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Study on polarization-insensitive
splitter by combining symmetrical
structure with matching layer

Wang wenliang

As the polarization state of laser can reflect more information, various types of laser remote sensing
techniques have been developed. In order to accurately interpret the detection information, the optical
components with polarization insensitivity has become an important topic. In this paper, a polarization
insensitive splitter with three all-dielectric materials is designed and fabricated, which combines the
symmetric structure with the matching layers. Statistical results show that this design has excellent
performance of low polarization deviation at short wave region 420-580 nm with high reflectance and
long wave region 620-880 nm with high transmittance.
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Optical laser technology is a very effective means of information detection, and has been playing an increasingly
important role in many fields such as medicine!, remote sensing? and military’ and so on.

However, because the detection target is often in a complex environmental background, as well as the
scattering and absorption of light by the medium, the detection target information will have low contrast and
details will be covered, which will greatly increase the difficulty of information detection. The polarization state
of light can express more information, and the technology based on the polarization state detection of light can
better solve the above problems*-®. Full polarization remote sensing technology uses an optical system formed
by a series of optical elements to obtain detailed information by identifying the changes in the polarization state
of light caused by the monitoring object’~. However, when oblique incidence occurs, each component of the
optical system will introduce polarization deviation, which makes it difficult to interpret the information!®-!2. In
order to accurately reflect the relevant information of the monitored object, the influence of the optical system
on the polarization state of light should be controlled as much as possible, and the development of polarization
insensitive optical regulatory devices becomes the key.

Optical coating are becoming more and more important in laser systems because they can effectively
control optical properties such as intensity, phase and polarization and so on!'*~1>. However, the design and
manufacture of low polarization sensitivity splitters based on multilayer structures is still a challenging task due
to the inherent property of polarization separation in oblique cases. Metal films have a smaller depolarizing
effect than dielectrics, but the obvious absorption problem limits its use in many laser systems®. For the design
based on all-dielectric film, the design parameters can only be provided by increasing the type of film material
and the number of film layers. However, with the increase of the range of operating wavelength requirements,
the difficulty of this design also increases sharply. Because the more thin film layers, the more complicated
the interference problem, it is difficult to obtain an analytical design close to the design goal. As a result, the
complete numerical design based on optimization algorithm often falls into local optimal due to the lack of
reasonable initial value, and it is also difficult to get successful design. Even with optical film design methods
such as needles that can automatically insert the film, only a large number of extremely thin film layers can be
produced, which is difficult to accurately produce. Therefore, traditional designs based on metal films have very
limited applications due to strong absorption. Traditional designs based on all-dielectric films typically work
over a very limited wavelength range and are difficult to make successfully, and the polarization sensitivity is
usually relatively high!”.

In this paper, we design a polarization-insensitive edge splitter using three kinds of all-dielectric materials
and carried out experimental research. In Section “Principles and polarization control requirements”, we briefly
analyze the principle of polarization deviation, and illustrate the requirements of polarization control according
to our practical case. The detailed design process is described in Section “Processes of design”. In Section “Analysis
of the design”, we analyze the design results and do some experimental studies. Finally, the results are discussed
in Section “Experimental research’.
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Principles and polarization control requirements
As mentioned above, the stability of beam polarization state in the optical system of detection technology is an
important factor affecting the accuracy of detection technology. Optical thin film devices are essential beam
control elements in optical system of detection technology. However, when the light is inclined to incident on
the film material, the two components of the light wave with different polarization directions will show different
effective refractive indices, resulting in inevitable polarization deviation.
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Where, n_and n, are the effective refractive indices of the polarization components of S and P, n, and n are the
refractive indices of the incident medium and the thin film material, € o and © are the beam inclination angles
in the incident medium and thin film material, respectively. It is easy to find that the greater the tilt angle, the
more severe the polarization deviation.

In our case, the role of the splitter is mainly to realize the separation of the incident beam into the transmitted
light and the reflected light parts according to different frequencies. In order to equalize the polarization effect
of the reflected beam and the transmitted beam, the operating angle is 45 degrees, and the different polarization
components of this two beams will all show a very significant polarization deviation. This will cause a significant
change in the polarization state of the beam, which will affect the accuracy of the detection system, and
polarization-insensitive splitters become a critical requirement.

The broadband polarization-insensitive filter at 45° incidence presented here should have high reflectance
(> 95%) from 420 to 580 nm with Pol_, less than 3.0% and high transmittance ( > 95%) from 620 to 880 nm
with average Pol iran less than 2.5%. Where Polre y and Pol,_are the polarizations for reflectance and transmittance,
which can be expressed respectively as
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The suffixes p and s used in Eq. (2) denote p and s polarization component, respectively.

Processes of design
According target about polarization control requirements as described in Part 2, the required reflection and
transmission band of the filter are all comparatively wide, which cannot be obtained by a single thin film stack
with two materials. However, according to the polarization control theory of optical thin films, a combination of
thin film materials with relatively small polarization separation can be constructed using a variety of materials's.
Based on characteristic matrix method'?, considering a symmetrical thin film structure with three material
LMHML, which can be replaced mathematically by a virtual single-material structure with the same equivalent
admittance Erypaamr as
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When A =Ag/2, 8 =21 /Ag-Ao/2 =T, we can get

2 2 1\?
Ervamr = {(QHM +2np+ngy)/ (E + - + E)} : (4)

Then, in order to meet the requirements of polarization insensitivity, the refractive index of the film material
must meet the matching condition

2 2 1 3
AELMHML:{(ZA'IIAI-‘FZATLL-FA’H,H)/ (AnL +A’n,M +AnH)}2 =1 (5)

Scientific Reports |

(2025) 15:5953 | https://doi.org/10.1038/s41598-025-90372-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Transmittance (%)

100
90

T

440

460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840 860 880
Wavelength (nm)

Fig. 1. Calculated spectral transmittance of the original basic stack.
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Fig. 2. Calculated spectral transmittance of the original improved stack with matching layer.

After analysis and comparison, we choose titanium dioxide, aluminum oxide and magnesium fluoride with
different refractive index of high(ny=2.34), medium(n,=1.67) and low(n; =1.38) respectively for polarization
control. Then, when the angle of incidence is 45 degrees, according to Eq. 1,we can get An;;=1.10, An;=1.22 and
An;=1.35. Under this material combination, AE,, .., - =1.06 is obtained according to Eq. 5, which is very close
to 1, indicating that it is a good polarization insensitive material combination.

Then, according to the requirements of high reflectivity in the short wave region and high transmittance in
the long wave region, and the working band range is relatively wide, we choose |(LMHML)A16 as the initial
basic stack structure. Where H, M, and L respectively represent the quarter-wavelength optical thickness of the
above three high, middle and low refractive index materials relative to the reference wavelength of 520 nm. The
structure is attached to a k9 plate glass (ng=1.52) and the incident medium is air (n;=1.00) at an angle of 45
degrees. The corresponding transmittance spectral curve is shown in Fig. 1.

The calculated transmission spectral curve of the film stack has a small polarization deviation in a specific
wavelength region, which can be found in Fig. 1. Especially in the long wave region, the transmittance
spectral characteristics are very close to our case requirements in Section “Principles and polarization control
requirements’, while the polarization deviation is relatively small. However, in the shortwave region, polarization
deviation becomes significantly more severe, and the transmittance spectral characteristics are far from the
requirements of our case. In order to obtain better spectral transmission characteristics, a matching stacks
(0.5HLO0.5 H)/8 is added between the basic stack and substrate media. The corresponding transmission spectral
curve of the improved structure is shown in Fig. 2.

We can obviously see that the matching layer has a very obvious role: the transmission spectral curve in the
short-wave region has a great change, the overall spectral characteristics have been close to the target required
by our case, except for a small part of the band still has a high transmission peak. At the same time, we are also
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Fig. 3. Calculated spectral transmittance of the improved stack after optimization.

420-580 nm 620-880 nm

Reflectance(%) Transmittance(%)
P S Pol, (%) | P S Pol . (%)
MAX. 99.2065 | 99.9900 | 2.7797 99.9946 | 99.9954 2.2800
MIN. 91.9284 | 92.8692 | 0.0083 97.5250 | 94.8878 0.0010
AVE. 96.8038 | 97.8825 | 0.7759 99.2975 | 98.2491 0.5919

Table 1. Theoretical performance statistics of polarization insensitive splitter.

pleased to find that the structural improvement of the matching layer does not cause significant changes in the
transmission characteristics of the long-wave region.

Then, Conjugate gradient method is used to optimize the improved stack so that the phase thickness and the
optical admittances of film layers at 45° incidence could be compensated by the stack itself. After optimization,
the improved structure is significantly simplified, from 82 layers to 58 layers, with a total thickness of 7. 71
microns. The corresponding transmission spectral curve of the improved structure after optimization is shown
in Fig. 3 .

It should be noted that the refractive index of the material marked in all the above processes is relative to
the reference wavelength of 520 nm, but due to the wide range of working bands, the design process must also
consider the obvious dispersion of all materials. We measured the actual dispersion of each material according
to the subsequent plasma-assisted deposition technology.

Analysis of the design

Some statistics date of the polarization insensitive splitter presented before is listed in Table 1. The average
reflectance of S-polarized and P-polarized light in the short-wave region of 420 to 580 nm is 97.8825% and
96.8038% respectively. The maximum and average values of the reflectance polarization is 2.7797% and 0.7759%
respectively. The average transmittance of S-polarized and P-polarized light in the long-wave region of 620
to 880 nm is 98.2491% and 99.2975% respectively. The maximum and average values of the transmittance
polarization is 2.2800% and 0.5919% respectively. It can to say, in the working range of spectrum, the design
maintains a very low polarization ratio.

To test the angle sensitivity for the above design, we give the calculated reflectance or transmittance curve for
P- and S- polarized light when the incident angle is 42° and 48° respectively. We show this in Figs. 4 and 5. One
thing must to be said before is we didn’t considered the angle change in our designs process. By comparing them,
we can easily find that the polarization deviation effects alter little, but the spectral band has some movement. It
shows the design have a reasonable angular field.

To test the effect of filter on information, reflection group delay(GD) at short wave region 420-580 nm and
transmission group delay at long wave region 620-880 nm are shown in Figs. 6 and 7 respectively. It can be
found that the group delay of both working regions is very small and hardly varies with wavelength, even near
the edge of the working region, the maximum group delay is below 0.12PS. These indicate that the distortion of
information through the filter is very small. At the same time, we can also find that the group delay difference of
different polarization components is very small, indicating that their phase delay difference is very small, which
will make the filter’s influence on the polarization state change of light is very small.
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Fig. 4. Calculated reflectance curve at short wave region with incident angle is 42° and 48°.
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Fig. 5. Calculated transmittance curve at long wave region with incident angle is 42° and 48°.

Experimental research

Plasma-assisted evaporation deposition technology is made to deposit the above system. SYRUSpro1110 high
vacuum coating machine of Leybold company used in this experiment is shown in Fig. 8, which has the capability
of resistance evaporation, electron beam evaporation, and plasma assisted plating (PIAD).

Before the deposition of the layers, the glass substrate is carefully cleaned with a 1:1 mixture of ethanol
and ether. When the substrate is placed in the vacuum chamber, the vacuum is pumped to 10~ mbar, and the
temperature is heated to 150° for baking. Then, the APS plasma source is started and the substrate is cleaned by
ion beam bombardment. After the substrate treatment, the thin film material layer is deposited layer by layer,
while the argon or oxygen partial pressure is maintained at 2.1 x 10~ mbar in the vacuum chamber before
deposition. All the layer thicknesses are controlled by quartz crystal oscillator monitor method.

The starting materials for the deposition of the TiO, layers is Ti,O.. The partial pressure of oxygen during
deposited the TiO, layers is 3.8 x 10~ mbar, and the electron-beam gun voltage and current is 6 kV and 336 mA
respectively. Advanced plasma source is operated with an anode voltage of 100v and an anode current 50 mA.
The rate of deposition is 0.31 nm/s.

When Al,O, layer is deposited, the electron-beam gun voltage and current is 6 kV and 15 mA respectively,
and there isa 2.7 x 10~ mbar partial pressure of oxygen in the chamber during the deposition process. Advanced
plasma source is operated with an anode voltage of 130v and an anode current 50 mA. The rate of deposition
was 0.3 nm/s.

When MgF, layer is deposited, the material is laid in a molybdenum crucible, and there is a 3.05 x 10~* mbar
partial pressure of argon in the chamber during the deposition process. Advanced plasma source is operated
with an anode voltage of 60v and an anode current 30 mA. The rate of deposition is 0.35 nm/s.

The final physical photo and corresponding experimental curves of the polarization insensitive splitter with
working angle 45° are shown in Fig. 9a,b respectively. Compared with the theoretical calculation results, the
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Fig. 6. Reflection GD(Group delay) at short wave region.
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Fig. 7. Transmission GD(Group delay) at long wave region.

transmittance of the short wave region increases by about 0.8% and the reflectance decreases slightly, while
the transmittance of the long wave region also decreases by about 1% at the same time. But overall, we can find
that the measured curves agree very well with the calculated curves from Fig. 3. Which means that the optical
performance of the polarization splitter can satisfy its requirements completely. For the influence of incident
angle, we tested the transmission curve of plus or minus 3 degrees angle respectively, as shown in Fig. 9¢,d
respectively. When the incidence angle changes, the test transmittance curve has obvious drift. Especially when
the incidence angle increases, the deterioration of the performance is more obvious, especially in the transition
region of long and short wave.

Note that the high refractive index of k9 glass will cause obvious reflection effects, so there is actually a
polarization-insensitive anti-reflection coating on the back surface of the substrate.

Conclusion

The polarization deviation at oblique incidence is a common condition, which will cause the deterioration of
optical system performance in most cases. Especially in the full polarization detection system, this deviation will
affect the accuracy of information detection, so polarization-insensitive film filters are crucial.
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Fig. 8. SYRUSpro1110 high vacuum coating machine (a) front surface (b) vacuum chamber.
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Fig. 9. Final physical photo and corresponding measured spectral transmittance of the splitter. (a) Physical
photo (b, ¢, d) Transmittance curve of 45 degrees, 42 degrees, 48 degrees respectively.

In this paper, based on the symmetric structure with the matching layers, a polarization insensitive splitter
with three all-dielectric material is designed and fabricated. In terms of theoretical performance statistics, the
average reflectance of S-polarized and P-polarized light in the short-wave region of 420 to 580 nm is 97.8825%
and 96.8038% respectively. And the average transmittance of S-polarized and P-polarized light in the long-wave
region of 620 to 880 nm is 98.2491% and 99.2975% respectively. From the experimental transmittance curve, the
overall agreement between measured curves and theoretical performance statistics is relatively good, although
the reflectance and transmittance have a small decrease. It can to say, in the working range of spectrum, the

Scientific Reports | (2025) 15:5953 | https://doi.org/10.1038/s41598-025-90372-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

design maintains a very low polarization ratio, which will reduce the difficulty of interpreting the information
with full polarization detection technology.

Through the work of this paper, we can conclude that the initial film stack suitable for polarization-
insensitive cutoff filters can be obtained by combining the symmetric structure and matching layer composed
of three materials. This provides a suitable initial value for the optimization algorithm, and it only needs to be
slightly optimized by the traditional optimization algorithm to get the design suitable for the target. Moreover,
the design does not have ultra-thin layers and can be successfully produced using existing coating technology.
However, unfortunately, this design is not suitable for polarization-insensitive splitters with specific spectral
ratio requirements, and we will further pursue related research.
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request.
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