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Optical bandpass filters, used to restrict certain wavelengths while allowing other wavelengths to pass, are a common element in
many optical devices, such as spectroscopic sensors and hyperspectral imagers. Such filters can be implemented using interference
filters, which operate on the principle of constructive and destructive interference. In this work, an interference bandpass filter
with continuously varying thicknesses of the constituent films is designed and fabricated for the visible spectral range. Niobium
pentoxide and silicon dioxide are used as the filter materials due to the high refractive index contrast between them, resulting in a
smaller number of required material films. Ion beam sputter deposition is used as the deposition method due to its ability to
produce accurate thickness high optical quality films. The fabricated filter has a transmission band of 130 nm, i.e., 470-600 nm,
and can block wavelengths as low as 300 nm and as high as 1080 nm, which is sufficient for use with silicon-based detectors in the
visible spectral range. The maximum and minimum transmission inside the transmission band is 96% and 71%, respectively, with

an average transmission of 88%. The transmission outside the transmission band is less than 1.6%.

1. Introduction

In many optical applications, such as optical micro-electro
mechanical systems (MEMS), it is required that a certain
band of wavelengths be allowed to pass while restricting
other wavelengths [1, 2]. For example, silicon (Si)-based
charge-coupled devices (CCDs) can detect wavelengths from
300-1100nm. To restrict wavelengths outside the visible
range (400-700nm) for optical applications, a bandpass
filter is required. Hyperspectral imagers (used for mineral,
vegetation, or flood detection when onboard satellites or
UAVs) and spectroscopic sensors (used for on-site meat and
milk quality control and noninvasive blood testing in the
form of mobile sensors) can be implemented using Si-based
detectors and Fabry-Pérot (FP) filters [3-5]. FP filters are

formed by two highly reflecting mirrors, usually distributed
Bragg reflectors (DBRs) consisting of alternating high and
low refractive index material pairs, with a central cavity
between them. The output transmission wavelength of a FP
filter depends on the thickness of the central cavity and can
be varied by varying the cavity thickness within a stopband,
strong reflection band, formed by the DBRs. The stopband of
the DBRs is governed by the refractive index contrast of the
materials used, as well as their optical thicknesses (physical
thickness x refractive index). The stopband is formed around
a central wavelength, which is four times the optical
thickness of the films. The DBR materials are therefore a
quarter-wave thick of the central wavelength. The stopband
of a DBR is usually 80 to 180 nm in the visible spectral range,
depending on the index contrast of the material pair and
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their thickness. Combining a DBR-based FP filter with a Si-
based detector, for spectroscopic and hyperspectral imaging
applications, therefore requires a bandpass filter to restrict
wavelengths outside the DBR stopband.

A bandpass filter will ideally be 100% transmitting within
the DBR stopband, while 100% rejecting otherwise. Color
filters that work by selective transmission and absorption of
light are not flexible enough to cater for the specific
transmission and rejection bands required. Interference
bandpass filters that work by transmission and reflection of
light, on the other hand, can meet these specific design
requirements [6].

A basic interference filter consists of quarter-wave thick
alternating high and low refractive index material pairs. An
interference bandpass filter can be formed using two edge
filters, which are defined by a transmission edge and reject all
wavelengths beyond it. Combining a shortpass (allowing
shorter wavelengths to pass) and a longpass (allowing longer
wavelengths to pass) edge filter forms a bandpass filter [7]. In
such a design, the most frequent problem is the interference
of the edge filters with each other, causing multiple reflection
peaks called fringes at the two extremes of the transmission
band. These fringes are further enhanced as the number of
material pair increases, which is needed to steepen the slope
of the band edges and/or extending the rejection band. One
way to reduce these fringes, to some extent, is by adding half-
quarter-wave thick matching layers. Adding a half-quarter-
wave thick film of the high refractive index material before
and after the longpass filter stack results in decreased ripples
inside the pass region [8]. On the other hand, for a shortpass
filter stack, fringes are reduced by adding a half-quarter-
wave thick film of the low refractive index material. How-
ever, to form a large rejection band, multiple long- and
shortpass filters are combined. This further enhances the
fringes inside the transmission band. Therefore, an alter-
native approach needs to be employed.

Using computer-aided design techniques, it is now
possible to design bandpass filters with almost any desired
optical spectra [9-11]. However, such a design can consist of
tens of hundreds of layers with continuously varying
thicknesses. The challenge is to fabricate such designs with
extremely accurate thicknesses and high optical purity.

Most optical coatings are fabricated using different
variants of chemical vapor deposition (CVD), e.g., plasma-
enhanced CVD or e-beam and thermal evaporation [12].
However, materials deposited with these technologies have
poor optical quality. Evaporated films are generally porous
resulting in filters with poor humidity [7, 11]. On the other
hand, CVD processes lack in-situ measurement and control
of deposition rates and film stoichiometry resulting in
variant layer thicknesses and refractive indices compared to
the desired values. This results in a difference between the
designed and measured filter spectra. Ion beam sputter
deposition (IBSD), on the other hand, provides a high
control on deposition rates and film stoichiometry, resulting
in very accurate thickness high-quality films [13].

Furthermore, using materials with a high refractive
index contrast between them as the high and low refractive
index material pairs will result in reducing the total number
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of pairs required in the filter design. Two such materials,
having a high refractive index contrast between them [7, 14],
are niobium pentoxide (Nb205) and silicon dioxide (SiO2).

Combining computer-aided design techniques with
IBSD Nb,O5 and SiO, films will result in high optical quality
bandpass filters, meeting specific transmission and rejection
band requirements.

L1. Theory. Several different design techniques can be
employed to simulate the required spectrum [15, 16]. These
methods can broadly be categorized as refinement and
synthesis methods. In refinement, a starting design is pro-
vided, which has a spectrum that is a close approximation of
the desired spectrum; whereas, in synthesis, no such design
is defined. Given a suitable starting design, the refinement
method gradually modifies the construction parameters to
minimize a merit function defining the quality of the design
[17, 18]. The merit function is determined by defining targets
at a single or a range of wavelengths. However, refinement
techniques are limited in their design capabilities, which
makes the need of a suitable initial design even more critical.
It is challenging to guess not only the initial number of layers
but also the initial overall thickness of the starting design,
which makes it difficult to reach closer to the desired spectra.
Synthesis methods overcome this problem by employing a
comprehensive search method. Two most common syn-
thesis design methods are the Fourier transform method and
the needle synthesis method. Both methods are explained
below.

(1) In the Fourier transform synthesis method, the re-
fractive indices of the layers are varied to alter the
amplitude relationship among the reflected waves
during the optimization process. This method gen-
erates coatings with a continuously varying refractive
index profile which can be transformed into two-
material multilayer systems using an extra step. The
latter is usually subjected to further refinement, see
references [18, 19].

(2) In the needle synthesis method, the thicknesses are
varied to alter the phase relationship among the
reflected waves during the optimization process. This
method generates two-material multilayer systems
based on actual dispersive materials. This method
uses a merit function to add thin layers (called
needles) at optimal positions in the filter and then
adjusts their thickness by refinement techniques, see
reference [17].

2. Materials and Methods

The deposition process of Nb,O5 and SiO, using IBSD is
optimized first for high deposition rate and low absorption.
The optical constants for the filter design are then obtained
using post-deposition ellipsometry measurements of films
optimized for deposition. A variable angle spectroscopic
ellipsometer is used for this purpose. The ellipsometry
measurements were performed at three different angles near
Brewster’s angle. The Cauchy equation is used to
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parameterize the SiO, films, while the Tauc-Lorentz oscil-
lator model is used for the Nb,Os films. Table 1 gives a
comparison of different parameters between the films de-
posited by Nb,Os/SiO, and Ta,05/ZrO,.

SiO, has a large bandgap; therefore, the resonant
wavelength lies in the ultraviolet (UV) wavelength range. A
strong absorption is hence observed in this region, where the
refractive index first increases and then decreases with de-
creasing wavelength. While in the visible wavelength, the
refractive index decreases with increasing wavelength [20].
The Cauchy equation can easily be used to model the be-
havior of the refractive index of SiO, at visible wavelengths,
which is essentially a curve (equation (1)).

B?’l Cf’l
n()=A,+ 3+ (1)

where A,, B,,, and C,, are called the Cauchy coefficients. A,, is
a constant value and sets a base line for the curve, B, in-
troduces a curvature to this line at lower wavelengths, while
C, adds more curvature to the equation. To cater for the
absorption near the UV range, the Cauchy equation is
combined with the Urbach absorption (equation (2)).
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where Ay is the absorption amplitude, By is the broadening,
and Cy is the absorption band edge.

Nb,Os, on the other hand, has significant absorption in
the visible spectrum near the UV range [20]. The Cauchy
equation is insufficient to explain this behavior. Therefore,
the Tauc-Lorentz oscillator model is used in this case. The
Tauc-Lorentz oscillator model requires five terms to define
the imaginary part (e;) of the complex dielectric function
(®)E g€ the center energy (E,), amplitude (4), broadening
(B,), bandgap energy (E g), and ¢;-offset. The real part of the
complex dielectric function and consequently the refractive
index (n) and extinction coefficient (k) are derived from the
Kramer-Kronig relationship as given in equation (3) [21].

E=¢g +ig + it = (n+ik)>. (3)

The starting parameters for both models are shown in
Tables 2 and 3, respectively.

The mean square error values in the parameterizing of
the optical constants is recorded to be less than 5 in all cases.
The optical properties thus obtained are used to design the
bandpass filter.

A comprehensive design technique comprising of man-
ual, synthesis, and refinement methods is employed in this
work. After first manually adjusting the values to bring them
closer to the desired profile, the needle synthesis method was
used for the design which was stopped after visually
inspecting results to be close to the desired profile. A final
refinement step was employed to increase the smoothness of
the filter profile. However, in all the steps employed, only the
phase relationship of the waves is altered by optimizing the
layer thicknesses, while the refractive indices of the materials
are fixed (amplitude of the waves is not altered).

An open-source software, OpenFilters [8, 17], is used in
this work to design and optimize the required bandpass
filter. The design targets for the bandpass filter are shown in
Table 4.

The filter is required to have 90% transmission in the
475-610nm wavelength range. This wavelength range is
carefully selected to achieve one mode transmission while
tuning a Fabry-Pérot filter having its output transmission
wavelength centered at 525nm. First, an initial design is
synthesized manually, combining one longpass and three
shortpass filters. The fringes inside the transmission band are
minimized using half-quarter-wave matching layers. After
an initial refinement step, the needle optimization technique
is employed to improve the performance. However, the
needle optimization is restricted in the total number of
needles allowed to keep the design within economic limits. A
final refinement step is employed to allow the needles to
grow to their optimal thickness.

Depositions are performed using an IBSD system IonSys
1000 from Roth & Rau on a borosilicate glass substrate. The
deposition assembly is equipped with two electron cyclotron
resonance plasma sources. The setup has a cryogenically
pumped vacuum chamber which can achieve a typical base
pressure of 1.7 x 10~ mbar. A primary ion source sputters
99.99% pure Si and 99.95% pure niobium (Nb) targets with
argon ions (Ar"), referred to as the sputtering gas ions, at a
target incidence angle (angle between ion beam and target
normal) of 60°, while maintaining a constant ion flux. The
substrate is placed on a circular substrate holder in front of
the target at a distance of 30 cm such that it is in line with the
target normal. The substrate holder is tilted at a 45° angle
with respect to the target normal and is rotating at 60 rpm.
Oxygen is introduced into the chamber to form the oxide
films using a second ion source, which can also be utilized to
ionize the introduced oxygen. Ionized oxygen is more re-
active than molecular oxygen and the required ionized
oxygen flow for full oxidation of the sputtered material is
comparatively lower [3, 23]. The whole assembly is enclosed
inside a 450-liter chamber. The deposition process is opti-
mized for fast deposition and low absorption. The deposition
parameters are as given in Table 5.

The transmission spectrum of the deposited filter is
measured using an optical spectrum analyzer AQ6375 from
YOKOGAWA in combination with a microscope. Mea-
surements are made in the 300-1100 nm wavelength range
with a resolution of 0.1 nm.

3. Results and Discussion

The refractive index and extinction coefficient of the films
optimized for deposition, achieved using ellipsometry, are
shown in Figures 1 and 2. Both Nb,O5 and SiO, show near
zero absorption at visible wavelengths.

The filter designed and optimized using these optical
properties has a total of 79 layers with a total thickness of
8.437 ym. Table 6 shows the optimized film thicknesses of
the filter materials, while Figure 3 shows the refractive index
change along the depth of the filter.
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TaBLE 1: Comparison of different parameters of a state-of-the-art optical filter with this work.
Central Stopband  Stopband  Materials No. of Total Fabrication Min Txin  Max Tx in
Author wavelength (nm) (nm) used lavers thickness method passband stopband
(nm) Y (um) (%) (%)
) Dual ion beam
Achieved 550 130 300-1100 2205/ 59 8.4 sputter 71 1.6
results Si0, i
deposition
Enhanced
Burns et al. 399 32 200-1100 12295 557 234 optical 80 0.1
ZrO, sputtering
system
TABLE 2: Starting parameters of the Cauchy equation for SiO, films [22].
A, 1.4
B, 0
C, 0
Ay 0
By 1.5
Cy 400 nm
TaBLE 3: Starting parameters of the Tauc-Lorentz oscillator for Nb,Os films [22].
E, 4.6eV
A 208
E 9 3.4eV
£;-offset 1.9eV
B, 21eV

TaBLE 4: Design targets for the bandpass filter [22].

Wavelength (nm) Transmission (%) Tolerance
300 —-470 0 0.001
475 -610 920 0.001
615-1100 0 0.001

TABLE 5: Deposition parameters for Nb,Os and SiO, films [22].

Nb,Os SiO,
Target material 99.95% pure Nb  99.99% pure S
Sputtering gas Ar* Ar"
Sputtering gas flow 4 sccm 4 sccm
Sputtering gas ion energy 800eV 800eV
Sputtering gas ion flux 75mA 75mA
Sputtering angle 60° 60°
Substrate tilt angle 45° 45°
Substrate rotation 60 rpm 60 rpm
Reactive gas o* o*
Reactive gas flow 10 sccm 10 sccm
Reactive gas ion energy 200eV 200eV
Reactive gas ion flux ~2.5mA ~2.5mA

The designed (theoretical) and measured (experi-
mental) spectra of the bandpass filter are shown in
Figure 4.

The fabricated filter has a transmission band of
passband of 130nm, i.e., 470-600nm. The average

transmission inside this transmission band is 88% with a
maximum and minimum transmission of 96% and 71%,
respectively (Figure 5(a)). The maximum transmission
outside the transmission band is less than 1.6%,
Figure 5(b). The filter has a broad rejection region, i.e.,
300-470 nm and 600-1080 nm.

A shift in the measured spectrum is observed compared
to the designed spectrum with increasing wavelength, Fig-
ure 4. This is due to the fact that the Cauchy equation used to
obtain the optical constants of SiO, flattens at longer
wavelengths and cannot fit the index at those wavelengths
correctly. The error in the refractive index translates to
errors in thickness calculation which ultimately translates
into a shift in the spectrum. The Sellmeier equation [24] is a
better alternative to the Cauchy equation, since it not only
accounts for electronic oscillations at shorter wavelengths
but also for atomic oscillations at longer wavelengths. The
measured transmission spectrum shows a fringe at the
higher wavelength extreme of the passband, contrary to the
designed spectrum. This fringe appears because filter opti-
mization is performed by including the substrate/air in-
terface reflections into account. However, in practice, due to
the substrate surface roughness, reflections from the sub-
strate/air interface are minimized to zero and do not take
part in interference. These reflections must hence be ignored.
The theoretical transmission spectrum of the designed filter,
excluding the substrate reflections, shows a similar fringe at
the higher wavelength extreme of the passband, Figure 6.
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FiGure 1: Calculated optical properties of sputtered Nb,Os using the Tauc-Lorentz oscillator model [22].

1.52 , : : :
L 6.0x100
. 151 ] =
S g
- -1 44:
£ 150 40x10" 5
z S
B4 =1
g L 1.8
2 1.49 2.0x10 £
£ E
LA8 L 0.0 i3
0.00 I

400 600 800 1000 1200
Wavelength (nm)

—— Refractive index
- - - Extinction coefficient

FiGure 2: Calculated optical properties of sputtered SiO, using the Cauchy equation [22].

TaBLE 6: Material thicknesses (Th.) of the quarter-wave bandpass filter design [22].

Layer no. Material Thickness (nm)
1 Nb,Os 10.4
2 SiO, 238.6
3 Nb,Os 33.8
4 SiO, 84.6
5 Nb,Os 24.1
6 SiO, 64.7
7 Nb,Os 435
8 SiO, 87.5
9 Nb,Os5 41.9
10 SiO, 53.4
11 Nb,Os5 34
12 SiO, 83.4
13 Nb,Os 45
14 SiO, 81.2
15 Nb,Os 335
16 SiO, 60.6
17 Nb,Os 403
18 SiO, 84.2
19 Nb,Os 36.4
20 Si0, 70
21 Nb,Os 128.6
22 SiO, 95.9
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TaBLE 6: Continued.

Layer no. Material Thickness (nm)
23 Nb,Os5 62.7
24 Sio, 147.8
25 Nb,Os 80.1
26 SiO, 97.2
27 Nb,Os 67
28 SiO, 149.6
29 Nb,Os 69
30 Sio, 101.5
31 Nb,Os 76.3
32 Sio, 142.6
33 Nb,Os 65
34 Sio, 105.6
35 Nb,Os 83.7
36 SiO, 129.2
37 Nb,Os 71.9
38 SiO, 116.4
39 Nb,Os 99
40 SiO, 137.7
41 Nb,Os 1123
2 SiO, 114.2
43 Nb,Os 89.1
44 Sio, 141.9
45 Nb,Os 70.3
46 SiO, 191.3
47 Nb,Os 1163
48 Sio, 155.2
49 Nb,Os 49
50 SiO, 179.3
51 Nb,Os 65.1
52 Sio, 185.4
53 Nb,Os 89.3
54 Sio, 165.6
55 Nb,Os 57.6
56 Sio, 149
57 Nb,Os 97.4
58 SiO, 191.8
59 Nb,Os 103
60 Sio, 1422
61 Nb,Os 118
62 SiO, 180.4
63 Nb,Os 94.1
64 Sio, 188.5
65 Nb,Os 1225
66 Sio, 148
67 Nb,Os 116.6
68 SiO, 197.9
69 Nb,Os 99.2
70 Sio, 140.1
71 Nb,Os 1032
72 SiO, 196.7
73 Nb,Os 95.1
74 Sio, 165.5
75 Nb,Os 150.7
76 Sio, 199
77 Nb,Os 125.1
78 Sio, 143.7

79 Nb,Os 109
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Ficure 3: Change in the refractive index along the depth of the bandpass filter with nonquarter-wave design, showing the layer design
structure, i.e., the thicknesses of Nb,Os and SiO, along the depth of the filter [22].
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FIGURE 5: A zoom in at the measured transmission of the bandpass filter. (a) The average transmission inside the passband is 88%. (b) Maximum
transmission outside the passband is a mere 1.6% [22].
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FIGURE 6: Transmission spectrum of the designed bandpass filter excluding the substrate reflections [22].
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FIGURE 7: Experimental transmission spectra of the Fabry-Pérot
filter array with distinct cavity heights and its combined spectra
with the fabricated bandpass filter [22].

Hence, the filter design must be optimized without in-
cluding the substrate/air interface reflections to achieve
optimum results.

Figure 7 shows the combined spectrum of the bandpass
filter with the Fabry-Pérot filter array having distinct cavity
heights, as reported earlier in reference [24]. The loss in
transmission is very low except for the transmission lines
near the higher wavelength edge of the filter transmission
band (~600 nm), where it is being suppressed by the slope of
the filter transmission edge.

4. Conclusions

An interference bandpass filter with continuously varying
thicknesses of the high and low refractive index material pairs
has been designed and fabricated in this work. A comprehensive
design technique comprising manual and computer-aided
design methods is employed for this purpose. The needle op-
timization technique is also utilized in the filter design, among
others. A 79-layered (total thickness = 8.437 ym) Nb,Os/SiO,
filter is designed and fabricated using IBSD. The filter has a
transmission band of 130 nm and can block wavelengths as low
as 300 nm and as high as 1080 nm, which is sufficient for use
with Si-based detectors in the visible range. The filter has a high

average transmission of 88% inside the transmission band (with
a maximum and minimum transmission of 96% and 71%,
respectively), while the transmission outside the transmission
band is very low (less than 1.6%). The transmission inside the
transmission band can further be improved by ignoring the
reflections from the substrate/air interface during the filter
design and optimization process since in practice light is
scattered from this interface due to the surface roughness of the
glass substrate and does not contribute to light interference.
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