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We present a thorough study of a bandpass filter for
near-IR region, with bandwidth below 20 nm, high
transmission, broad rejection band [350-1100] nm. This
filter is angularly tunable between 0 and 50° and shows a
shift of the central wavelength from 970 nm down to
880 nm without major changes of its bandwidth and
spectral shape for unpolarized light. We first provide a
description of the design procedure and then carry out
an experimental demonstration using plasma enhanced
reactive magnetron sputtering. We finally present an
accurate characterization of this class of filter using a
custom optical system.
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when angle of incidence is increased to larger angles [11].
However, spectrum is generally not maintained when the angle of
incidence is changed and these distortions can be significantly
different for s and p polarizations. This is easily explained by the
fact that the optical admittance of each layer, 1, which connects the
electric and magnetic fields, is different for each polarization [11].
In order to circumvent this limitation, it is possible to design non-
conventional structures and such filters are nowadays available
[12]. However, there are little details about the way to achieve
such high performance angularly tunable filters and
characterization remains a challenge as the filter becomes more
and more angularly selective when angle of incidence is increased.

In this paper, we present a thorough study of this class of filters.
The specifications of the filter we studied are given in Table .1.

Table 1. Specifications of a tunable bandpass filter @ 970 nm

Bandpass filters are among the most common complex spectral
functions that can be achieved with thin-film optical interference
filters. They are widely commercially available for various spectral
regions from UV to IR regions [1-2]. The complexity of the filters
has grown with the development of telecommunications filters for
WDM (Wavelength Division Multiplexing) [3]. These filters are
now used for a very broad range of applications including
biophotonics [4], remote sensing, space and earth observation [5].
There have been numerous works that have been carried out in
order to make these filters tunable. One can cite thermal tuning of
bandpass filters [6], the combination of liquid crystal based
systems with mirrors [7], acousto-optic tunable filters [8], or thin-
film Fabry-Perot filters combining active materials [9] or tuned by
stress [10]. However, there is, as of today, no efficient method for
the fabrication of tunable filters.

The most straightforward technique for tuning a filter consists
in using the natural properties of the interference inside the layers
and their large dependence on angle of incidence of the incoming
light. Indeed, it is well-known that the spectral properties of any
optical interference filter will shift towards shorter wavelength

Substrate Fused silica
High index material Nb20s
Low index material Si0z
Central wavelength @0° 970 nm
Central wavelength @50° 880 nm
Transmission in bandpass >90%
FWHM <20nm
Polarization Unpolarized light
Edge steepness of bandpass AL <2nmfromT=10%to
80%
Out of band rejection T < 1% from 350 nm to
1100 nm

First, we designed a structure that allows performing theses
spectral performances. Let us now analyze these specifications
from a design perspective. First, the broad blocking band [350-
1100] nm requires combining several blacking filters in order to
cover the whole spectral range which will result in very thick
coating. In order to limit the thickness of the coating, 2-side coating
appears as recommended. The edge steepness between bandpass
and blocking regions is 2 nm; To achieve such sharp transmission
change, a minimal thickness ~20 um appears as mandatory and
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the most constraining conditions will probably be for 50 deg angle
of incidence. Indeed, as the angular shift between s and p
polarizations is the largest at 50°, having a constant transmission
for an average polarization is very challenging. Thus, keeping the
square shaped behavior from 0 to 50° for both polarizations will
require taking into account several angular targets, namely at 0, 20,
30, 40, and 50°when performing the design. Finally, many parasitic
peaks outside the bandpass are expected to appear. Some will be
very thin (<10 pm) and with high transmittance (about 50%).
When defining the target spectral profile, a very densified target
grid will be mandatory to eliminate these peaks.

To perform the design, we decided to split the optical function into
two parts associated with two-side coating. On the front side, we
decided to produce the expected spectral profile associated with
the [780-1100] nm spectral band and to associate with the rear
side, blocking filter. This rear side does not present severe issues
from a design point of view and will not be further discussed in this
paper. Concerning the design of the front side coating, we defined a
dense grid in [780-850] nm and [1000-1100] nm ranges. Only two
materials were considered: Nb20s /SiOz as this is the couple of
materials that provides the best refractive index contrast. The
starting design was a non-optimized 20 um design (~ 80 layers)
which enables many possibilities to insert needles and needle
optimization technique was implemented using Optilayer
software and densification of the target grid when needed in order
to eliminate parasitic peaks [13].

The main parameters of the designed filter on front face are
provided in Table 2 and the spectral profiles for an angle of
incidence of 0, 20, 30, 40 and 50° are shown in Figure 1. On can see
that high performance angularly tunable filter can be achieved
with this design.

Table 2. Typical specifications of the designed front face

Total thickness 20.3 pm
Thickness Nb20s 9.2 um
Thickness SiO2 11.1 um
Minimal thickness 51 nm
Number of layers 141
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Fig. 1. Spectral dependence of the transmission of the designed
bandpass for different angles of incidence.
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Fig. 2. Spectral dependence of the transmission of the designed
bandpass for a 50° angle of incidence.

In Figure 2, we show a zoom on the bandpass at an angle of
incidence of 50°.

One can see that high transmission in bandpass higher than
91.7% can be achieved, however the steepness of the edge of the
bandpass between 10% and 80% is slightly higher than the
specification and is equal to 2.3 nm but is still acceptable.

Such a filter was then fabricated using a Biihler HELIOS 800. "
where low and high refractive index materials were both
deposited through Plasma Assisted Reactive Magnetron
Sputtering (PARMS). The main chamber is subdivided into
different treatment zones, two dedicated for dielectric materials
(MF magnetron sputtering), and one for oxygen plasma assistance
(PBS). The substrates are set on a 12-position rotating sample
holder (rotation at 240 rpm). According to the deposited material,
either low or high index, the corresponding MF magnetron
sputtering cathode is switched on. The oxygen plasma assistance is
used for densification of the coating and also to respect the
stoichiometry of the layers. Typical deposition rates of low and
high index materials are respectively around 0.40-0.45 nm.s? and
0.50-0.60 nm.s ™. The control of the thickness of each of the layers
was carried out using an OMS 5100 optical monitoring system.
Efficient optical monitoring based on 5 different monitoring test
glasses was developed and validated using internal virtual
deposition process software. Based on the typical noise
parameters of the OMS 5100, these simulations show that errors
on the thickness of each layer should be kept below 1%.
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Fig. 3. Spectral performances of the fabricated bandpass filter
measured using a Perkin Elmer Lambda 1050 spectrophotometer at
0°.
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Fig. 4. Spectral performances of the fabricated bandpass filter
measured using a Perkin Elmer Lambda 1050 spectrophotometer at 0°
and 40°.

The performances of such a filter were then evaluated using a
Perkin Elmer Lambda 1050 spectrophotometer. Figures 3 and 4,
shows the typical spectral profiles that have been measured over a
broad spectral range at normal incidence and around the
bandpass regions for two different angles of incidence of 0°et 40°
for natural light polarization, i.e. 50% S and 50% P polarizations.
One can see that the performances of the filter could be accurately
measured at 0° with a spectrophotometer, confirming that the
errors on the thickness of each layer of the filter were kept very
low due to the large error sensitivity of the design. However, for a
larger angle of incidence (40°), one can see large discrepancies
between theoretical and experimental curves, even when changing
the width of the slits (resolution was decreased down to 0.1 nm).
This discrepancy is not due to a limited spectral resolution of the
spectrophotometer but due to the beam divergence of the
measurement beam. Indeed, the beam of a spectrophotometer is
multimode and not perfectly collimated. The typical divergence is
between 2 and 3°. Thin-film filters are known to be mildly
dependent on the divergence at normal incidence but this
sensitivity severely increases with incidence. At an angle of
incidence of 40° the measured transmission is the average
transmission over the acceptance cone of 40°+divergence. Due to
the quick and large shift of the bandpass central wavelength on
angle of incidence for this range of incidence, the measured
transmission is highly affected and does not allow matching the
theoretical profile. To overcome this limitation, people generally
calculate theoretically the new profile taking into account this
divergence in order to confirm that the measured spectra are
accurate. But this indirect method is generally quite challenging
with a commercial system as the divergence is not constant and
depends on the slit width, the beam diameter and various intrinsic
parameters of the spectrophotometer associated with the
monochromator performances. In this work, we developed a
dedicated setup in order to perform these spectral measurements.
The aim of this setup was to match the experimental conditions, as
close as possible, to theoretical conditions of the calculation.
Among those, we can cite:

e monochromatic measurement conditions,

e lowbeam divergence as close to a plane wave,

e small beam diameter in order to perform a local measurement
and minimize the effect of the filter non uniformity,

¢ high signal to noise ratio.

It is interesting to note that meeting all the conditions will result
in a compromise. For example, decreasing the spectral resolution
generally results in lower signal to noise ratio. Similarly, decreasing
the beam diameter will result in increasing the beam divergence.
We represented in Figure 5, a scheme of the setup that we
developed.

2]
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Figure 5. Setup for the measurement of the transmission of angularly
bandpass filters. SLED is a light source, F are single mode fibers, C is a
collimator, BS is a beamsplitter, D is a photodiode-type detector, P is a
polarizer, OSA is a spectrometer and F the components to be
characterized.

This setup has the following characteristics:

1. The light source (SLED) is a broadband source
(superluminescent diode) coupled in a single mode fiber (F). It
is thus possible to guarantee both a high spectral power
density and a monomode transverse intensity distribution. It is
centered at 920 nm, the spectral width at -3dB is larger than
100 nm, and the total power at the output of the single mode
fiberis ~5 mW.

2. An emission collimator (C) is then used to generate a low-
aberration Gaussian single-mode collimated beam (TEMoo) on
the spectral domain of interest (M? < 1.2). The beam diameter
was fixed to 2 mm in order to secure low beam divergence (<
1 mrad) and small probed area.

3. Alinear polarizer (P) mounted on a rotation plate controls the
polarization at the output of the input collimator.

4. Areference channel (BS + D) was used to measure the possible
low intensity fluctuations of the source.

5. A sample holder system including a rotation plate makes it
possible to control the angle of incidence of the beam on the
component to be characterized and translational plates make it
possible to scan the measurement zone on the sample if
necessary.

6. A collimator of reception (C) is then used to collect all the light
transmitted by the system. This collimator is fixed on a
translational stage in order to compensate for the deviation of
the beam transmitted by the component due to the effects of
refraction in the substrate in order to maximize the collected
flux. This displacement can be either adjusted by maximization
of the measured power or predicted based on the substrate
material and thickness.

7. A single mode fiber is then used to collect the light transmitted
by the component and is sent to an Ando optical spectrum
analyzer (OSA). The use of a single mode fiber in combination
with the OSA allows to optimize the spectral resolution of the



measurement down to 0.15 nm over the measurement

spectral range.
A measurement sequence then consists in carrying out, for each of
the polarizations, a spectral measurement of the intensity
transmitted in the air I100% then a similar measurement in the case
where the beam is blocked (lo%), and finally a measurement in
transmission for each angle of incidence and with an optimized
position of the collecting collimator (I). Transmission is then

obtained by:
I —Ioy,

L1g09% — Toos

This equation does not take into account the reference arm of the
setup. Indeed, each of the intensities defined above is in fact the
ratio between the intensities measured by the measurement
channel (OSA) and those measured by the reference channel (D).

Preliminary measurements were first carried out on the filter
without controlling the polarization. In these conditions, the light is
partially polarized with an approximate ratio: 80%-S / 20%-P.
Figures6 provides an illustration of the spectral performances of the
filter in linear and log scales and a comparison of the theoretical
performances when illuminated using this polarization ratio.
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Figure 6. Spectral dependence of the transmission measured on the
bandpass filter for different angles of incidence between 0 and 50° and
comparison with theoretical transmission curves - Top: Linear scale,
bottom: Log scale.

One can see that without any recalculation or reverse engineering,
there is a close-to-perfect match between the theoretical and

experimental transmission measurements. One can also see that
there is a good agreement both in linear and log scales, i.e. in high
and low transmittance regions. Experimental curves show larger
oscillations in the bandpass region most probably associated with
manufacturing errors. These oscillations are real features of the
filter, i.e. repeatable and not associated with noise fluctuations.
Finally, absolute transmission precision is estimated to be within
5% and could be improved by further improvement of the
measurement system.

In order to better understand the effect of polarization, we also
measured the transmission of the filter at 50° angle of incidence for
both S and P polarizations by inserting a polarizer before the sample to
be measured. Figure 7 provides an illustration of the spectral
performances of the filters at 50° in S and P polarizations in log scale.
One can see that broadening effect in P-polarization in comparison
with S-polarization is clearly illustrated experimentally and good
agreement between theory and experiment is also observed. One can
even see the small parasitic peak at 895 nm in both experimental and
theoretical curve in log scale confirming that both experimental
fabrication and characterization have been performed with very
minimal errors.
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Figure 7. Spectral dependence of the transmission measured on the
bandpass filter at 50° angle of incidence in s and p polarizations and
comparison with theoretical transmission curves - Log scale.

We have shown the design, the manufacturing and the
characterization of an angularly tunable bandpass filter that shows
minimal distortions of the bandpass with angle tuning between 0 and
50° and a perfect agreement between theoretical and experimental
results.
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