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Abstract—This paper presents the design, fabrication, and
optical characterization of silicon-based thin film Fabry-Pérot
filters for spectroscopic sensing applications at short-wave
infrared (SWIR: 1.5–2.5 µm) and mid-wave infrared (MWIR:
3–5 µm) wavelengths. Filter performance is enhanced using
distributed Bragg reflectors composed of silicon and air-gap
layers for enhanced refractive index contrast. A peak-to-
peak surface variation of less than 20 nm in the fabricated
micromachined structures was achieved across a large spatial
area of 1 mm × 1 mm. Spectral measurements on released
Fabry-Pérot filters show excellent agreement with optical
simulations. The fabricated Fabry-Pérot filters demonstrate peak
transmittance values greater than 50% across all spectral ranges,
with measured full width at half maximum values in the range
of 50 nm rendering them suitable for use in spectral sensing and
imaging in the SWIR and MWIR wavelength ranges.

Index Terms—Fabry-Perot interferometers, Spectroscopy,
Silicon, Optical device fabrication.

I. INTRODUCTION

Spectroscopy across both the short-wave infrared (SWIR:
1.5–2.5 µm) and mid-wave infrared (MWIR: 3-5 µm) ranges
takes advantage of important absorption peaks and spectral
signatures of materials to obtain high precision measurements
for industrial applications such as gas leak detection [1],
wildfire detection [2], and mineral exploration. Within the field
of precision agriculture, these systems are used for crop health
[3], [4], [5], plant stress [3], [4], [5], soil moisture [3], [4], and
soil organic matter analysis [3], [4], [6]. While spectral sensing
is relatively simple in the SWIR band due to the availability
of room-temperature detection, spectral features of detected
analytes in the SWIR band tend to have broad overtones
and mixing terms, requiring high-power computing, and
statistical or machine learning methods to extract quantitative
information regarding the sample composition [7]. On the
other hand, fundamental resonances in the MWIR are easier
to analyse, although cooled detectors are needed.

Microelectromechanical systems (MEMS) technology has
paved the way for producing low cost, highly portable, robust
spectroscopic systems with high spectral and spatial resolution.
These microspectrometers can be created by combining
MEMS tunable filters with existing low cost detectors or focal
plane arrays (FPAs). Such systems can enable the widespread
application of spectroscopy for agriculture and other industries
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where the size, weight and power (SWaP) requirements are
very strict [3], [4], [5], [6]. For example, due to their low
SWaP, MEMS spectroscopic systems can be deployed easily
on small drones, enabling low cost aerial spectroscopy for on-
farm applications [8], [9]. These systems can overcome the
SWaP limitations of typical bench top spectroscopic systems
which, while offering high resolution and a wide wavelength
range, tend to be bulky, expensive and fragile. MEMS based
spectrometers for the SWIR and MWIR wavelength ranges
have been the subject of ongoing research by multiple groups
[10], [11], [12], [13], [14], [15]. The most common approach
for their realisation is based on tunable Fabry-Pérot (FP) filters
consisting of two distributed Bragg reflectors (DBR) separated
by an air gap that can be adjusted electrically to control the
central wavelength of the FP filter. As metal mirrors tend to
be lossy, dielectric DBRs are generally used to provide high
reflectivity with low loss. A 3-layer DBR consists of two high
refractive index dielectric layers separated by a low refractive
index layer, with each layer being a quarter wavelength in
optical thickness. A higher refractive index contrast between
the high and low index mirror layers yields higher reflectivity
and extends the free spectral range [16]. By increasing the
reflectivity of the DBRs, a narrower full width half maximum
(FWHM) and an improved out-of-band rejection of the FP
filter can be achieved. In addition, the mirror reflectivity plays
a crucial role in determining the wavelength selectivity as well
as the signal-to-noise ratio (SNR) of the spectrometer. The
choice of high and low index materials in the DBR determines
not only the optical performance of the FP filter, but also
the mechanical behaviour and fabrication complexity of the
entire MEMS structure. In this work, silicon is used as the
high refractive index material as it offers two key advantages.
Firstly, the optical properties of silicon allow operation of
the DBRs and FP filters to span both the SWIR and the
MWIR optical wavelength region. Secondly, since silicon is an
established MEMS structural material, the fabrication process
is industry-compatible and simplified by way of eliminating
the need for a separate structural material. In the top suspended
DBR, this work uses air as the low refractive index layer since
it provides the lowest loss, lowest refractive index natural layer
possible, thus providing the ultimate refractive index contrast
for the DBR stack in comparison to any other low refractive
index material. This paper presents the structural design,
optical and mechanical simulations, fabrication process and
optical characteristics of FP filters based on suspended silicon-
air-silicon DBRs targeting their application for high spectral
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resolution IR spectrometry for deployment in platforms with
very strict SWaP requirements.

II. STRUCTURAL DESIGN OF DBRS AND FP FILTERS

A cross-sectioned view of the proposed Si-air-Si FP filter
is shown in Figure 1 (a), and its plain view shown in
Figure 1 (b), with each layer thickness used for simulation
and fabrication of both SWIR and MWIR DBRs and FP
filters being shown in Table I. The structure uses a 4-layer
solid DBR as the bottom mirror and a Si-air-Si suspended
DBR as the top mirror, with each layer being of equivalent
quarter-wave optical thickness. The chosen design has three
main advantages, namely: (1) a 4-layer bottom-mirror attached
to the substrate does not require stress balancing, reduces
lithography and process complexity by requiring only two
air-cavities to be released in the entire filter structure, and
allows the bottom mirror to closely match the reflectivity of the
suspended Si-air-Si DBR for best performance of the FP filter;
(2) stress-balancing is simpler in a Si-air-Si suspended DBR
in comparison to a suspended 4-layer solid DBR structure
containing different materials; and (3) since air has the lowest
loss, lowest refractive index possible, this improves the optical
performance of the top DBR compared to that of a 3-layer
DBR with a solid low index layer such as silicon oxide.

TABLE I
THICKNESS OF MIRROR LAYERS USED FOR BOTH SIMULATED AND

FABRICATED FILTERS.

Wavelength Layer Layer
Range Material Thickness
(nm) (nm)

Silicon 145
SWIR Silicon Oxide 360

(1500-2500) Air spacer 500(Prolift100-16)
Silicon 290

MWIR Silicon Oxide 720
(3000-5000) Air spacer 1000(Prolift100-16)

III. OPTICAL AND MECHANICAL MODELLING OF THE
FILTERS

The optical modelling of ideal FP filters incorporating a
Si-air-Si top DBR was carried out using the basic optical
matrix method [16] in order to estimate the best-case optical
spectrum transmittance and reflectance of both the DBRs
and FP filters. The model was extended to accommodate
for surface deformation in 2-dimensions by representing the
FP filter with imperfections as an array of parallel ideal
FP sub-filters with different air gaps. Figure 2 depicts this
process in 2-dimensions, where the continuous surface profile
is approximated by an array of locally-flat regions. The
fractional contribution of each ideal FP sub-filter to the overall
transmission of the non-ideal FP filter is in proportion to
the fraction of incident light that passes over the area of
each FP sub-filter, according to the beam intensity distribution
over the optical area of the FP filter [17, pp 23-31]. These
assumptions only hold true when the standard deviation of

the imperfections of the layers are very small compared to
the lateral dimensions in the optical area of the FP filter.
The transmission of the imperfect FP filter is obtained by
averaging the spectral transmission of all the sub-filters. This
model extension assumes that the beam intensity is uniformly
distributed over the filter area. The extended modelling is
performed here on a surface profile that is either radially
symmetric, or has tilt only in one dimension. As such, these
two geometries allow a 1D simulation to produce a prediction
equivalent to 2D.

This extended model was used to simulate the effect of
unwanted tilt and concave bowing, which arise from sacrificial
layer non-uniformities or residual stress, on the spectral
transmittance and reflectance of DBRs and FP filters [18]. For
these simulations it was assumed that the suspended Si-air-
Si DBR layers (SiI and SiII layers in Figure 1 (a)) remain
parallel by deflecting the same amount and their relative
thicknesses stay the same during that deflection. We define
membrane concave bowing and tilt as the maximum deviation
in height of a layer from its ideally flat position. This work
required an investigation of flatness requirements for high
performance FP filters. Optical modelling was used to study
the impact on the optical transmittance of unwanted upward
and downward concave bowing in the suspended layers, as
detailed in Figure 3. A 2-Dimensional SWIR filter was used
for these simulations using a nominal air cavity thickness of
1240 nm for the ideal filter (suspended Si layer perfectly flat
and parallel to the substrate), with the thickness of each layer
as described in Table I. The suspended layers are assumed to
be constrained at the edges of the optical area, at a thickness
of 1240 nm, and the centre of the membrane is at the
maximum upward or downward concave bowing displacement,
as illustrated in Figure 3 (a). As upward concave bowing
increases, the peak transmittance position undergoes a red
shift because the mean value of the main air cavity thickness
is greater than when the top DBR is flat, where as when
downward concave bowing increases the peak transmittance
position undergoes a blue shift because the mean value of the
main air cavity thickness is less than that when the suspended
DBR is flat. Furthermore, an increase in either upward or
downward concave bowing causes the peak transmittance to
be significantly reduced and the optical pass-band of the
filter to broaden significantly [19]. Thus, any bowing in the
suspended films needs to be minimized to less than 20 nm.
Compressive residual stress is considered the principle cause
of edge-to-edge bowing in suspended thin films [20], which
can be eliminated by depositing thin films with a slight residual
tensile stress.

To investigate how much residual tensile stress is needed
to maintain the thin suspended Si layers flat within 20 nm,
finite element modelling (FEM) of a suspended Si layer was
undertaken using Coventorware10.2 FEM suite [21] using
the structure shown in Figure 4 (a). For this modelling, the
Young’s modulus and Poisson ratio were chosen as 130 GPa
and 0.27, respectively. These values are typical for amorphous
Si thin films deposited by the Sentech SI500D inductively
coupled plasma chemical vapour deposition (ICPCVD) reactor
used for device fabrication in this work [22]. Figure 4
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Fig. 1. Structure of the proposed Fabry-Pérot filter. (a) Cross-sectional view, and (b) a magnified top view depicting array of etch holes (dimensions not to
scale).

For the purpose of this algorithm, it does not matter whether or not the surface defects are inherent 
to the substrate where the thin-film layers are deposited, or the reflective coatings themselves. 
From this, it is possible to presume these defects are associated with only the top suspended DBR 
while the other surface is assumed to  be ideally perfect.  

 

 

 

Fig. 2. Surface profile of a filter having a bowed top-membrane (dashed
line), and representation of bowed filter as an array of locally-flat (bars) FP
sub-filters with different air gaps.

shows membrane downward concave bowing as predicted
by the model, for a 1 mm2 one-quarter wave thick
suspended amorphous Si thin layer (thickness of 290 nm).
The initial downward concave bowing of the suspended
layer is due to anchor effects and the different coefficients
of thermal expansion between the silicon substrate wafer
and the ICPCVD deposited Si of 2.6× 10−6 ◦C−1 and
4.4× 10−6 ◦C−1, respectively. We can observe from Figure 4
that as residual tensile stress increases beyond 75 MPa, the
edge to edge concave bowing of the suspended thin film
reduces to less than 10 nm, and at 200 MPa the concave
bowing reduces to less than 5 nm. However, it should be noted
that excessive tensile stress can also lead to cracking/fracture
of the suspended membrane [20]. Hence, in this work, the Si
deposition recipe was optimised to yield suspended amorphous
Si films with a residual tensile stress of 70-80 MPa.

Sacrificial layer thickness variations across the wafer may
result in one edge of the membrane being higher or lower than
the opposite edge, causing unwanted tilt which also degrades
optical performance of DBRs and filters. To better understand
the constraints imposed by this effect, a modelling study was
carried out on the impact of suspended-layer downward tilt
on the spectral transmittance and reflectance of the DBRs

and FP filters. Initially, reflectance simulations of Si-air-Si
DBRs on a low refractive index substrate of n = 1 were
undertaken assuming that the bottom suspended SiII layer is
flat relative to the substrate, and the top suspended SiI layer
is downward tilted relative to the ideally flat position. The
DBR air spacer nominal thickness is 500nm for SWIR DBRs
and 1000 nm for MWIR DBRs. All other layer thickness are
presented in Table I. DBR simulations using the extended
optical matrix method were used to study the effect of tilt,
assuming that one edge of the DBR is constrained at the ideal
air spacer thickness, and the opposite edge decreases as much
as the air spacer variation as illustrated in Figure 5 (a). The
results of these simulations are plotted in Figure 5 (c) and (d),
showing spectral reflectance under different tilt conditions, for
SWIR and MWIR DBRs, respectively. In addition, reflectance
simulations of ideal 4-layer Si/SiOx/Si/SiOx solid DBRs on
a high refractive index substrate of n = 3.4 for the SWIR
and MWIR ranges are also plotted in Figure 5 in order to
compare their performance to that of Si-air-Si DBRs. It can
be seen from Figure 5 that Si-air-Si DBRs are better suited for
high performance FP filters for both SWIR and MWIR spectral
ranges since they exhibit high reflectivity over a wider spectral
range as compared to 4-layer solid DBRs. Furthermore, the
peak reflectivity of the SWIR and MWIR DBRs is essentially
unaffected by tilt in the suspended Si thin film, although there
is a blue-shift in the peak reflectance position with increased
downward tilting of the top suspended SiI layer because the
air spacer mean value thickness is less compared to that when
the SiI layer is flat and parallel to both the substrate and SiII

layer.
This Si-air-Si DBR forms the top suspended mirror of the

proposed FP filter. The effect of tilt of the suspended Si-
air-Si DBRs relative to the substrate (that is, the DBR air
spacer thickness is uniform, see Figure 6), on the spectral
transmittance of the filter is estimated by using the extended
optical matrix method discussed previously. Two-dimensional
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Fig. 3. Simulated spectral transmittance of a SWIR FP filter, using the structure proposed in Figure 1, as a function of wavelength for upward and downward
concave bowing present in the SiI and SiII layers (quarter wave optical thickness kept constant): (a) Cross section of the simulated filter displaying downward
concave bowing and (b) Simulated spectral transmittance. Membrane concave bowing is defined as the maximum deviation in height of a layer from its ideally
flat position.
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Fig. 4. FEM simulation of a 1 mm2 one-quarter wave thick suspended amorphous Si thin layer (thickness of 290 nm): (a) structure cross section and top
view (not to scale), and (b) membrane downward concave bowing as a function of Si residual tensile stress. Membrane bowing is defined as the maximum
deviation in height of a layer from its ideally flat position (see Figure 3 (a)).

simulations were undertaken, using a nominal air cavity
thickness of 1240 nm for the SWIR range and 2400 nm for the
MWIR range, with the thickness of each layer as described in
Table I. The suspended Si layers are assumed to be constrained
at the centre of the optical area, remaining at the nominal
thickness, and the edges of the Si layers move upwards at
one edge and downwards at the other edge, producing a tilt
variation measured from edge-to-edge of the Si layers as
illustrated in Figure 6 (b). Simulated spectral transmittance
as a function of wavelength of FP filters, using the proposed
structure in Figure 6, for the SWIR and MWIR ranges are
shown in Figure 7 (a) and (b), respectively. These simulations
were undertaken for different values of tilt, maintaining the

same average thickness value as the ideally flat and parallel
filter, with the SiI and SiII layers kept at a quarter wave
optical thickness as depicted in Figure 6). These simulations
indicate that an increase in tilt causes the peak transmittance
of the filters to decrease and the FWHM to broaden. Figures 7
(c) and (d) illustrate the behaviour of peak transmittance and
FWHM as a function of tilt for the SWIR and MWIR filters,
respectively. It is noted that for both SWIR and MWIR filters a
tilt that results in an edge-to-edge mirror displacement equal to
the FWHM of the ideal filter (for these simulations 24 nm for
SWIR filters and 48 nm for MWIR filters), reduces the peak
transmittance to 64% and broadens the FWHM by 60%. This
modelling indicates that the fabrication process must be tightly
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Fig. 5. Simulated reflectivity of Si-air-Si DBRs as a function of downward tilt (bottom SiII layer flat relative to the substrate and the top suspended SiI layer
downward tilted relative to the substrate), and simulated reflectivity of ideal 4-layer solid DBRs: (a) Cross section of the simulated Si-air-Si DBR displaying
downward tilt, (b) Cross section of the simulated ideal 4-layer DBR, (c) SWIR DBRs spectral reflectance and (d) MWIR DBRs spectral reflectance.

controlled to minimize the main cavity tilt below 20 nm for
SWIR filters and 40 nm for MWIR filters in the suspended Si
layers to produce high optical peak transmittance and narrow
FWHM. That is the thickness variation across the surface of
the sacrificial layer for both SWIR and MWIR filters needs to
be less than ∼ 1.5% of the main air cavity nominal thickness.

IV. FABRICATION PROCESS

The step-by-step fabrication process for the fixed cavity
Fabry-Pérot filters is illustrated in Figure 8. Both the SWIR
and MWIR filters employ an identical design; the difference
being the thickness of the various material layers, as detailed
in Table I. The fabrication process is as follows:

1) First, optical apertures were defined on a 300 µm thick,
double-side-polished silicon substrate using a lift-off
process employing 10 nm Ti and 100 nm Au on the
front side of the wafer (see Figure 8 (a)).

2) Subsequently, a Sentech 500D inductively coupled
plasma enhanced chemical vapour deposition
(ICPECVD) system was used to deposit a solid
bottom DBR consisting of a silicon oxide/silicon/silicon
oxide/silicon 4-layer stack, followed by a quarter-wave
thick silicon oxide anti-reflection coating (ARC) on the
back side of the substrate (see Figure 8 (b)).

3) Brewer Science Prolift 100-24 was spun on the wafer
at 4200 rpm for the MWIR filters and at 8000 rpm for
the SWIR filters to serve as the sacrificial layer for the
main air cavity of the FP filters. The polyimide layer was
soft-baked at 100 ◦C for 2 minutes and then hard-baked
by ramping the temperature to 205 ◦C over a period
of 15 minutes (see Figure 8 (c)). In order to fabricate
filters with peak transmission at different wavelengths,
an O2 plasma process was used to thin the sacrificial
layer down to the desired thickness for each of the main
air cavities of the SWIR and MWIR filters fabricated as
specified in Table II.

4) A quarter-wave thick silicon layer was deposited on top
of the sacrificial layer (see Table I), to serve as the
bottom layer of the Si-air-Si DBR (see Figure 8 (d)).

5) Brewer Science Prolift 100-16 was spun on the wafer at
1400 rpm for the MWIR filters and at 3000 rpm for the
SWIR filters to serve as the sacrificial layer for the DBR
air spacer of the suspended DBR structure. The wafer
was once again soft-baked at 100 ◦C for 2 minutes and
then the temperature was ramped up to 205 ◦C over a
period of 15 minutes to cure the polyimide layer (see
Figure 8 (e)).

6) The final quarter-wave thick silicon layer was deposited
on top of the Prolift 100-16 to form the top layer of the
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Fig. 6. Cross-section of the structure of the simulated filters: (a) Cross-section of the simulated ideal filters (b) Cross-section of the simulated filters displaying
tilt in the top suspended DBR with constant separation for the DBR air spacer.

Si-air-Si DBR structure (see Figure 8 (f)).
7) A two-dimensional grid of circular etch holes, 5 µm in

diameter with a pitch of 60 µm, was etched through
the top DBR layers down to the main optical cavity,
along with four notches at the corners of the filter
optical area. The etch holes, which facilitate release
of the filter’s resonant cavity, were formed using a 3
step dry-etch process. This involved a CF4 based etch
of the top Si layer, followed by an O2 based plasma-
etch to extend the holes through the Prolift 100-16 layer
within the top DBR, and finally another CF4 based etch
to create etch holes in the bottom silicon layer of the
top DBR (see Figure 8 (g)). The notches placed at the
four corners of the top DBR are designed to minimize
stress induced distortions at the corners of the optical
area. Note that the etch holes do not have a significant
effect on the spectral transmittance of the FP filters since
their total area is approximately 1 % of the optical area
of the FP filter. An aligned two-dimensional grid of
metal pads blocks this 1% component from entering the
photodetector. These metal pads are formed at the same
time as the metal optical shield that defines the filter
optical area (see Figure 8 (a)).

8) As final step, both sacrificial layers were removed from
the filter structure by etching in AZ 326 developer
at room temperature, followed by a critical point
drying process to yield two air cavities, as shown in
Figure 8 (h).

V. OPTICAL CHARACTERIZATION OF FP FILTERS

The experimental component of this study included 8 SWIR
and 8 MWIR FP filters, each with a different fixed main
air cavity separating the two DBRs. The thickness of each
layer used for the fabrication of the FP filters can be found
in Table I, and the different values of each main air cavity
length for each filter and peak wavelength position are shown
in Table II for both the SWIR and MWIR ranges. The quality

and performance of the fabricated fixed cavity FP filters was
assessed using optical surface profilometry and optical spectral
transmittance measurements.

A. Optical surface profilometery

Figures 9 (a) and (b) show the measured 3-D optical surface
profiles of the fabricated 1 mm × 1 mm filters designed
for the SWIR and MWIR wavelength ranges, respectively.
Corresponding surface profile line scans across the diagonal
of the FP optical area are shown in Figures 9 (c) and (d). The
regular variation present in the line scan of 9 (d) arises from
proximity of the line scan to the regular etch-hole pattern.
When referenced to the surface of the bottom mirror, the
released SWIR and MWIR suspended filters show 15 nm
and 20 nm of combined tilt and bowing in the suspended Si
thin films, respectively. All the measured SWIR and MWIR
filters displayed similar surface profiles in terms of surface
topography.

B. Spectral transmittance

Filter spectral transmittance was measured using a Spectrum
One FTIR spectrometer from Perkin Elmer. Measured and
simulated data of the fabricated SWIR FP filters have been
plotted in Figure 10 (a), in which the simulations were
performed using the optical matrix method [16] extended to
include the effect of measured 2-D tilt from the surface profile
shown in Figure 9 (c) for each SWIR filter simulation. The
peak transmittance wavelength, peak transmittance, FWHM
and quality factor (Q-factor defined as the ratio of centre
wavelength to the FWHM), for each SWIR filter presented
in Figure 10 are listed in Table II. As shown in Figure 10 the
measured optical spectral transmittance of the SWIR FP filters
are in good agreement with the model results, since most of
the transmittance and FWHM measurements are a close match
with simulated values. For the SWIR filters fabricated in this
work the measured peak transmittance ranges from 52-73%
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Fig. 7. Simulated spectral transmittance of FP filters using the structure proposed in Figure 6 for different values of tilt present in the SiI and SiII layers
(quarter wave optical thickness kept constant), leading to a linear variation in the main air cavity between the two DBRs (see Figure 6 (b)). Membrane tilt
is defined as the maximum deviation in height of a layer from its ideally flat position, measured at opposite edges of the layer: (a) spectral transmittance of
SWIR filter; (b) spectral transmittance of MWIR filter; (c) Peak transmission/FWHM vs Tilt for SWIR filter; (d) Peak transmission/FWHM vs Tilt for MWIR
filter.

in excellent agreement with the 52-75% in the simulated data.
The FWHM of the fabricated SWIR filters ranged from 27-
60 nm, as compared to simulated values of 29-49 nm.

Measured and simulated data for the fabricated MWIR
FP filters have been plotted in Figure 11 (a), in which the
simulations were performed using the optical matrix method
[16] extended to include the effect of measured 2-D tilt
from the surface profile shown in Figure 9 (d) for each
MWIR filter simulation. The peak transmittance position, peak
transmittance, FWHM and quality factor (Q-factor) for each
SWIR filter presented in Figure 11 are listed in Table II. As
shown in Figure 11 the measured optical spectral transmittance
of the SWIR FP filters are in good agreement with the
modelled results, since most of the transmittance and FWHM
measurements are a close match to the simulated values.

The measured peak transmittance of the fabricated MWIR
filters was 6-15% lower than the simulated peak transmittance,
whereas the FWHM of the fabricated filters ranged from

39 nm-113 nm, in good agreement with simulation results.
An interesting observation from Table II is that the MWIR
filters have higher peak transmission and Q-factor compared to
SWIR wavelength range filters, since the optical performance
of a MWIR filter is less sensitive to a given thickness
variation across the main air cavity. Note that the low
measured peak transmittance value at the specific wavelength
position of 4193 nm is likely a result of absorption due
to atmospheric carbon-dioxide (see Table II and Figure 11
(a)), which can be corrected for by performing measurements
in a vacuum or nitrogen environment. Current instrument
limitations prevented this from being done. The high values
of optical Q-factor of the SWIR and MWIR filters, which
is an indicator of the spectral selectivity and quality of the
filters is a result of the high degree of tilt and bowing
control achieved during device fabrication. In all cases,
experimental measurements yielded spectral transmittance in
close agreement with simulated models.
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Fig. 8. Filter fabrication process: (a) deposition of metal aperture on silicon substrate to confine optical transmittance to the optical area of the FP filter;
(b) deposition of silicon-silicon oxide based 4-layer bottom DBR and anti-reflection layers; (c) spinning, baking and patterning of Prolift 100–24 polyimide
sacrificial layer for the main FP optical cavity; (d) deposition of quarter wavelength thick silicon thin film on top of Prolift 100–24; (e) spinning, baking
and patterning of Prolift 100–16 sacrificial layer for the top DBR air spacer; (f) deposition of the quarter wavelength thick silicon thin film on top of Prolift
100–16; (g) patterning of etch holes through the top DBR layers; (h) wet release and critical point drying.

The spectral transmittance data in the SWIR and MWIR
bands is plotted on a log scale in order to investigate
the out-of-band rejection (ratio of out-of-band to pass-band
transmittance) which can be achieved in these filters. As
shown in Figure 10 (b), the typical experimental SWIR out-
of-band rejection is 30 dB compared to the simulated value
of 50 dB. However, the mid-wave data shown in Figure
11 (b) shows extremely good agreement between measured
and modelled data, with 50 dB out-of-band rejection. This
lower than expected SWIR out-of-band rejection is primarily
a consequence of the lower signal-to-noise ratio performance
of the FTIR spectrometer used for measurements in the SWIR
range as compared to the MWIR range.

Table III shows a comparison of the peak transmittance and
FWHM reported in this work with previously reported surface
micromachined FP filters in the SWIR and MWIR wavelength
ranges. It must be clarified that this work used fabricated fixed

filters for proof of concept to estimate the tuning range and the
expected performance, whereas all the other filters presented
in Table III were fabricated as electrostatically-actuated filters.
Table III also provides details of materials used for the top
suspended DBRs of the filters, which clearly indicates that
use of silicon dioxide and silicon monooxide as the low index
DBR material resulted in a reported FWHM of 50-100 nm
[13], [23] in the SWIR wavelength range and 57-200 nm
[19], [24], [25], [12] in the MWIR wavelength range. The
use of air as the low refractive index material in the top
DBR has allowed this current work to attain the narrowest
FWHM in the SWIR (27 nm) and MWIR (38 nm) wavelength
ranges compared to all the previous works reported in Table
III. Using the same number of layers for DBR formation (3-
layers) over the same wavelength range, the peak transmittance
reported in earlier works ranged from 50% - 80% [13],
[23], [19], [24], [25], [12], while filters reported in this
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Fig. 10. (a) Measured and simulated spectral transmittance of SWIR FP filters. The nominal main air cavity of each filter is shown associated with each peak
transmittance position. (b) Simulated and measured 1092 nm cavity filter plotted in dB, to examine extinction coefficient of the filters.



0733-8724 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2018.2880910, Journal of
Lightwave Technology

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 10

TABLE II
SUMMARY OF MEASURED AND SIMULATED OPTICAL RESULTS OF FABRICATED AND MODELLED FP FILTERS.

WL Center Main FWHM Peak Q
Range WL cavity Tx factor

(nm) (nm) (nm) (%)
Sim Mes Sim Mes Sim Mes

1683 775 30 35 58 61 56 48
1831 889 29 25 53 64 63 73
1913 950 29 31 59 52 66 62

SWIR 1980 999 30 27 60 60 66 73
2037 1041 30 27 62 63 68 75
2106 1092 30 27 64 65 70 78
2293 1234 33 33 73 74 69 69
2561 1452 49 60 80 73 52 43

Mean 32.5 33.1 63.6 64 63.9 65.2
Std Dev 6.8 11.4 8.8 7.1 6.5 13.2

3361 1560 43 40 77 71 78 84
3460 1637 41 38 76 73 84 91
3605 1746 39 51 76 71 92 71

MWIR 3698 1816 39 44 77 74 95 84
3792 1885 39 42 77 68 97 90
4193 2180 43 87 81 48 97 48
4380 2321 47 57 83 73 93 77
4587 2480 54 70 84 70 85 66

Mean 43.1 53.6 78.9 68.5 90.3 76.4
Std Dev 5.2 17.1 3.3 8.5 7 14.4
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Fig. 11. (a) Measured and simulated spectral transmittance of MWIR FP filters. The nominal main air cavity is shown associated with each peak transmittance
position and (b) simulated and measured 2080 nm cavity filter plotted logarithmically in dB units, to examine extinction coefficient of the filters.

paper have demonstrated comparable or better transmittance,
with 61% - 74% peak transmittance (excluding the peak
positioned at 4193 nm due to carbon dioxide absorption).
Our use of air as the low index material has resulted in
narrow-band, high throughput FP filters with the possibility
to achieve comparable or larger tuning ranges compared
to previously reported studies. This approach based on a
silicon-only MEMS platform supports a scalable process for
high performance spectroscopic applications with challenging
SWaP requirements.

VI. SUMMARY AND CONCLUSIONS

This paper has presented the structural design and
fabrication process for suspended Si-air-Si based DBR mirrors

incorporated in fixed cavity Fabry-Pérot filters operating in
the SWIR and MWIR wavelength ranges. The use of Si-air-
Si DBR suspended mirrors provides enhanced performance
of the FP filters in comparison to other approaches used
in previous studies due to the exceptionally large index
contrast between silicon and air, and has simplified the stress-
balancing requirements for the suspended DBR. The fabricated
FP filters demonstrated a peak-to-peak variation in flatness
of only 10-20 nm along the 1000 µm dimension of the
optical area. Spectral measurements yielded transmittance
values in close agreement with simulated models. These
large area (1 mm2) filters represent promising candidates for
spectroscopic sensing and imaging in the SWIR and MWIR
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TABLE III
COMPARISON OF THE RESULTS PRESENTED IN THIS WORK WITH EARLIER REPORTED STUDIES ON SURFACE MICROMACHINED MEMS BASED FP

FILTERS.

WL Reference Top DBR Center FWHM Peak Tuning
Range Material WL Tx Range

(nm) (nm) nm

SWIR
Milne et al. [13] Ge/SiO/Ge 2100 50 50% 1615-2425
Musca et al. [23] Ge/SiO/Ge 1950 100 60% 1850-2200

This work Si/air/Si 2106 27 65% —

MWIR

Milne et al. [19] Ge/SiO/Ge 3900 200 50% 3250-4320
Meinig et al. [24] Si/SiO/Si 4100 57 80% 4050-4950

Ebermann et al. [25] Si/SiO/Si 3400 80 80% 3020-4320
Quack et al. [12] Lead Chalcogenide/EuTe 4850 100 — 4700-5400

This work Si/air/Si 3460 38 73% —

wavelength range, specifically in applications that demand
very low size, weight and power.
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