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Abstract. This study presents a new construction design of a filter set for fluorescent imaging
applications. The filter set includes three filters: one excitation, one emission and one dichroic
filter. The filters are DBR filters which consist of alternating thin film layers of TiO,/SiO,. A
needle technique was applied as a synthesis method to optimize the spectral performances of
the filters by adjusting a proper number of layers with controlling thickness. As a proof of
concept, the filters are designed to maximize the signal-to-noise ratio of fluorescent emission
from FITC 488 dye. The obtained results show that the optimized filters represent advanced
spectral performance which can be used to improve the sensitivity and the imaging contrast in
fluorescence microscopy.

1. Introduction

Thin film technology has been attracted a lot of attention in microscopy imaging [1-3]. Many devices
such as short-pass filters, long-pass filters, passband filters, stopband filters, polarizers, beam splitters
and reflectors are developed with the help of multilayer dielectric thin film technology. These devices
consist of alternating layers of high and low refractive index materials with particular thicknesses. The
thickness of the layers of material must be on the order of the wavelengths of visible light. They
function based on the principle of multiple reflections and interferences between high and low index
material interfaces [1,4-9]. Technically speaking, the performance of thin film filters can be altered by
changing the characteristic of the component films i.e refractive index of layers and optical
thicknesses [8,10—12]. DBR filter is a type of band-pass filters. In order to satisfy the interfering
condition, their layers are defined as quarter-wave thick of the center wavelength. A DBR filter
normally exhibits a very high reflectivity in a certain range of wavelengths around a center
wavelength. This high reflection region is known as the DBR stopband, and is governed by the
refractive index contrast between the constituent layers [1,10,12].

In fluorescent microscopy imaging, a fluorophore/fluorochrome, a type of fluorescent dye used to
mark proteins, tissues, and cells with a fluorescent label, is commonly used. A fluorophore works by
absorbing energy of high frequency illumination (wavelengths in the ultraviolet, violet, or blue region
of the spectrum), commonly referred to as the excitation range. Afterwards, it re-emits energy at
slightly lower frequencies (wavelengths in the green, red, or NIR region of the spectrum), commonly
referred to as the emission range. Technically speaking, by selecting individual optical filters with the
maximum amount of transmission at each of those wavelengths will ensure brilliant fluorescent
images. To maximize the possible brightness while maintaining high contrast in fluorescent optical
imaging, a filter set which contains an excitation filter, an emission filter, and a dichroic filter or
beamsplitter is normally used in fluorescent microscopy (Figure 1). The excitation filter is to filter out
all wavelengths of the light source, except for the excitation range of the fluorophore under inspection.
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The emission filter is to filter out the entire excitation range of the fluorophore under inspection, and
to transmit the emission range of that fluorophore. The minimum transmission in the outer ranges of
the excitation range and of the emission range of the excitation filter, and of the emission filter,
respectively will dictate the brightness and brilliance of images. The dichroic filter or beamsplitter is
placed in between the excitation filter and emission filter, at a 45° angle. Its purpose is to reflect the
excitation signal towards the fluorophore under inspection, and to transmit the emission signal towards
the detector. An ideal dichroic filter will have a sharp transition between maximum reflection and
maximum transmission with a reflection of above 95% for the bandwidth of the excitation filter, and a
transmission of above 90% for the bandwidth of the emission filter. In fluorescent imaging
microscopy, a filter set which can maximize signal collection efficiency is always of high demand.

Camera |
| gy

&~
Emission

[ j Filter
RN

———

- \\§ Dichrolc

Filter
Excitation
Filter

e
Specimen conjugated
with dye

Figure 1. A typical filter set in a fluorescent microscope setup including an excitation filter, an
emission filter and a dichroic filter.

In this work, the designs of DBR filters based on TiO,/SiO, are proposed for a filter set for
fluorescence microscopy imaging. As a proof of concept, the filter set was typically designed for
fluorescein isothiocyanate 488 (FITC 488) dye which is normally used as a marker substance for the
visualization and for the detection of tissue-bound bio molecules like e.g. antigens, lectins, various
proteins, peptides, nucleic acids, oligo- and polysaccharides in samples of human origin. Based on
refractive indices and absorption coefficient of the materials, TiO, is selected for its high refractive
index, while SiO, are selected material for its low refractive indices at the excitation and emission
range of the dye. Open-source software, Open Filters, is used in this work to design and optimize the
required filter, it uses transfer matrix method to analyze transmission and reflection of light from
layers based on thicknesses and type of materials. For the excitation filter and the emission filter, the
designs are optimized to maximum transmission in the excitation range and emission range while
minimize transmission in the outer range by nm using needle synthesis method. Similarly, the needle
method was also applied to optimize the dichroic filter which maximizes reflection for the bandwidth
of the excitation filter and maximize transmission for the bandwidth of the emission filter.

2. Optimization of multilayer filters

The needle method was first described by Tikhonravov in 1982 [13]. The essence of needle technique
is that using an algorithm to identify convenient places to insert new layers that will improve the
discrepancy between the target and solution which is well known as merit function. Technically
speaking, the optimal position of needle to be added is where derivative of merit function is negative.
Mostly a few single needle layers are added and transmission/reflection spectrum is calculated. The
addition of needle layers stops at the point where there is no improvement in the target
transmission/reflection spectrum.

Since the excitation filter, emission filter, and dichroic filter are based on the DBR filter design,
thus an initial DBR design with H(LH)” layer configureuration close to the required design is used
[3,7,14-16]. In this configureuration, H and L are quarter-wave thick of high and low refractive index
layers and p is the number of repeated high and low refractive index pairs. The high refractive index is
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denoted for TiO,, and low refractive index is denoted for SiO,. In this work, the material absorbance is
considered as neglected.

Since FITC 488 dye requires maximum excitation wavelength of 490 nm, thus, in this work, an
excitation filter having maximum transmission excitation range of 450 nm to 500 nm was selected to
design. The emission band of FITC 488 is in the range of 500 nm to 550 nm which also defines the
emission band of the emission filter.

2.1. Excitation filter design

The excitation filter was designed by combining two DBR filters with two different center wavelength
of 400 nm and 560 nm. The number of repeated high and low index pair p of the two DBR filters are
9. The angle of the incident light was chosen as 0° degrees. Note that, the transmitted light selected as
unpolarized light. The transmission spectrum of the initial excitation filter design is presented in
Figure. 2 showing in a transmission band of approx. 30 nm with rather low transmittance (dash line).
Outsides the excitation range, even though the transmittance is low in the range of 300 nm up to 600
nm, but still rather high in the range of above 600 nm. That means the filter not only transmit light in
the excitation range but also in another range which might lead to noise signal. This will create a
significant impact on the low sensitivity and low contrast of microscopy imaging. By using needle
function, an optimized DBR filter design (solid line) with 35 layers and total thickness of 2365 nm
was obtained. Compared to the initial design, the optimized excitation filter exhibits a lightly broader
band of 50 nm with significantly higher transmittance of 0.9. Furthermore, the fringes outside the
excitation range are significantly suppressed. The data of the optimized DBR filter design is presented
in Table 1.
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Figure 2. Transmission spectra of the initial and the optimized excitation filter. The incident angle is

0°.

2.2. Emission filter design

Figure 3. represents the transmission spectrum of the initial (dash line) and optimized design (solid
line) of the emission filter. Similarly, the emission filter was designed by combining two DBR filters
with two different center wavelength of 450 nm and 640 nm to obtain an emission band from 500 nm
to 550 nm. The number of repeated high and low index pair p of the two DBR filters are 9. The
incident light was set as unpolarized and the incident angle was of 0°. The initial designs show an
emission band of 30 nm with high fluctuation in transmittance in the range of 510 nm to 550 nm.
Another emission band is also observed in shorter range (from 350 nm to 400 nm). This denote that
the filter cannot filter out all other wavelength outside of the desired wavelength band. By using
needle function, an optimized FP filter design with 37 layers and total thickness of 2739 nm was
obtained. Compared to the initial design, a broader emission band of 50 nm is observed with high
transmittance approx. 0.9. Most importantly, the other band is suppressed. This allows the fluorescent
emission of FITC 488 dye can be transmitted thoroughly the emission filter without attenuation. The
data of the optimized emission filter design is presented in Table 2.
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Table 1. Layer thickness of the optimized TiO,/SiO, based excitation filter.

Laye Mate Thickne Laye Mater Thickne

r No. rial ss (nm) r No. ials ss (nm)
1 TiO, 59.68 19 TiO, 109.79
2 SiO, 3.26 20 SiO, 91.69
3 TiO, 36.35 21 TiO, 59.23
4 SiO, 80.69 22 Si0, 95.56
5 TiO, 47.85 23 TiO, 55.15
6 Si0, 81.08 24 SiO, 95.41
7 TiO, 35.94 25 TiO, 68.61
8 Si0O, 33.79 26 SiO, 101.73
9 TiO, 43.06 27 TiO, 52.79
10 Si0, 75.96 28 SiO, 92.76
11 TiO, 32.45 29 TiO, 74.26
12 Si0, 45.94 30 Si0, 63.77
13 TiO, 46.01 31 TiO, 37.51
14 Si0, 85.36 32 Si0, 79.60
15 TiO, 55.13 33 TiO, 86.72
16 Si0, 96.26 34 SiO, 104.94
17 TiO, 94.94 35 TiO, 52.90
18 Si0, 89.21
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Figure 3. Transmission spectra of the initial and the optimized emission filter. The incident angle is
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Figure 4. Transmission spectra of the initial and the optimized dichroic filter. The incident angle is
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Table 2. Layer thickness of the optimized TiO,/SiO, based emission filter.
Laye Mate Thickne Laye Mater Thickne

r No. rial ss (nm) r No. ials ss (nm)

1 TiO, 52.80 20 Si0, 152.63
2 SiO, 76.03 21 TiO, 61.62
3 TiO, 30.25 22 Si0, 126.63
4 SiO, 56.48 23 TiO, 51.95
5 TiO, 45.26 24 Si0, 81.75
6 SiO, 81.11 25 TiO, 78.23
7 TiO, 47.34 26 Si0, 77.84
8 SiO, 81.80 27 TiO, 84.28
9 TiO, 47.45 28 Si0O, 101.49
10 SiO, 80.48 29 TiO, 89.88
11 TiO, 44.01 30 Si0O, 95.02
12 SiO, 59.56 31 TiO, 46.50
13 TiO, 33.45 32 Si0O, 97.51
14 SiO, 66.83 33 TiO, 63.22
15 TiO, 49.86 34 Si0O, 116.19
16 SiO, 102.08 35 TiO, 90.84
17 TiO, 66.69 36 Si0O, 84.61
18 SiO, 73.17 37 TiO, 80.83
19 TiO, 63.34
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Figure 5.Transmission spectra of the filter set. The incident angle for the excitation and emission filter
is 0° while and incident angle for the dichroic filter is of 45°.

2.3. Dichroic filter design

The excitation filter was designed as a DBR filter at center wavelength of 450 nm with p number is 20.
Since the dichroic filter is used to reflect the excited light, and to transmit the emission light at the
same time. Thus, the incident angle was set as 45°, the incident light was set as unpolarized. The
transmission spectra of the initial (dash line) and optimized design (solid line) of the dichroic filter is
presented in Figure 4. The initial filter exhibits nearly zero transmittance in the range below 500 nm
which ensures to reflect all the excitation wavelengths. However, in the wavelength range above 500
nm, the filter presents high fluctuated transmittance which results in the partly transmitted emission
wavelengths. In order to eliminate the fringes, the needle function was applied for designing optimized
filter. Similar to the previous cases, the needle function significantly improves the spectra performance
of the initial dichroic filter. As seen from the figure, the optimized filter maintains almost zero
transmittance in the wavelength range of below 500 nm while exhibit high transmittance of approx.
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0.9 in the range of above 500 nm. The total thickness of the optimized dichroic filter is of 2364 nm.
The data of the optimized dichroic filter design is presented in Table 3. Figure 5. represents the
transmittance of the filter sets in which the incident angle for the excitation and emission filter is 0°
while and incident angle for the dichroic filter is of 45°.

Table 3. Layer thickness of the optimized Ti0,/SiO, based dichroic filter.
Laye Mate Thickne Laye Mater Thickne

r No. rial ss (nm) r No. ials ss (nm)
1 TiO, 25.61 17 TiO, 50.14
2 Si0, 65.51 18 SiO, 82.59
3 TiO, 52.89 19 TiO, 35.03
4 Si0, 54.47 20 SiO, 86.68
5 TiO, 26.08 21 TiO, 71.85
6 Si0, 41.21 22 SiO, 10.94
7 TiO, 27.34 23 TiO, 84.40
8 Si0, 70.08 24 SiO, 271.14
9 TiO, 46.50 25 TiO, 173.95
10 Si0, 76.94 26 Si0O, 45.11
11 TiO, 41.61 27 TiO, 170.97
12 Si0, 82.20 28 Si0O, 136.03
13 TiO, 46.23 29 TiO, 17.83
14 Si0, 80.91 30 Si0O, 69.10
15 TiO, 41.79 31 TiO, 62.98
16 Si0, 80.56552 32 Si0O, 135

3. Conclusion

In this work filter set including an excitation filter, a dichroic filter, and an emission filter are designed
for optimum fluorescent optical imaging of FITC 488 dye. The filters were based on TiO,/SiO, DBR
filter designs. It has been shown that by using the needle technique, the optimized filters exhibit
outstanding properties in compare to that of the initial filter designs for example the filters exhibit high
transmittance or reflectance in the desired range while significantly suppress the fringes in the outer
range. The obtained results can be considered as an important base for the applications of optimized
filter set in microscopy imaging.
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