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Abstract: Three multilayer interference optical filters, 
including a UV band-pass, a VIS dual-band-pass and a 
notch filter, were designed by using Ta2O5, Nb2O5, Al2O3 and 
SiO2 as high- and low-index materials. During the design of 
the coating process, a hybrid optical monitoring and RATE-
controlled layer thickness control scheme was adopted. 
The coating process was simulated by using the optical 
monitoring system (OMS) Simulator, and the simulation 
result indicated that the layer thickness can be controlled 
within an error of less than ±0.1%. The three filters were 
manufactured on a plasma-assisted reactive magnetic 
sputtering (PARMS) coating machine. The measurements 
indicate that for the UV band-pass filter, the peak transmit-
tance is higher than 95% and the blocking density is better 
than OD6 in the 300–1100 nm region, whereas for the dual-
band-pass filter, the center wavelength positioning accu-
racy of the two passbands are less than ±2 nm, the peak 
transmittance is higher than 95% and blocking density is 
better than OD6 in the 300–950 nm region. Finally, for the 
notch filter, the minimum transmittance rates are >90% 
and >94% in the visible and near infrared, respectively, 
and the blocking density is better than OD5.5 at 808 nm.

Keywords: dual-band-pass filter; notch filter; OMS; 
PARMS; UV band-pass filter.

1   Introduction
In recent years, with the development of life science, the 
requirement on the spectrum characteristics of optical 

filters has grown considerably. Especially on the effec-
tive spectrum range, the requirements for the transmis-
sion and blocking of precision optical filters that are used 
in biomedical analysis systems and instrument are very 
strict. For example, the demand for UV filters in fluores-
cence microscopes as its detecting area has expanded to 
the UV region and multiple-bandpass filters used in fluo-
rescence detecting instruments in order to simplify the 
optical system and increase detecting channels. Typical 
requirements on these optical filters are high transmit-
tance (Tavg > 90 or higher), sharp edge (<λ/100 from OD1 to 
OD6), deep blocking (OD > 6 in 300–1000 nm) and lower 
wave front distortion (<λ/4 for application of imaging fluo-
rescence detection) [1, 2]. Moreover, in some fluorescence 
detecting systems with laser light source, notch filters 
are used to remove the laser energy mixed in the emitted 
light so as to increase the signal-to-noise ratio (SNR) and 
promote the accuracy of detection.

Therefore, the strict spectral characteristic of high 
transmittance, sharp edges and deep blocking ensure the 
high quality of the substrate, coating design, depositing 
technology and plant, etc. The purpose of this paper is to 
investigate the design of super-multilayer optical films and 
the manufacture of high-performance optical filters that 
can meet the optical requirements in fluorescence detecting 
instruments and realize the mass production of these filters.

2   Three optical filters
For all requirements mentioned above, three kinds of 
optical filters, including a UV band-pass filter for fluores-
cence microscopy [3], a VIS dual band-pass filter for fluo-
rescence PCR [4] and an NIR 808 nm notch filter [5], were 
designed. All three filters were using one single substrate 
with both sides coated. An overview of the coating designs 
is shown in Table 1.

ESSENTIAL MACLEOD was used to simulate the 
sensitivity of the coatings to error and run 20 cases 
for each coating. The simulation result shows that the 
layer thickness errors are less than 0.3%, 0.1% and 
0.2% for the three filters, respectively, so as to obtain 
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good coating results. Complicated film stacks require 
the coating plant to deposit all the materials that are 
used in the designs, and the coating process should be 
very stable to ensure that the coated material has right 
optical constants. Moreover, the coating process moni-
toring system and method must be accurate enough to 
control the layer thickness within the right error toler-
ance that we needed.

3   PARMS coating technology and 
plant

A vacuum coating machine with plasma-assisted reactive 
magnetic sputtering (PARMS) technology, which is from 
Bühler Leybold Optics, was used to manufacture the three 
filters. PARMS coating technology uses a couple of mag-
netic controlled targets with MF power supply as the sput-
tering source and assisted with an RF power ECWR plasma 
source to deposit the coating materials [6, 7]. The PARMS 
coating plant has a series of advanced performances, such 

as stable coating process, fast deposition rate, high mate-
rial packing density and consistency, to name a few, to 
ensure the coating process is completed accurately and 
efficiently.

The schematic diagram of the PARMS coating princi-
ple is shown in Figure 1. As can be seen, Ar and O2 are 
used as the discharging gases in the process of PARMS 
deposition. Ar is related to the energy of ions for sputter-
ing, which affects the packing density of the deposited 
material, and O2 affects the composition of the deposited 
materials. A lambda sensor is used to monitor the oxygen 
proportion in the plasma during the coating process, and 
the discharge power is automatically regulated by PID 
controller to maintain the voltage at the lambda sensor 
constant. This ensures the stable oxidation state of the 
deposited layers [8].

The PARMS coating plant is equipped with the optical 
monitoring system OMS5100, which can realize the accu-
rate control of a complex coating process. The single-wave-
length monitoring method is integrated into the OMS5100 
by measuring the transmittance of the monitoring chip 
in real time to monitor and control the thickness of the 
layers. The OMS5100 calculated the turning point of the 
transmission spectrum and corrected the stop point of the 
deposition process by Backward, Offset or forwarded algo-
rithms in order to control the layer thickness accurately.

On the basis of the PARMS coating plant, we devel-
oped the coating processes for the following materials: 
Ta2O5, Nb2O5, Al2O3 and SiO2. The process of the first three 
metal-oxide materials was controlled by the lambda 
sensor, whereas the SiO2 was controlled by a constant 
sputtering power. In this way, the sputtering process is 
maintained at a stable deposition conditions to ensure 
that the deposited materials have the right optical con-
stant. It is also important to define an appropriate deposi-
tion rate by adjusting the lambda sensor value to achieve 
higher control accuracy of the layer thicknesses.

Table 1: Overview of the three filters’ coating designs.

  UV BP   VIS dual BP   Notch filter

Materials   Ta2O5   Nb2O5   Al2O3

  SiO2   SiO2   SiO2

Coatings      
 S1      
  Layer Num   192   183   280
  PTH/nm   17032   20577   34522
 S2      
  Layer Num   202   196   8
  PTH/nm   19010   18535   360
Errors   <0.3%   <0.1%   <0.2%
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Figure 1: Schematic diagram of PARMS.
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4   OMS coating process
All three filters were designed using a single substrate 
with coating on both sides, comprising a total of six coat-
ings in all. The S2 coating of the VIS dual-band-pass filter 
is taken as an example to illustrate the optical monitoring 
system (OMS) coating process design. The processes of the 
remaining five coatings are similar to the S2 coating and 
are thus no longer introduced here in detail.

The design of the S2 coating of the VIS dual band-pass 
filter is based on the Fabry-Perot cavity. The basic design 
formula is given by

HLHL 2H LHLH L HLHL 4H LHLH L
(HLHL 6H LHLH L) 0
HLHL 4H LHLH L HLHL 2H LHLH L
1.2967(.5LH.5 8

1

L) ,2

∧

∧

where H stands for Nb2O5, L stands for SiO2 and the ref-
erence wavelength for the design is 687 nm. The design 
was optimized by using the ESSENTIAL MACLEOD to 
obtain a rectangular band-pass spectrum. During the 
definition of the optimization target, the requirements 
should not only contain the transmittance targets for 
the passband of the S2 coating, but also cover the wave-
length region of another passband of the S1 coating. A 
similar optimization target definition is used in the S1 
coating so as to ensure that both passbands have a good 
transmission.

4.1   Design of the OMS coating process

As shown in Table 1, the layer number of the S2 coating is 
196, and the physical thickness is 18535 nm. To ensure that 
all these layers were deposited accurately, multi-chips 
monitoring strategy was adopted in design of the coating 
process. Given that all the layers are activated during the 
optimization, the quarterwave layers no longer feature the 
design and the turning point monitoring method cannot 
be used anymore. Thus, we divided the S2 coating into 
several parts, and each part with specified layers was 
coated using one monitoring chip. The whole coating is 
finished by using a plurality of monitoring chips.

For each sub-part of the coating on one monitoring 
chip, the selection of the appropriate monitoring wave-
length and monitoring bandwidth is very important. The 
monitoring wavelength determines the monitoring curve 
of the coating process, especially its turning points and 
stop points, and also determines the selection of the 
thickness compensation algorithm for each layer. The 

monitoring bandwidth determines the detecting light 
intensity, so it should be wide enough to reduce the noise 
of detector and narrow enough to keep good monitoring 
accuracy at the same time. The two factors work together 
to determine the control precision of layer thickness in the 
coating process.

The monitoring wavelength should be close to the 
characteristic wavelength of the designed coating, such 
as the center wavelength or cut-off wavelength, which can 
help reduce or eliminate layer thickness error caused by 
material dispersion (in Figure 2, the first monitoring chip 
with layers 1–8). The monitoring wavelength should also 
make the stop point of the monitoring curve stay away 
(though not that far away from the turning point) so as 
to obtain a higher compensation accuracy. Additionally, 
in order to avoid the unstable intensity signal through 
the monitoring bandwidth, the monitoring wavelength 
should not be selected on the steep edge of the transmis-
sion spectrum of the current monitoring chip, because 
this can affect the layer thickness control accuracy.

Due to the different number of layers or physical 
thickness of each sub-part of the coating, the monitor-
ing wavelengths for different monitoring chips may not 
be the same; even in a single chip, a single wavelength 
may not be able to complete the coating of all layers. Thus, 
we may have to set a different monitoring wavelength for 
each monitoring chip or change another monitoring wave-
length at an appropriate layer position, which is called the 
multi-wavelength monitoring strategy. Figure 3 shows the 
optical monitoring curve of the first chip for the S2 coating. 
The monitoring wavelength is MWL = 620 nm.

The monitoring bandwidth should ensure that the 
detector in the OMS5100 can obtain high signal inten-
sity, which is beneficial for the monitoring process while 
keeping the cut-off conditions stable and the noise level 
low. We should also make the monitoring bandwidth 
narrow enough to enable the OMS5100 to obtain higher 
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Figure 2: Sample of the monitoring wavelength for the OMS.
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thickness control accuracy. As shown in Figure 2, the 
monitoring bandwidth is MBW = 0.5 nm. Furthermore, the 
monitoring transmittance curve is relatively gentle in the 
MBW region and the signal intensity is stable.

Due to the high control accuracy and thickness com-
pensation effect between the layers, the direct optical 
monitoring should be chosen first as the coating process 
control method. However, if some of the layers cannot 
be coated under the current monitoring wavelength and 
bandwidth, the RATE control mode can be used to coat 
them. To complete the coating process, the RATE control 
mode takes the depositing rate of the last layer or the 
average rate of the last several layers, which is automati-
cally calculated by the OMS5100, as the depositing rate 
of the current layer [9]. The premise of using the RATE 
control mode is that the discharging and coating process 
is very stable and smooth. We also note that the sputtering 
rate is affected by the lifetime of the targets, so only the 
adjacent last few layers’ rates are effective and available.

To sum up the principles and considerations for 
designing an OMS coating process discussed above, we 
designed the PARMS coating process for the S2 coating of 
the VIS dual-band-pass filter as follows:

 – Monitoring chips divided into: 8
 – Min. MWL: 440 nm
 – Max. MWL: 768 nm
 – Monitoring bandwidth: 0.5nm
 – Thickness compensation: BACKWARD
 – OMS control: layers 1–195
 – Rate control: layer 196

4.2   Simulation of the OMS coating process

To verify the feasibility of the designed OMS coating 
process, the OMS Simulator software, which is developed 

by Bühler Leybold Optics (Beijing, China), was used to 
simulate the process before running it on the coating 
machine. Different from the reverse engineering process 
[10], the parameters encoded into the Simulator are all 
from an actual coating process. This simulation considers 
almost all the errors that can possibly affect the coating 
process, such as random errors of the coating system, 
thickness linear errors, standard OMS noise deviation and 
some other factors, and then calculated and predicted the 
thickness error of each layer according to the designed 
OMS monitoring strategy.

After importing the coating process designed in 
Section 4.1 into the OMS Simulator, we set the deposition 
rate of Nb2O5 and SiO2 as 0.5 nm/s, which is about the same 
as the actual depositing rate, after which we initiated the 
simulation. The simulation result is shown in Figure 4. As 
can be seen, most of the layers can be controlled within 
an error of less than 0.1%. For these layers with a slightly 
larger simulation error, we use the ESSENTIAL MACLEOD 
to calculate their sensitivity to errors. The result shows that 
even with an error of 0.2%, the coating can still maintain 
a good performance. This means that these layers are non-
sensitive in the coating and their errors can be ignored.

We run this simulation thrice and the results are 
almost the same. The simulated transmittance spectrum 
also agrees fairly well with theory, as shown in Figure 5. 
This means that the designed coating process is feasible 
and reproducible. Hence, we can run it on the PARMS 
coating machine.

5   Coating performances
The three filters were all coated on a single K9 substrate 
with a diameter of 25.0 mm and a thickness of 2.5 mm. In 
the pre-conditioning of a coating process, the machine 
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chamber was heated to 200°C and held for at least 20 min 
to remove the gas and moisture that adhered on the sub-
strates. Next, the O+ ion-beam generated from the ECWR 
plasma source was used to bombard the substrates for 
120 s to perform a plasma cleaning of the substrates. This 
was followed by the actual coating process.

5.1   Coating performance of the UV 
band-pass filter

For the UV band-pass filter, Ta2O5 and SiO2 were used as 
the coating materials. The theoretical spectrum specifica-
tions of this filter are CWL = 365 nm and FWHM = 48.7 nm; 
these are shown in Figure 6 as solid lines together with the 
blocking optical density.

In the design of the UV band-pass filter, the super-
position structures of the long wavepass (LP) and short 
wavepass (SP) were adopted. The cut-on of the LP and the 
cut-off of the SP decide the slopes of the UV band-pass 
filter. The LP and SP film stacks interfere with each other to 
formulate the pass band. Due to the relative independence 
and mutual interference of the LP and SP film stacks, the 

FWHM of such kind of filter is difficult to control during 
production. However, because the LP + SP design is not 
too sensitive to thickness errors (about 0.3% as mentioned 
above), it is widely used in the design of the broadband-
pass coatings.

The measuring results of the manufactured UV band-
pass filter are as follows: CWL = 365.3 nm, FWHM = 47.1 nm 
and peak transmittance (Tpk) of about 97.7%, just as shown 
in Figure 6 in long-dash lines. The actual FWHM is about 
1.6 nm narrower than the theoretical value, which is due 
to the independence of the LP and SP film stacks. The 
average blocking density is deeper than OD6 in the 300–
1100 nm region, and the two thorn peaks of about OD 5.5–
6.0 appear in the 900–1000 nm region. However, because 
the fluorescence excitation level of the detection reagent 
is very weak in this region, it can still satisfy the demand 
of fluorescence detection.

5.2   Coating performance of the VIS dual-
band-pass filter

The theoretical spectrum specifications of the VIS 
dual-band-pass filter are as follows: CWL = 561  nm 
and FWHM = 35  nm for band 1 and CWL = 687  nm and 
FWHM = 23 nm for band 2. Nb2O5 and SiO2 were adopted as 
coating materials. The theoretical and measured spectra 
of this filter are shown in Figure 7.

The Fabry-Perot cavity was adopted in the coating 
design of the dual-band-pass filter. Compared with the 
superposition structure of the LP and SP film stacks, the 
layer thickness tolerance of the Fabry-Perot cavity coating 
is very strict (0.1% as mentioned above). However, 
because the sharper cut-on and cut-off slopes can be 
easily achieved by using the Fabry-Perot cavity superpo-
sition, it is often used in the design of filters with very 
sharp edges.
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As shown in Figure 7, both bands of the dual-band-
pass filter show good agreement between the theoreti-
cal curves and the measured results. For the first band 
CWL = 561.4 nm, FWHM = 35.4 nm and Tpk > 97.2%, whereas 
for the second one, CWL = 687.5 nm, FWHM = 23.3 nm and 
Tpk > 95.9%. The blocking density is deeper than OD6 
in the 300–950  nm region. All the specifications that 
the filter achieved in the measurement can satisfy the 
requirements of the applications of fluorescence detec-
tion and analysis.

5.3   Coating performance of the NIR notch 
filter

The theoretical specifications of the 808  nm notch filter 
are as follows: average transmittance (Tavg) > 90% in the 
regions of 440–770  nm and 835–920  nm and blocking 
density > OD6 at 808  nm. The theoretical and measured 
spectra of this filter are shown in Figure 8.

For notch filters, the RUGATE designs with a small 
index contrast and apodization are well known in the 
literature. The required deposition of the gradient index 
layers or the so-called flip flop structures is very compli-
cated and difficult to manufacture [11].

Thus, according to the required spectrum specifica-
tions, a formula structure of (A αB A)^m was adopted in 
the design of the 808 nm notch filter. The FWHM of the 
blocking region depends on the coefficient α, and the 
optical density of the blocking is determined by coef-
ficient m. The materials with gradual refractive index is 
not needed in this design, and the thin layers can also 
be avoided during optimization. Moreover, the material 
combined with high refractive index contrast materials 
is not used in the design, because the refractive index of 
the combined material may not be able to maintain a con-
stant value due to the changing sputtering rates, whether 
in one coating process or among different processes. 
Thus, in the design of the 808 nm notch filter, Al2O3 and 
SiO2 were used as the coating materials, the thickness 
of the coating reached about 34.5 μm and the PARMS 
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coating machine was used to manufacture this filter. 
Figure 8 shows that in the specified wavelength region, 
the average transmittance is higher than 90% and block-
ing density is deeper than OD6 in region of 808 ± 3 nm, 
which can meet the required spectral specifications.

6   Conclusion
Three types of multilayer interference optical filters, 
including a UV band-pass filter, a VIS dual-band-pass 
filter and a NIR notch filter, were introduced in this paper. 
The PARMS coating technology and plant was used to 
manufacture the filters. The three filters all had the char-
acteristics of superior multiple layers (more than 400 
layers together on both side), large physical thickness 
(up to 34 μm) and ultra-low error tolerance (lower than 
<0.1%). The manufacturing results show that the OMS 
coating process based on PARMS can realize the produc-
tion of the three filters. The spectrum characteristics of 
high transmittance (Tavg > 90 or higher) as well as deep 
and wide blocking (OD > 6 in 300–1100 nm) of the three 
filters can satisfy the spectrum requirement of fluores-
cence detection in modern biomedicine and life sciences.
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