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Abstract— We present the design, fabrication, and optical and
mechanical characterization of silicon-/silicon-oxide-based optical
filters and distributed Bragg reflectors in sizes ranging from
500 µm × 500 µm to 5 mm × 5 mm. They are designed to
be used in conjunction with either single-element photodetectors
or large-area focal plane arrays to realize tunable multispectral
sensors or adaptive focal plane arrays in the shortwave infrared
wavelength range. Surface optical profile measurements indicate
a flatness of the order of 30 nm in the fabricated structures
across several millimeters. Single-point spectral measurements
on devices show an excellent agreement with simulated optical
models, and demonstrate Si-SiOx-Si fixed optical filters with
a 94% transmission at 1940 nm with a full-width at half-
maximum of 250 nm. Distributed Bragg reflectors demonstrate
90% reflectance across the 1560–2050-nm wavelength range,
making them suitable as broadband reflectors. The optical
spatial uniformity across a 3-mm × 3-mm device shows only
a 3% variation across the entire optically active area. Finally,
the mechanical resonance characteristic of a 1-mm × 1-mm
fabricated device shows the lowest resonant frequency of the
suspended structure to be 39 kHz, indicating excellent immunity
to extraneous low-frequency vibrations. [2014-0278]

Index Terms— Distributed Bragg reflector, Fabry-Perot, optical
filter, focal plane array, shortwave infrared.

I. INTRODUCTION

W ITH THE advent of large-area two-dimensional
focal plane array (FPA) detectors from the near

infrared (NIR) to the long wave infrared (LWIR) wavelengths
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(0.7 μm to 20 μm), it is now possible to image over a very
large region of the infrared spectrum. Among the reported
FPA technologies, InGaAs based FPAs can be operated at
room temperature while covering the visible to shortwave
infrared (SWIR, up to 2.5 μm) wavelength range. These
FPAs are now part of many commercial NIR and SWIR
spectroscopic imaging systems [1]–[4]. Although originally
developed for defense, security and aerospace applications,
such imaging systems have found new applications in crop
germination studies, drug quality analysis, and food security
and quality analysis [5]–[10]. The combination of tunable
optics with an FPA can provide new capabilities, such as
the wavelength selective FPA or so-called adaptive FPA.
In traditional spectroscopic imaging systems, this function
is achieved by passing the incident spectrum through a
series of complex optical components, and then onto the
FPA [11]. These traditional systems offer high resolution and a
wide operating wavelength range. However, such systems are
expensive, bulky, fragile, and not readily field-portable. With
recent advances in microelectromechanical systems (MEMS),
miniature, highly-portable, robust, and low-cost spectroscopic
systems have become a reality [12]–[16]. These systems
replace the bulky and fragile optics components of traditional
systems with MEMS-based miniature filters and mirrors. The
integration of a MEMS-based Fabry-Perot tunable filter with
the detector can result in a very compact spectrometer, and an
array of such compact spectrometers can be used to provide
individual on-pixel spectroscopy in an adaptive FPA.

Our past work attempted monolithic integration of the detec-
tor with a MEMS-based filter to create multispectral detectors
at SWIR wavelengths [17], [18]. Other research groups have
proposed resonant cavity enhanced detector structures by
growing the detector on top of one of the filter mirrors for
the mid-wave infrared (MWIR) wavelength range [19], [20].
With monolithically integrated approaches, one is limited by
the choice of materials compatible with both the FPA and the
MEMS-based tunable filter fabrication. Furthermore, mono-
lithic integration cannot take full advantage of the myriad of
available processes to optimize the stress and optical properties
that are available exclusively to MEMS technologies, and
the many optimization technologies available exclusively for
detector fabrication.
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Fig. 1. Working principle of proposed module consisting of a tunable
Fabry-Perot cavity hybrid bonded to a detector or imaging FPA.

These limitations can be overcome by a hybrid approach,
where the detector and MEMS-based optics are fabricated
and optimized separately and bonded together with the help
of spacer/bonding pads. Neumann et. al. [21] used a bulk
micromachining based approach to build such a hybrid filter
for the MWIR wavelength range. The dielectric stacks were
deposited onto two separate wafers and the wafers were
bonded together to yield the final filter structure. The authors
report that with this approach increasing the aperture of the
filter requires specific considerations in stress optimization of
the dielectric stack. The filters were prepared to be integrated
with a single element detector. This filter has an aperture
of 1.9 mm in diameter and their filter experiences warping of
typically 35 nm. Antila et. al. [22] proposed a similar hybrid
structure for the integration of a single FP filter with a detector.
However, the aperture of the fabricated device was limited
to 2 mm diameter and they were designed to operate with a
single detector. Russin et. al. [23] also used a bulk microma-
chining based approach to build a tunable filter in the near
infrared wavelength range. In order to create a large aperture
for the fabricated filter they used a grid based approach
where a single DBR was made of an array of mirrors. They
reported a filter with 4 × 4 array with 200 μm mirrors and a
14 × 14 mirror array with 50 μm array elements. However,
this approach leads to a decrease in fill factor in comparison
to the same size single membrane, and places an extra design
constraints on the FPA to map only optically active areas
within the array of mirrors.

In this work we use bulk micromachining to open an
optical path through the handle wafer. All of the suspension
structures and dielectric stacks are fabricated using surface
micromachining technology based on thin-film deposition and
etching technologies. A conceptual diagram of such a device
is shown in Fig. 1. The MEMS-based tunable optical filter
consists of two distributed Bragg reflectors (DBR) separated
by a half-wavelength optical cavity of air. Each DBR is a
stack of alternating high and low refractive index dielectric
layers, with each layer thickness being a quarter wavelength.
The optical cavity between the two DBRs determines the filter
peak wavelength.

An issue to address for wavelengths shorter than 1.1 μm
is that silicon substrates become heavily absorbing. As such,
it can be necessary for the substrate supporting the MEMS
tunable filter to be etched away, to create an opening in
the optically active area. We also fabricated many mm2 size

DBRs to be used to fabricate a tunable filter. The approach
avoids using an array of mirrors for the DBR [23] or use
of an array of individual filters per pixel [24]. Our design is
based on a single large-area tunable optical filter for the entire
imaging FPA.

Silicon is an excellent high refractive index material for
use in the DBRs for several reasons. Firstly, the absorption
characteristic of silicon allows construction of optical filters
and mirrors over the entire NIR and SWIR spectral regions and
beyond. Silicon is thus ideally suited to work in conjunction
with InGaAs-based SWIR FPAs. Secondly, since silicon is
an established MEMS structural material, the need for an
additional material for support structures is eliminated, sim-
plifying the fabrication process. Thirdly, silicon-based MEMS
technology is already very mature and more cost-effective in
comparison to any MEMS processes based on other materials.
Taking advantage of these facts, several research groups have
previously reported on the fabrication of silicon-based optical
filters over the NIR to LWIR wavelength ranges [13],
[25]–[28].

The technological requirements for integrating a
MEMS-based tuneable optical filter to a large-area imaging
FPA are:

1. The fabrication technology should be scalable to enable
filters with dimensions from a few hundred microns
to several millimetres, which will allow them to be
integrated with either a single-element detector or with
a large-area imaging FPA.

2. The optical layers must be extremely flat and free
from any curvature that will otherwise degrade the peak
transmission, the full width at half maximum (FWHM)
of the filter, and the out-of-band rejection.

3. The filter and mirrors should have close to ideal optical
performance in terms of transmittance and reflectance.

4. The large-area filter and mirrors must have a high degree
of optical uniformity over the entire optically active area
of the imaging FPA, in order to ensure that all pixels in
the FPA receive light that has been filtered in the same
manner.

5. The resonant modes of the suspended DBR mirror(s)
must be mismatched to the low-frequency vibrational
excitation spectrum from the environment, to ensure
that the movement of the MEMS device is only due
to deliberate actuation.

6. The filters need to be actuated by some well-established
actuation method, such as electrostatic actuation.

In this paper we discuss solutions to the first five
requirements of such a system. This work is focused on
the technology to produce the essential elements of such an
adaptive FPA system. This includes deposition of high optical
quality dielectric materials, tuning residual stress in films by
annealing, and fabrication of DBRs and fixed cavity filters
with quarter-wave length thick dielectric stacks. We evaluate
the high optical performance of the fabricated devices on
the basis of their surface flatness, near ideal transmittance
and reflectance, and their stability against any spurious low
frequency vibrations. Spatially resolved optical measurements
are used to demonstrate the 2-D optical uniformity of large
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TABLE I

DEPOSITION PARAMETERS FOR THE SILICON OXIDE AND SILICON FILMS

area DBRs to be used in adaptive FPA applications. The
measurement results are compared with the simulated results
from optical and finite element models of fabricated devices.
This paper will not address the electrostatic actuation
methodology for these devices and a fully-actuated device,
will be the subject of future studies.

II. EXPERIMENTAL

In this work, silicon has been used as the high refractive
index material while silicon oxide (SiOx) has been used as
the low refractive index material in the DBRs. All optical
layers were deposited on a 300 μm <100> oriented silicon
substrate using a SENTECH SI500D inductively coupled
plasma chemical vapour deposition (ICPCVD) system.
An Oxford Instruments Plasmalab system 100 reactive ion
etcher was used to perform low-temperature back-side etching
of the substrate wafer using SF6 and O2 gases. This back-
side etching process gives a high etch rate, vertical sidewalls,
and a small degree of undercut. A Zygo Newview white light
optical surface profiler was used to measure surface flatness
of the suspended devices, an in-house built optical metrology
system (OMS) was used to measure spatial distribution of
optical performance, and a Polytec MSA 500 Micro System
Analyzer was used to investigate the vibrational behavior.

III. FABRICATION PROCESS

This section describes the dielectric material growth condi-
tions and device fabrication steps. Table I gives the deposi-
tion parameters for ICPCVD silicon oxide and silicon films.
In order to measure stress in the silicon and silicon oxide films,
the thin films were deposited on 70 μm thick silicon substrates.
Measuring radius of curvature of the prepared samples by
surface profilometry, and applying Stoney’s formula [29], [30],
thin film stress was calculated from stress induced substrate
bowing. The as-deposited silicon thin films were found to have
560 MPa of residual compressive stress, and the as-deposited
silicon oxide layer had 200 MPa of residual compressive
stress.

The distributed Bragg reflectors and Fabry-Perot filters were
fabricated on 300 μm thick double-side polished <100> Si
substrates. A 200 nm thick SiOx layer was deposited on
the front side as an etch stop layer for the low-temperature
ICPRIE back-side silicon etching process (Fig. 2 (a)).
Figure 2 (b) represents two different optical structures fabri-
cated on top of the 200 nm thick etch stop SiOx layer. The first
structure was a Si-SiOx-Si distributed Bragg reflecting (DBR)
mirror and the second structure was a Si-SiOx-Si fixed-cavity
Fabry-Perot optical filter. It is to be noted that the design

Fig. 2. Fabrication process flow of freely suspended Fabry-Perot optical filters
and optical mirrors: (a) deposition of SiOx etch stop layer (b) deposition of
the optical layers (c) patterning of the back-side of the handle wafer with
AZ 5214 resist (d) cryogenic back-side etching of handle wafer and removal
of the AZ 5214 protective resist (e) removal of SiOx etch stop layer in
HF to leave the final suspended Fabry-Perot optical filters and DBR mirrors.

TABLE II

TARGETED AND ACTUAL THICKNESS OF THE

OPTICAL LAYERS IN DIELECTRIC STACK

thickness of the optical layers was calculated for a SWIR
wavelength of 2000 nm. The Si layers were targeted to
have quarter-wave thickness of 145 nm. The SiOx layers
were targeted to have a quarter-wave thickness for the DBR
of 360 nm and a half-wave thickness of 714 nm for the
Fabry-Perot filter. Table II shows the targeted and actual
thickness for the optical layers.

As shown in Fig. 2 (c), AZ 5214 (positive) photoresist
was patterned on the back-side of the Si substrate using a
standard photolithography process. Subsequently, to achieve
suspended large-area structures, a low-temperature SF6/O2
ICPRIE anisotropic etch with a high Si/SiOx selectivity
was used to etch through the back-side of the Si substrate
(Fig. 2 (d)). In the final step shown in Fig. 2 (e), a selective
HF etch was used to remove the 200 nm etch-stop SiOx layer
from the area directly beneath the final device structures.

Devices with size varying from 500 μm × 500 μm to
5 mm × 5 mm were fabricated. One such fabricated chip is
shown in Fig. 3. This meets the first requirement of having
a technology that can produce free-standing filters spanning
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Fig. 3. Shows a Si-SiOx-Si DBR fabricated chip before annealing. The
chip has DBRs ranging in size from 500 μm × 500 μm to 5 mm × 5 mm.
All the devices show significant distortions in the optical layers due to high
compressive stress of Si and SiOx films. The coin is an Australian one dollar
piece of diameter of 25 mm.

the size requirements from small single-element detectors to
large-area FPAs. As shown in Fig. 3, due to the compres-
sive stress in the Si and SiOx, the fabricated and released
structures exhibited significant surface distortions, which
necessitated a post-fabrication flattening process. Our previous
experimental work had indicated that a post-fabrication anneal
of the ICPCVD deposited Si layer was an effective means
for tuning stress [31]. The fabricated structures were annealed
in a quartz-tube furnace in a N2 environment. The critical
anneal temperature to convert compressive films to tensile,
was approximately 350 °C. However, due to the presence
of the compressively stressed SiOx, both as an optical layer
within the dielectric stack and as an etch stop layer, the critical
annealing temperature of the optical structures shifted to the
range of 400-420 °C. Additional studies have shown that in
this temperature range the SiOx stress is not modified, and that
annealing only modifies the stress in the Si thin film layers.

IV. OPTICAL CHARACTERIZATION

Optical characterization of the devices involves three types
of measurements. First was optical surface profilometry to
measure the flatness of fabricated devices. Second was single
point transmission measurements which provides a very good
indication of the quality of the optical material used to form
the dielectric stacks. Third was high resolution spatial mapping
of the transmission spectra. This measurement is a direct
measurement of the optical transmission uniformity over the
entire area, which is key to providing uniform signal to each
element of a FPA, thus ensuring a high quality image with
uniform spectral performance.

A. Optical Surface Profilometry of Suspended Devices

In section III it was shown that the high compressive
stress generated a wrinkled surface for all fabricated devices.
To achieve a high degree of flatness, the fabricated devices
were annealed in a quartz tube furnace in N2 environment.
Fig. 4 shows the measured optical surface profile of a
2 mm ×1 mm suspended DBR. After annealing at 400 °C for
one hour we see a total of 30 nm of bowing along the 2 mm

Fig. 4. Optical surface profile of a 2 mm × 1 mm suspended Si-SiOx-Si
(SiOx = 387 nm) DBR after a 60 minute anneal at 400 °C in N2 atmosphere.
The central 1.5 mm section is flat to within 10 nm.

Fig. 5. Optical surface profile of a 2 mm × 1 mm suspended one-quarter
wave Si-SiOx-Si (SiOx = 680 nm) filter after a 60 minute anneal at 420 °C
in N2 atmosphere. The central 1.25 mm section is flat to within 25 nm.

length of the DBR. The DBR is flat to within 10 nm across
the 1.5 mm central portion of the 2 mm length. The remainder
of the bowing is concentrated near the anchor sections where
the device attaches to the substrate. The flattening of fabricated
devices by annealing was observed for DBRs of all sizes and
all devices were measured to be flat within 10-15 nm. This
high degree of flatness is key to fabricating a tunable large area
filter with two ultra-flat DBRs, which is essential to satisfying
the second requirement of the process.

However we observed that the effective flat surface was
approximately 75%-85% of the designed area. The decrease
in the available flat area was due to bending of the membrane
near the anchor sections of devices, as shown in Fig. 4. This
decrease in the available optical area should be taken into
account for any future studies on tunable filters.

Figure 5 shows the optical surface profile of a suspended
Fabry-Perot filter of size 2 mm × 1 mm. After annealing at
420 °C for one hour in a N2 environment, the filter shows a
bowing of 220 nm along its length. This upward bowing at the
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Fig. 6. Measured and simulated optical transmission spectra of the
Fabry-Perot filter from Fig. 5 showing a close match between calculated and
simulated transmittance.

ends of the filter may be associated with the “anchor effect”
caused by the stress differential between the SiOx and Si
membrane layers at the anchor location. In the central section,
the filter has a flatness variation of the order of 25 nm along
1.25 mm of its length. It is noted that the fixed cavity filter
shows a higher degree of bowing at the anchor in comparison
to that observed at the anchors of the fabricated Si-SiOx-Si
DBRs shown in Fig. 4. This is as expected since the filters use
almost double the thickness of the SiOx in the dielectric stack,
which will cause higher bowing in the fixed cavity filters. This
increased bowing of the filter can be reduced by reducing the
compressive stress in the silicon oxide films, however, it will
require further process optimizations.

B. Single Point Transmission Spectrum of the Fabricated
Mirrors and Filters

In order to meet the third requirement of the technology,
that is to obtain close to theoretical optical performance,
optical modelling of the mirror and filter was undertaken
using the optical transfer matrix method [32]. This modelling
assumed an ideal flat surface profile. The modelling result
was compared to a single point measurement of the optical
transmission through the structure using an in-house developed
standard bench-top optical transmission measurement system.

This system enables the measurement of single point
spectral transmission through the device under test at wave-
lengths from 600 nm to 2400 nm. The transmission was
measured with the light beam focused on the device under
test, to a full-width at half-maximum (FWHM) spot size
of 500 μm. Fig. 6 shows the transmission spectrum of the
Fabry-Perot filter whose surface profile is shown in Fig. 5.
The measured spectrum indicates that the peak of the fil-
ter is at 1940 nm, which is close to the design target
peak at 2000 nm. The FWHM spectral linewidth of the
filter was found to be 250 nm with a peak transmission
of 94% which closely matches the simulation results. This
fixed cavity filter has 750 nm free spectral range (FSR) and
a finesse of 3.

Figure 7 shows the single point transmittance measure-
ment through the DBR from Fig. 4, and the model fitting

Fig. 7. Measured and model optical transmission and reflection spectra of
the suspended Si-SiOx-Si DBR from Fig. 4.

to extract the reflectance. The modelled transmission pro-
file (Model Tx) was obtained by the optical transfer matrix
method assuming an ideal flat mirror profile, using previously
measured optical constants of ICPCVD deposited silicon and
silicon oxide films, and layer thickness measured during
mirror fabrication. This model predicts a best-case reflectance
(Model Rx) of 90%.

The optical transfer matrix model was also used to fit the
measured transmission data (Measured T) based on the known
structure of the DBR. This fit provides a better estimate
of the actual thickness and optical material parameters of
the layers and, as a result, provides a better estimate of the
actual reflectivity (Estimated Rx) of the DBR. The measured
transmission spectrum shows a peak at 1200 nm and a broad
plateau above 1500 nm. From 1560 to 2050 nm the transmis-
sion is in the vicinity of 10%. The measured transmission is
in good agreement with the model. The estimated reflectance
is also in good agreement with the modelled reflectance.
Interestingly, the mirrors have almost 90% reflectance over
a 490∼nm range (1560-2050 nm), which corresponds to
a 27% fractional optical bandwidth (�λ/λ). As such, this is
a good broadband reflector for use in spectroscopic imaging
systems. A good agreement between measurement and model
confirms the high optical quality of the Si and SiOx films,
and excellent flatness of the DBRs. With the near ideal single
point optical transmittance results for the DBRs and filters the
third requirement for fabricating high quality optical devices
has been met.

In order to confirm the suitability of the DBRs for actuated
tunable filter applications, we modelled optical transmission
of a filter which is made of two such Si-SiOx-Si based DBRs
separated by a 1000 nm air cavity, which is shown in Fig. 8.
The model predicts that such a filter will have 45 nm FWHM
and 650 nm FSR, thus resulting in a finesse of ∼14.

C. Spatially Mapped Transmission Profile of Large-Area
Quarter Wave Mirror

To meet the fourth requirement, the large area filters
and mirrors must have good optical spatial uniformity over
the entire optically active area. The spatial uniformity of a
3 mm × 3 mm Si-SiOx-Si quarter-wave mirror was inves-
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Fig. 8. Simulated optical transmission spectra for an air cavity Fabry-Perot
filter made from DBRs whose reflectance are shown in Fig. 7.

Fig. 9. Spatially resolved measurements of calibrated minimum transmission
of a 3.0 mm × 3.0 mm quarter-wave Si-SiOx-Si DBR.

tigated using an in-house developed Optical Metrology
System (OMS) [33]. This system enables the mapping of
calibrated transmission spectra across the full area of the
mirror within the spectral band from 1400 nm to 2600
nm. The OMS measurements were carried out across a
physical grid of 4.0 mm × 4.0 mm which included the
3 mm × 3 mm DBR. Fig. 9 shows the calibrated minimum
transmission as a function of spatial position across the
DBR surface. The light beam was focused down to a spot
size of 25 μm on the mirror surface and the measurements
were undertaken with a step size of 50 μm in both the
X and Y directions, while the monochromator was stepped
in wavelength increments of 20 nm.

The histogram of the measurement events with in the mirror
surface are presented in Fig. 10 for the minimum transmission.
The minimum transmission can be characterized by μ ± σ =
0.100±0.003, which corresponds to a 3% variation across the
mirror surface for both maximum and minimum transmission.
These optically homogeneous DBRs demonstrate that the
fourth requirement for fabricating spatially uniform mirrors
has been met.

Fig. 10. Spread of minimum spectral transmission for the DBR in Fig. 9.

TABLE III

RESONANT FREQUENCIES OF 1 mm2 SUSPENDED DBR

V. DYNAMIC PROPERTIES OF QUARTER WAVE MIRROR

To test the mechanical robustness and utility of the optical
structures for use in dynamic optical MEMS, and to assess
immunity to spurious dynamic movements at low frequencies,
the frequency response of the structure was measured for
a 1 mm × 1 mm Si-SiOx-Si DBR with thin films thicknesses
shown in table III. The measurement setup was similar to that
of [34] in which a piezoelectric stack was used as an impact
hammer to excite the mirror. The resultant vibrations were
measured using a vibrometer attached to an optical micro-
scope. To eliminate air damping, the sample was mounted in
an evacuated chamber at a pressure of 0.1 Torr. Suspended
membrane deflection was measured with reference to the
substrate in order to reduce common-mode whole-sample
movement. The mechanical response of the suspended struc-
ture to the frequency sweep is shown in Fig. 11 where we
identify the presence of 5 flexural resonant modes in the
measurement range beginning with the fundamental vibra-
tional mode at a frequency of 39 kHz. The low frequency
resonance at 19.5 kHz is a consequence of coupling from the
electronic circuitry. These measurements were corroborated
with a finite element simulation of natural resonant frequencies
of the suspended mirror using CoventorWare 2010 MEMS
design suite [35]. The mechanical properties of the silicon
and silicon oxide thin films were measured and used as an
input to the simulated model. The results on modal response
are summarized in the table III which also compares the
finite element modelling results with the experimental obser-
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Fig. 11. Measured flexural modes of 1 mm × 1 mm suspended one quarter
wave Si-SiOx-Si DBR showing the fundamental and harmonic flexural modes.

vations. The model indicates that in the 10 kHz to 100 kHz
frequency range, five modes of vibration are present, where
the fundamental mode [1, 1] occur at approximately 40 kHz.
Other modes and natural frequencies are also indicated in
Table III, and it is noted that the modelled results and
experimental measurements are in general agreement within
approximately 5%. These variations can be attributed to the
measurement accuracy of the material properties. A high
fundamental frequency value of 39 kHz suggests a predictable
and fast dynamic response of the optical structure combined
with immunity to low frequency stimuli from spurious external
vibrations.

VI. CONCLUSION

In this paper we have presented the design and asso-
ciated fabrication process to realise large area Si-SiOx
based suspended optical structures with size varying from
500 μm × 500 μm to 5 mm × 5 mm. These suspended
structures can be used to fabricate tunable Fabry-Perot optical
filters in conjunction with either single-element detectors or
large-area imaging FPAs. The optimization process of the opti-
cal and mechanical properties of the ICPCVD deposited thin
films yielded excellent flatness and uniform optical properties
over the optically active area of the suspended structures.
Post-fabrication annealing of the filters and mirrors was
employed to achieve very-flat optical surface profiles for
both filters and DBRs. The single point optical measurement
indicates an excellent match with the simulation model, pro-
viding further evidence for the high quality of the optical
thin films and near-ideal performance of the Fabry-Perot
cavity. We have also presented 2-D spatially resolved optical
measurements with minimum transmission μ±σ = 0.100 ±
0.003. The presented technology demonstrates that over many
square millimeters in area the variation in optical charac-
teristics was less than 3% providing further evidence as to
the excellent spatial uniformity of the suspended structures.

Finally, measured and simulated dynamic characteristics of the
membranes have been presented, indicating their effectiveness
to be employed as dynamic optical MEMS devices, and
providing a high level of immunity to external low frequency
vibrations.
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