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Abstract

This study presents a new construction design of a distributed Bragg reflector (DBR) filter and
a Fabry—Pérot (FP) filter by using needle technique as a synthesis method. The optimized DBR
and FP filters having a proper number of layers with controlling thickness TiO,/SiO; are utilized to
transmit only a certain narrow band of wavelengths while blocking the others. As a proof of con-
cept, the filters are designed to selectively transmit only a very narrow band of wavelength at 780
nm which is the near infrared (NIR) fluorescent emission from Alexa Fluor 750 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.
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Introduction

Fluorescent dyes are frequently used as cell and tissue
labels  in fluorescence  microscopy and cell  biology
[1—3]. They can be conjugated to a variety of antibodies,
streptavidin, peptides, proteins, tracers, and amplification
substrates [4]. In fluorescence microscopy imaging, after
conjugating onto biological specimens, they can emit a
wide range of wavelength spanning from visible (VIS) to
near infrared (NIR) under a continuous illumination of a
light source, thus, generates images [5S—8]. In common
fluorescence microscopes, the detectors normally present
better sensitivity in VIS range than in the NIR range. As a
result, the fluorescent intensities detected in NIR range are
lower than that in VIS range. Very often, they are even
lower than the reflected, scatter or even diffracted light
from excitation light sources. Thus, the images obtained
from specimens conjugated with NIR dyes are normally
dimmer with lower imaging contrast compared to speci-
mens conjugated with VIS dyes. Technically speaking, the
image contrast can be improved by allowing only NIR
emission to reach to the detector while blocking other
emissions. This can be done in a fluorescence microscope
by implementing band-pass filters which allow only NIR
light to transmit while filtering out others.

Band-pass filters based on thin film technology has
been attracted a lot of attention in microscopy imaging [9—
11]. They consist of alternating layers of high and low re-
fractive index materials with particular thicknesses. They
function based on the principle of multiple reflections and
interferences between high and low index material inter-
faces [10,12]. Technically speaking, the performance of
band-pass filters can be altered by changing the character-

istic of the component films i.e. refractive index of layers
and optical thicknesses [12—15]. DBR filter is a type of
band-pass filters. In order to satisfy the interfering condi-
tion, 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 [9,12,13]. The
higher the refractive index contrast, the broader the stop-
band is obtained. A Fabry-Pérot (FP) filter, on the other
hand, consists of a cavity between two highly reflecting
DBR filters. By inserting a half wavelength cavity, a very
narrow band of a designed wavelength can be highly
transmitted within the stopband [14—19].

Taking advantages of band-pass filters based on thin
film technology, in this work, an optimal design of DBR
and FP filters based on needle technique which can
transmit only a narrow band in NIR range while blocking
others will be introduced. The filters are based on a stack
of TiO»/SiO, which are vital dielectric materials with
wide band-gap energies and high refractive index contrast
[9,20-22]. TiO, is selected for high refractive index lay-
er of 2.5 and SiO; as a low refractive index layer of 1.45.
As a proof of concept, a combination of an optimized
DBR and a FP filters was designed with a central wave-
length of 780 nm to selectively transmit a narrow band of
wavelength at 780 nm emitted from a NIR fluorescent
Alexa Fluor 750 dye while blocking the others [3]. Addi-
tionally, in order to clarify the accuracy of the optimal fil-
ter designs, comparisons between the initial and opti-
mized filter spectrum, and between optimized and exper-
imental filter spectrum are also taken into account.
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1. Theoretical basis

Consider a band-pass filter surrounded by an environ-
ment. Light from the source falls on the filter at an angle
9., and a wave front penetrates the filter surface can be
considered as planar. To calculate the transmission and re-
flection spectra of a multilayer band-pass filter, transfer
matrix method is normally applied. Herein, a band pass fil-
ter consisting of ¢ thin film layers is represented as a sys-
tem matrix which is the product of the individual layer ma-
trices, taken in the correct order, given by [9]:

B li[ cosd, (isind,)/n, 1
c| |13 \in, sins, cosd, M |

where, B and C are the normalized electric and magnetic
fields at the front interface

S, =2mn,d, cos9, /A ;

n, is the refractive index of layer, d, is the physical thick-
ness layer, g is the number of layers next to substrate, 9; is
the reflected angle which can be derived from an incident
angle 3, by Snell’s law. 1), is the substrate admittance.

The expression for transmittance of a multilayer sys-
tem which is defined as the ratio of the output intensity
from thin film assembly to input intensity, is given as fol-
low: The system matrix finally will be converted back in-
to reflection and transmission spectra.

e
n,B+C )\ n,B+C

_ 4n, Re(ny)
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Mo 1s the incident medium of admittance, 7, is the refractive
index of the substrate, and Re(n,) represents the real part of
refractive index of substrate. Based on the transfer matrix
method a reflection spectrum and transmission spectrum of
a DBR and a FP filter are calculated and presented in
Fig. 1 and Fig. 2. Here, a spectrum region where the DBR
and the FP filter provide extremely high reflectance is the
stopband. Within a stopband, a sharp, high intensity peak
denoting high transmission of a very narrow band of wave-
lengths appears. It is generated from the haft wavelength
cavity in between the two DBRs of a FP filter.

2. Optimization of multilayer filters

It is often difficult, or even impossible, to manually
design a filter respecting all the requirements for a
given application. However, it is possible to optimize a
filter using synthesis methods. The most commonly used
synthesis method is the needle method [9, 10, 23]. The
needle method was first described by Tikhonravov in
1982 [24]. 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 tar-
get 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 trans-
mission/reflection spectrum is calculated. The addition of
needle layers stops at the point where there is no im-
provement in the target transmission/reflection spectrum.
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Fig. 1. Reflection spectrum and transmission spectrum
of a DBR filter
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Fig. 2. Reflection and transmission spectrum
of a FP filter consisting of a cavity and two DBRs

3. Requirements of designed filters

In this work, the proposed filters are utilized to im-
prove the sensitivity and imaging contrast in fluorescence
microscopy. An example of a fluorescence microscopy is
shown in Fig. 3. It consists of a light source, biological
specimens conjugated with different dyes including
Alexa Fluor 750 dye, a FP filter and a detector. In com-
mon fluorescence microscopes, the light source is a Hal-
ogen lamp which covers a broad range of wavelength
from UV to NIR range (from 200 nm to 2000 nm). The
detector, on the other hand, normally covers a shorter
range of wavelength from 250 nm to 1000 nm. Its sensi-
tivity in NIR range (from 750 nm to 1000 nm) is very
poor compared to that in VIS range. The working range
(stopband) of a FP filter is shortest which is normally less
than 300 nm. That means unwanted wavelengths coming
from outer side of the stopband can also reach to the de-
tector, causes poor imaging contrast and low sensitivity.
Therefore, filtering out the wavelengths outside the filter
stopband is always of high demand.

In order to improve the sensitivity and image contrast
in NIR range, one solution is to include a compact of op-
timal DBR and FP filters in the setup to allow only a very
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narrow NIR band of a specific wavelength to pass
through. The proposed exemplary fluorescence micros-
copy is demonstrated in Fig. 4. An optimized DBR and a
FP filter will be implemented in the setup to allow only
the wavelength of 780 nm to transmit, thus, reaching to
the detector, while blocking other wavelengths outside
the stopband. Additionally, the transmitted peak is re-
quired to have high intensity while still exhibiting a nar-

row peak width (FWHM).
%ector
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with Alexa Fluor 750 dye
Fig. 3. An exemplary fluorescence microscopy. It consists
of a light source, a FP filter and a detector. Wavelengths
outside the stopband are also detected in this setup
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Fig. 4. A proposed exemplary fluorescence microscopy.
An optimized DBR and a FP filter are included in the setup
to only transmit 780 nm while blocking the wavelengths
outside the stopband

4. Optimization designs and discussion

In this work, the open-source software, Open Filters,
and its needle function are used to optimize the designs of
DBR and FP filters based TiO,/SiO; [23, 25]. To de-
crease the stimulation time, an initial DBR design close
to the required design can be synthesized using H(LHY
layer configuration [11, 16, 20, 26, 27], where H and L
are quarter-wave thick of high and low refractive index
layers and p is the number of repeated high and low re-
fractive index pairs. Similarly, an initial FP filter design
with layer structure of H(LH)? 2L H(LH)? was chosen, in
which H(LH)? represents the top and the bottom DBR, 2L
describes a half wavelength cavity. The repeated high and
low refractive index pairs ¢ in this design is 4. The center
wavelength in both cases is 780 nm.

In this case, the high refractive index is denoted for
TiO,, and low refractive index is denoted for SiO». p in
this case is chosen to be 10. The angle of the incident
light was chosen as 0° degrees. Note that, the transmitted
and reflected light in all cases were selected as unpolar-
ized light.

The DBR reflection spectrum of the initial design is
presented in Fig. 5 showing in a stopband of 225 nm
(from 675 nm to 900 nm) with high reflectivity of almost
0.97 and two sharp edges. However, there are fringes
with high reflectivity outsides the stopband. That means
the DBR filter not only reflect the wavelength range in-
side but also outside the stopband. The reflected light
outside the stopband will cause noise signal, which create
a significant impact on the low sensitivity and low con-
trast of microscopy imaging. By using needle function, an
optimized DBR filter design with 26 layers and total
thickness of 2340 nm was obtained. Compared to the ini-
tial design, the optimized DBR filter still maintains high
reflectivity within the stopband, remains the stopband
width of 225 nm, however, the fringes outside the stop-
band are significantly suppressed. The data of the opti-
mized DBR filter design is presented in Table 1.
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Fig. 5. Reflection spectra of an initial and an optimized design
of a DBR filter

Fig. 6 represents the FP transmission spectrum of the
initial design, showing in a stopband of 250 nm and a
sharp, high intensity peak (narrow band of wavelength) at
780 nm. However, outsides the stopband there are fringes
with fluctuated transmission intensity. By using needle
function, an optimized FP filter design with 22 layers and
total thickness of 2144 nm was obtained. Compared to
the initial design, a small shift to shorter wavelength of
30 nm is observed. However, the stopband width is main-
tained 250 nm. Most importantly, the transmission peak
remains a high intensity at 780 nm. This allows the fluo-
rescent emission of Alexa Fluor 750 dye can be transmit-
ted thoroughly the DBR and the FP without attenuation.
Similar to the previous case, the fringes outside the stop-
band is significantly suppressed. The data of the opti-
mized DBR filter design is presented in Table 2.
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In order to verify the optical quality and the accuracy of
the optimized filters, a comparison between the simulated
and experimental transmission spectra of an optimized
DBR filter is taken into account. To simplify the deposition
process, an optimized filter with only 13 layers of
Ti0,/SiO; is considered. Based on the thickness data of
the optimized design, a DBR filter was deposited by using
vacuum coating systems (Univex 400). Comparing simu-
lated data and experimental data, good correlations in the

stopband position and stopband width are observed
(Fig. 7). Similar to the simulated spectrum, the experi-
mental spectrum also exhibits negligible fringes outside of
the stopband. A small shift to longer wavelength of the
stopband is most likely caused by variation of the real layer
thicknesses. Furthermore, an increase in reflection (equiva-
lent to a decrease in transmission) at the edge of the stop-
band (at wavelength of 950 nm) is also observed. It is due
to the high absorbance of TiO; in NIR range [28].

Table 1. Layer thickness of TiO2/SiO: based DBR filter with a central wavelength of 780 nm

Layer No. Material Thickness (nm) Layer No. Material Thickness (nm)
1 TiO2 90.25 14 SiO2 135.87
2 SiO2 146.13 15 TiO2 81.65
3 TiO2 82.52 16 SiO2 138.04
4 Si02 134.21 17 TiO2 84.05
5 TiO: 80.36 18 SiO2 147.95
6 Si02 134.95 19 TiO2 15.30
7 TiO: 80.02 20 SiO2 30.11
8 Si02 134.89 21 TiO2 14.46
9 TiO: 80.77 22 SiO2 144.88
10 SiO2 135.12 23 TiO2 75.39
11 TiO: 81.04 24 SiO2 10.74
12 SiO2 135.33 25 TiO2 7.36
13 TiOs 81.47 26 SiO2 5747

Table 2. Layer thickness of TiO2/SiO: based FP filter with a central wavelength of 780 nm

Layer No. Material Thickness (nm) Layer No. Material Thickness (nm)

1 TiO2 77.95 12 SiO2 18.49

2 SiO2 138.73 13 TiO2 73.34

3 TiO2 75.86 14 SiO2 133.07

4 SiO2 129.57 15 TiO2 71.73

5 TiO2 73.79 16 SiO2 129.47

6 SiO2 128.23 17 TiO2 73.79

7 TiO2 68.95 18 SiO2 130.95

8 SiO2 133.26 19 TiO2 73.27

9 TiO2 78.68 20 SiO2 131.28

10 Si02 262.87 21 TiO2 68.29

11 TiO2 10.07 22 Si02 62.08
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Fig. 6. Transmission spectra of an initial and an optimized
design of a FP filter

Conclusion

In this work DBR and FP filters are designed and op-
timized to transmit the NIR fluorescent emission at
780 nm from Alexa Fluor 750 dye conjugated onto bio-
logical specimens while blocking other wavelengths. It
has been shown that the optimized filters still maintain

Wavelength (nm)

Fig. 7. Simulated and experimental reflection spectra
of an optimized DBR filter with 13 layers

the most important characteristic properties of initial fil-
ter designs such as high reflectivity within the stopband,
remaining stopband width, and high transmission at the
780 nm peak. Furthermore, by using needle technique,
the fringes outside the stopband is significantly sup-
pressed which helps to block all other wavelengths out-
side the stopband. The simulated reflection spectrum of
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an optimized DBR filter design containing 13 layers of
Ti0,/Si0O, show a good correlation with experimental
spectrum. The obtained results can be considered as an
important base for the applications of optimized DBR and
FP filters in microscopy imaging.
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