication of an ultra-narrow band-pass filter with 60 pm

bandwidth in green light band

WANG Kai-xuan'**, CHEN Gang', LIU Ding-quan'***, MA Chong', ZHANG Qiu-yu'?
(1. Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China;
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Abstract: Owing to the strong penetrating ability in the atmosphere, 532 nm-wavelength green laser has wide
applications including free-space optical communications and laser three-dimensional mapping. A spectral
filter, with a half-power bandwidth of less than 100 pm, is an important optical element to suppress the inter-
ference of background light. Therefore, an ultra-narrow band-pass filter based on optical interference film is
designed and fabricated in this paper. The high and low refractive index film are made of tantalum pentoxide
(Ta,05) and silicon dioxide (Si0,), respectively. The designed optical thin films are deposited on a fused
quartz substrate by double-ion-beam sputtering deposition method. The transmission spectra of the filters are
measured by a tunable laser and a power meter. The half-power bandwidths of the filters are (60+2) pm, and

the transmittance reaches 62.6%.
Key words: optical thin film; thin film filter; picometer bandwidth; green light band; space laser mapping
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1 Introduction

The green laser with 532 nm wavelength has
strong penetrating ability in the atmosphere, and the
corresponding light source and photoelectric receiv-
er have stable performance. The laser with this
wavelength has a good application prospect in laser
lidar, free-space optical communications, space laser
remote sensing, 3D mapping imaging and other
fields!"*. In order to reduce the interference of back-
ground light, especially the strong influence of sol-
ar radiation, a spectral filter with passband width be-
low 100 pm (i.e. 0.1 nm) is needed to suppress the
background light™. For such a filter, the main filter-
ing techniques that can be adopted include: acous-
toptic modulation, atomic filtering, Fabry-Perot (F-
P) etalon, thin film interference filtering, etc./**],

For spaceborne optical instruments (especially
those facing a deep space flight), reliability, high
optical efficiency and light weight are the key
factors to be considered, so the F-P etalon and thin

film interference are the main technical options. E.

Troupaki et al. constructed a spectral filter by us-
ing the F-P etalon technique, and achieved 30 pm
bandwidth spectral filtering on American ICESat-2
satellite for the elevation mapping of snow and ice,
clouds and land. The instrument uses 6 laser beams
for mapping. ICESat-2 is the only altitude-mapping
satellite currently in use abroad. This kind of spec-
tral filter has high requirements for temperature con-
trol. Moreover, it is difficult to arrange many spec-
tral filters when quite a lot of laser beams are
needed. In order to develop the space elevation
mapping with more laser beams, we designed and
fabricated a bandpass filter with a target bandwidth

of 60 pm based on precision optical thin film.

2 Design and fabrication of film sys-
tem

Several related subnano-level spectral filtering
techniques are listed in Table 1, each of which has
its own characteristics. In this paper, the spectral fil-
tering technique based on thin film interference is

adopted.

Tab.1 Comparison of main filtering techniques for sub-nanometer spectrum in visible light band

R1 AR EETPNRAETEIRRIA LR

Spectral filtering technique Spectral fineness Optical efficiency Wave option Structure Stability
Acoustoptic modulation 1~0.01 nm Medium Fast modulated Complex Good
Atomic filtering 1~0.001 nm High—low Fixed, fewer options Complex Not bad
F-P etalon 1~0.002 nm High Fixed, more options Somewhat complex Good
Film interference 1~0.03 nm High Fixed, more options Simple Very good

2.1 Design of filtering film system

For the band-pass filter with very narrow half-
power bandwidth, the F-P structure with a single
resonator is adopted to form a filter with all-medi-
um film layer considering the actual deposition er-
ror of each layer of film. Its waveform is compar-
able to that of a filter based on F-P etalon, and its
spectrum rectangularity can be improved by increas-

ing the interference order of spacer layer. Ta,Os is

selected as the high-index film layer and is applic-
able to ultra-narrow band-pass filters, such as the
Dense Wavelength Division Multiplexing (DWDM)
filter used in 4G and 5G optical communications,
due to its excellent physical and chemical stability
and transparency in near-ultraviolet, visible and
short-wave infrared bands®'!. SiO, is selected as
the low-index film layer, which has good transpar-

ency, high physical and chemical stability and good
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thermal matching with the substrate made of fused
quartz due to the sharing of the same material.
Fused quartz (JGS-1, 4 mm thick) is selected as the
substrate of the ultra-narrow band-pass filter due to
its good thermal stability!*.

The filtering film system is designed as Sub./
(1H 1L)" 1H 2L 1H (1L 1H) " 1L / Air, where H
and L respectively represent the Ta,Os and SiO,
film layers with an optical thickness of 1/4 central
wavelength, which is the laser wavelength of
532 nm. The low-index film layer 2L is designed as
a spacer, since it has smaller linear expansion coeffi-
cient and refractive-index temperature coefficient,
so has more stable filter spectrum compared with
2H spacer. Of course, this film system is also more
sensitive to the incident angle. This is a Fabry-Perot
structure with a single resonator, consisting entirely
of dielectric films.

The passband width can be approximated by
Equation (1)1

2A/1 _ 4&0}’1%)(_1"5, ) ny —ng, ( 1 )
mank  ng—ng+ng/m

where ny and n are respectively the refractive in-
dices of the high and low index film layers, n, is the
refractive index of the substrate (n, =1.445), x is the
number of the high-index film layers in the reflect-
ive film stack (x=11), 4, is the central wavelength
(4=532 nm), and m is the interference order of the
filter (m = 1). At 532 nm wavelength, ny and n; are
assumed to be 2.108 and 1.4420" respectively for
calculation, and the design value of half-power
bandwidth is determined as 0.053 nm (53 pm). The
bandwidth values calculated by Equation (1) are a
series of separated values, among which 53 pm is
the calculated value close to the target. Due to the
influence of various technological factors in the ac-
tual film growth process and the existence of film-
thickness monitoring error, the spectral passband
will be widened to a certain extent.

Through “Film Wizard” film design software,

the transmission spectrum curve of bandpass filter

was obtained from the designed film system, as
shown in Figure 1 (Color online). No antireflective
film layer was designed on the other side of the sub-
strate. When the light absorption of the film layer
was not considered, the peak transmittance Tp
reached 93% and the value of half-power band-
width was 57 pm, it is little different from the result
of Equation (1). When the light absorption of the
film layer was considered and the extinction coeffi-
cients of the high and low index film layers (ky =
1.5%107%, k. =1.0x107%) were introduced™?), the peak
transmittance 7p dropped to 74% and the value of
half-power bandwidth increased to 65 pm. In the
band with wavelengths less than 531.5 nm and lar-
ger than 532.5 nm, another filter with a wider pass-

band would be used for spectral interception.
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Fig. 1 Transmittance spectra of the designed ultra-narrow

band-pass filter
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2.2 Film fabrication

For ultra-narrow band-pass filters, their optical
films are mainly prepared with two techniques: (1)
Ion Beam Assisted Deposition (IBAD); (2) Dual Ton
Beam Sputtering (DIBS). Comparatively speaking,
the film prepared by DIBS technique is denser, and
the film and its components are more reliable and
stable!"™'"!, In this paper, the DIBS technique is used
to prepare thin films. The layout and working dia-
gram of the vacuum chamber of the coating equip-
ment are shown in reference[15]. The sputtering ion
source RF16 is the main ion source, generating the
converging high-energy (Ar') ion beams to sputter
the targets (Ta and SiO, targets). The (O*" and Ar")
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mixed ion beams generated by RFI12 are used to
bombard the film in growth to achieve full oxida-
tion and dense growth of the film. The purity of the
targets is =99.99%. When the film was coated,
the workpiece plate rotated at a high speed up to
800 r/min.

In the process of film deposition and growth,
the Optical Monitoring System (OMS) emitted
532 nm light, which passed directly through a mon-
itoring glass and was received by a detector. Then,
an electrical signal was output from the detector to
observe the change of light intensity. By substitut-
ing the filtering film system designed in Section 2.1
into the programming software “Film Maker”, the
intensity change and trend of the transmitted light
signal can be calculated and displayed, as shown in
Figure 2. As can be seen from Figure 2, the optical
monitoring signal passing from the 14™ layer to the
31 layer tends to be flat with a small variation,
which will bring a large monitoring error. This re-
quires improving the monitoring method by introdu-
cing a new monitoring glass when starting the film
coating in an insensitive layer. The “ OptiLayer”
film software is used to analyze the sensitivity of
each film layer. The sensitivity represents the de-
gree of the influence of film layer error on filter
spectrum. The lower the sensitivity, the less the in-
fluence of the error. The sensitivity of each film lay-
er is given in Fig. 3. It can be seen that the sensitiv-
ity increases rapidly from the 13th layer. Therefore,
it is necessary to increase the variation amplitude of
optical monitoring signal in the film layers 14-31 in
order to improve the monitoring accuracy of the
film layers. Therefore, after the deposition of the
12" layer, a new monitoring glass should be used to
monitor the deposition and growth of the next 32
(13™ to 44™) layers, thereby effectively improving
the monitoring accuracy of the sensitive film layers.
The Fig. 4 shows the change of optical monitoring
signal with the increase of film layers after introdu-
cing two monitoring samples. It can be seen that the

amplitude of variation is significantly increased.

100 .
80t V | \
60 \.‘ '\
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Fig. 2 Variation of the transmittance of optical signal as a

function of the number of film layers
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Fig. 3 Sensitivity of film layer error on filter spectrum in
each layer
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As can be seen from Fig. 4(b), the monitoring
signal in the 20™ layer on the monitoring glass 2 (the
32" layer as a whole) has hardly changed, so the
time monitoring method is adopted for this layer.
This is a layer of SiO, film. The average deposition
time of the 3 layers of SiO, film in front of this lay-
er is calculated by the control computer, as the de-
position time of this layer. As can be seen from
Fig. 3, the sensitivity of this layer is relatively low.
The use of this method can achieve higher monitor-
ing accuracy.

2.3 Spectral measurement

For an ultra-narrow band-pass filter with the
bandwidth less than 1 nm, its transmission spectrum
measurement requires more accurate instrument. The
spectral resolution of the instrument should be bet-
ter than 1/10 of the filter bandwidth. The spectral in-
tegral energy penetrating the filter is very small, so
the instrument needs very high detection sensitivity
and is required to effectively control electrical meas-
urement noise and background light interference.

The spectral measurement setup is shown in
Fig. 5. The light source is a supercontinuum laser
source with a spectral range of 400—2000 nm, an
output power of 8W, and a duty cycle of =99%.
The light is led out of the optical fiber and is vertic-
ally incident on the surface of the filter after collim-
ation. After being collected, the light penetrating the
filter is led by the optical fiber into a spectral ana-
lyzer (Yokogawa AQ6373B). The wavelength range
of 531.5-532.5 nm is selected, and the sampling in-
terval is 0.003 nm. The measured transmittance

spectrum curve of the filter samples is shown in

Single mode fiber

Supercontinuum

3D lati latf
laser regulating platform

Ultra-narrow band filter N\
]

Collimating lens/ 1—| AQ6373B

spectrometer

Single-mode fiber

Fig. 5 Schematic diagram of the transmission spectrum

measurement setup
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Fig. 6. Some fluctuations can be seen on both sides
of the passband. These fluctuations are measure-

ment noises and the curve is not smoothed.

100
90 |
80
70 |
60
50 -
40
30+
20 F | |
ol |

/(%)

1" aa i ed. PR SR T ")
531.7 5329 5321 5323 5325

Wavelength/nm

() D
531.5

Fig. 6 Measured transmission spectrum of the ultra-

narrow band-pass filter
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3 Analysis and discussion

3.1 Analysis of measurement spectrum

The comparison between Fig. 6 and Fig. 1
shows that the actually measured spectral passband
is broadened and the peak transmittance is some-
what reduced. The specific data comparison is lis-
ted in Table 2.

Tab.2 Data of measured and designed transmission

spectrum

*® 2 NEMZITANES IEHIE

Bandwidth Peak transmittance Central wavelength

(pm) (%) (nm)
A. Design value 57 93.4 532.00
(without absorption) ’ :
B. Design value
(with absorption) 63 74.3 33200
C. Measured value 62 62.6 532.009
D. Deviation value 1 117 +0.009

(from B)

The film formed after actual deposition has a
certain light absorption. In the process of deposition
and growth, the optical control of film layer thick-
ness always has some errors. Based on these two
reasons, the actually measured spectrum is incon-
sistent with the designed spectrum.

(1) Effect of film absorption. The film absorp-
tion reduces the transmittance of optical energy, so

that the transmittance of the spectral curve will de-
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crease as a whole. As can be seen from Fig. 1 for
this kind of ultra-narrow band filter, the peak trans-
mittance is much smaller than that without film ab-
sorption, and the transmittance decreases a little at
the wavelength far away from the peak wavelength.
Thus the bandwidth corresponding to the half-peak
value increases, and the B value is different from the
A value, as shown in Table 2.

(2) Effect of film thickness control error. The
control error of film thickness mainly includes the
random error and the error caused by replacing the
monitoring glass. The random error is usually very
small, especially in the high-precision control sys-
tem. Replacing the monitoring glass will change the
initial growth state of the film, and thus will bring a
certain error®”. Due to the adoption of first-order
vertical-transmission single-wavelength extremum
monitoring method, the later deposited film layers
can compensate for the error in the earlier film lay-
ers so that the optical thickness error of the whole
film system will not be amplified. In order to invest-
igate the influence of random error on the spectrum,
the “OptiLayer” film software was used for simula-
tion. An appropriate random error needs to be selec-
ted before simulation. Since the measured values of
the filter bandwidth and central wavelength are not
very different from the design values, the random
error introduced should make the simulation results
as close as possible to the design results, and should
not be too large or too small. After several attempts,
a random error of optical thickness equivalent to
10% of the passband width (i.e., 6 pm) was intro-
duced to all layers. The simulation results are given
in Fig. 7(a). Since the monitoring glass was re-
placed at the beginning of the 13"-layer plating, the
effect of the random error of that layer on the spec-
trum needed to be investigated separately. For fil-
ters, the variations in passband width and central
wavelength within 10% of the bandwidth are ac-
ceptable. After repeated attempts, the random error
of each film layer was canceled, and a random error

within 0.5% (i.e. 0.32 nm) of the optical thickness of

the film layer was separately introduced into the 13®
layer to obtain the simulation results shown in
Fig. 7(b). By using the DIBS deposition technique,
the film thickness accuracy can be controlled

to 0.5%.
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(a) A random error of 10% of the optical thickness
is introduced into all film layers
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(b) A random error within 0.5% of optical thickness
is introduced into the 13™ film layer

Fig. 7 Variation of spectral curves after randomly introdu-

cing the control errors
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As can be seen from Fig. 7, the introduction of
these errors has little effect on the spectrum. The
comparison with Fig. 6 indicates that the monitor-
ing method used in this paper can control the ran-
dom error within about 6 pm, thus forming a spec-
tral passband with a width of 60 pm at 532 nm
wavelength. The actual absorption of the film is lar-
ger than the set value, resulting in a further reduc-
tion of the peak transmittance. The bandwidth has
no significant change, which is within the range of
measurement error.
3.2 Influence of substrate

The material and surface quality of the sub-

strate have a certain influence on the spectral char-
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acteristics of this ultra-narrow band filter. The film
deposition temperature is within the range of
(100+5)°C, while the filter is usually used at normal
temperature. Moreover, the environment may have
temperature changes. Therefore, the linear expan-

sion coefficient a of the film should be as close as

possible to that of the substrate, and the refractive-
index temperature coefficients (dn/d7) of the film
and substrate should be as small as possible. Altern-
ative substrate materials are given in Table 3, in-
cluding Crystal Quartz (CQ), several types of glass,
and sapphire (Al,O3).

Tab.3 Optical and thermal properties of substrates and thin films in this study!'> >
3 ERTERR A2

Refractive index,

Refractive-index temperature coefficient,

Linear expansion coefficient, a

Materials @ 5320m,20~40 C dn/dT (10°°C) égﬂ’fg*ggc
Crystal Quartz (CQ) 1.55 52 13.4
Fused quartz (JGS-1) 1.46 10.0 0.5
Glass ceramics (Zerodur) 1.54 14.3 0.05
Glass (K9, BK7) 152 3.0 74
Sapphire (AL,O5) 1.77 13.1 6.7
Si0; film 1.44 9.0 0.5
Ta,0; film 2.11 20.0 1.1
The CQ and sapphire (Al,03) given in Table 3
ny P-V Film layer
have birefringence (but the data in Table 3 is for or- Actual interface T TR T T Transition
dinary light (O light)) and a large linear expansion _?’er
coefficient, so they were not selected in this study. Ideal interface no 'Sil;astrate

Glass ceramics was also not selected due to its high
refractive-index temperature coefficient. Optical
glass (K9, BK7, etc.) is usually doped with some
substances containing heavy metals, and exhibits a
transmittance decrease under space irradiation,
which has been confirmed in our previous experi-
mental studies. Part of the data is from Schott's web-
site. In this study, the JGS-1 fused quartz from
China was selected as the substrate material.

The surface quality of the substrate also affects
the spectral performance of the filter. If the surface
is not smooth enough, a thin transition layer with an
uncertain refractive index will be formed at the in-
terface between the film and the substrate, as shown
in Fig. 8, where d,.,is the geometric thickness of the
transition layer. The refractive index n,., of the trans-

ition layer is determined by Equation (2),

ney=pns+1—pon, (2

Fig. 8 Schematic diagram of the boundary between rough

substrate surface and thin film

P8 HREEE A 3R S R S R A

where p, is the volume proportion of the substrate
material in the transition layer, n, and n, are the re-
fractive index of the substrate and that of the first
layer respectively. The optical thickness deviation
caused by the transition layer can be given by

Equation (3),
Adz(ns,f—nf)ds,f . (3)

It can be seen that a rougher surface has a lar-
ger Ad value accordingly.

In this study, Ad should not be larger than 6 pm
(10% of the bandwidth). Assuming the volume pro-
portion p, of 0.5 and the first layer of Ta,Os and
considering the film layer sensitivity shown in
Fig. 4, the roughness P-V of the substrate surface

should be less than 2 nm, so the surface is an ultra-
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smooth surface.
3.3 Spectrum stability

The spectral measurement of the filter samples
was made one month after the completion of cut-
ting. The samples with qualified spectra were selec-
ted as products and applied in the laser mapping
system. After one month of aging, the stress in the
film has been released, the film system tends to be
stable. The optical stability of the spacer layer 2L
has the greatest influence on the spectrum, while the
influence of other layers is relatively small. The
spacer layer is made of the same material as the sub-
strate. Under temperature control, small temperat-
ure changes will not generate new stresses. The
change of the optical properties of the film with
temperature will lead to spectral shift, which can be

approximated by Equation (4) ['%:

AL Ap=2y 4 [Plnid}) + Q(nfd))
o A A P+Q

L,
4
where 1, is the preset central wavelength, and A7 is
the central wavelength at the temperature 7; P is the
number of cycles in the reflector film layers, P=11;
QO is the order of the spacer layer, O=1; nj|d}, is the
optical thickness of the high-index layer H at the
temperature 7, and njd] is the optical thickness of

the low-index layer L at the temperature T.

—— SO R l——

1 5 =

P 532 nm WL EHOCTE RSETEA
ARUF B ZE B RE 1, AH L A G IR RO R IR i P
REfRE o I K BOLTEROE TS . ARz EDE
WA 23 A1 IR BN = G 22 i A% 25 7 T A
R AF A AT, S T SORTE, R
S R PH A 5 0 3 Z s ), T R 3 A
100 pm (Bl 0.1 nm) LA AR i8I 8 e 3 il 15
B, X T E T TE R /N T 0.1 nm B9 G I 8 D E
K, AR E AR Ty A ORI | R

By substituting the film system parameters of
the filter into Equation (4), the change of its trans-
mission spectrum with temperature was determined.
The spectral drift is about 54 pm at the temperature
change of 10°C, about 16 pm at the temperature
change of 3°C, and about 2 pm at the temperature
change of 2°C. In the actual optical system where
the filter is applied, the temperature control condi-
tion is set to £2°C. The filter behaves stably during

the actual laser mapping process in space.

4  Conclusion

By using Ta,Os and SiO, as high and low re-
fractive index film materials respectively and fused
quartz as the substrate, we prepared an ultra-narrow
band filter with a half-power bandwidth of (60+2)
pm, a central wavelength of 532.0 nm and a peak
transmittance of 62.6% through DIBS deposition.
When the insensitive film layers were deposited, the
monitoring glass was switched, the accumulation
amplification of errors were effectively controlled
by using two monitoring glass plates one after an-
other and first-order transmission extremum monit-
oring method. Finally, an ultra-narrow band filter
with a measured half-power bandwidth of about 60

pm was obtained.
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