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Zusammenfassung
In dieser Arbeit werden durchstimmbare optische Sensor Arrays (Tunable Optical Sensor Array - TOSA)
auf der Basis von Fabry-Pérot (FP) Filtern für den sichtbaren und nahen Infrarot-Bereich des optischen
Spektrums untersucht. Unter Verwendung von Ionenstrahl Sputter Deposition (Ionbeam Sputter
Deposition - IBSD) und des Materialsystems Niobpentaoxid (Nb2O5) und Siliziumdioxid (SiO2) für die
Bragg-Spiegel (Distributed Bragg ReflectorDBR) konnte die optische Leistungsfähigkeit der FP-Filter
verbessert werden. Aufgrund des hohen Brechungsindexkontrastes des Nb2O5/ SiO2-Materialsystems
reichen bereits wenige Perioden aus, um eine hohe Reflektivität in einem breiten optischen
Spektralbereich zu erzielen. Mittels IBSD können Schichten mit höchster Reinheit abgeschieden werden,
jedoch weisen die Schichten eine hohe Verspannung auf. Dies hat zur Folge hat, dass die Spiegelflächen
gekrümmt sind und die freistehenden Aufhängungen (sogenannte Suspensions) der MEMS (MicroElectro-Mechanical Systems) Strukturen gekrümmt sind. Das Resultat der gekrümmten Spiegelflächen ist
eine verringerte Intensität der Transmissionslinie der FP-Filter, und die Krümmung der Aufhängungen hat
eine erhöhte Aktuationsspannung zur Folge. Zusätzlich führt die durch die Verspannung hervorgerufene
Verbiegung der Aufhängungen zu Moden höherer Ordnung im FP-Filter-System, was letztlich dessen
optische Auflösung verringert. Der Depositionsprozess wird daher zum einen optimiert, um die
Verspannung zu reduzieren und zum anderen, um eine Absorption zu minimieren. Durch den Beschuss
der Schichten während des Abscheidungsprozesses mit hochenergetischen Ionen wird die Filmdichte und
damit die Druckverspannung reduziert. Unter Verwendung dieser Technik konnte Druckverspannung von
Nb2O5 um ca. 43% und die von SiO2 um ca. 40% reduziert werden. Filter, die mit spannungsreduzierten
Schichten hergestellt wurden, weisen niedrige Krümmungen von 100 nm für 70 m Spiegel auf. Um die
Krümmung der Aufhängungen zu minimieren, wird ein Mehrschichtsystem zur Spannungskompensation
verwendet. Dabei wird eine zugverspannte Metallschicht zwischen zwei druckverspannten Schichten
abgeschieden. Dafür wird die Verspannung in Materialien charakterisiert, die mittels physikalischer
Gasphasenabscheidung hergestellt wurden, um sie für die Nutzung als obere Elektrode und Schicht zur
Spannungskompensation zu prüfen. Um durchstimmbare FP-Filter für den sichtbaren Spektralbereich mit
dem oben erwähnten Design herzustellen, wird das sogenannte Surface-Micromachining verwendet. Die
Krümmung der Aufhängungen nach oben wurde von mehreren Mikrometern auf weniger als 100 nm bzw.
250 nm für zwei verschiedene Schichtkombinationen verringert. Die MEMS-Struktur konnte bis zu
188 nm ausgelenkt werden, wobei eine Spannung von 40 V verwendet wurde. Die Transmission eines
FP-Filters lag bei 65,5% mit einer Halbwertsbreite (FWHM) von 10,5 nm und einem Stoppband mit einer
spektralen Breite von 170 nm (bei einer Wellenlänge von 594 nm). Zusätzlich wurden numerische
Simulationen durchgeführt, um das verspannungskompensierte Design für die Aufhängungen im nahen
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Infrarot im Bezug auf Spiegelauslenkung und Aufhängungeskrümmung zu studieren. Zwei Designs für
Bandpass-Filter basierend auf /4 (quarter-wave) und nicht-/4 (non-quarter-wave) Schichten werden
vorgestellt als wesentliche Bestandteile des TOSAs. Der Bandpass weist eine durchschnittliche
Transmission von 88% in einem spektralen Bereich von 135 nm und ein breites Stoppband mit einer
spektralen Breite von mehr als 650 nm und einer Transmission von weniger als 1,6% auf.
Stichworte: Spektroskopie, durchstimmbare optische Filter, Fabry-Pérot, Niobpentaoxid, Siliziumdioxid,
mechanische Spannung.
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Abstract
Tunable Optical Sensor Arrays (TOSA) based on Fabry-Pérot (FP) filters, for high quality spectroscopic
applications in the visible and near infrared spectral range are investigated within this work. The optical
performance of the FP filters is improved by using ion beam sputtered niobium pentoxide (Nb2O5) and
silicon dioxide (SiO2) Distributed Bragg Reflectors (DBRs) as mirrors. Due to their high refractive index
contrast, only a few alternating pairs of Nb2O5 and SiO2 films can achieve DBRs with high reflectivity in
a wide spectral range, while ion beam sputter deposition (IBSD) is utilized due to its ability to produce
films with high optical purity. However, IBSD films are highly stressed; resulting in stress induced mirror
curvature and suspension bending in the free standing filter suspensions of the MEMS (Micro-ElectroMechanical Systems) FP filters. Stress induced mirror curvature results in filter transmission line
degradation, while suspension bending results in high required filter tuning voltages. Moreover, stress
induced suspension bending results in higher order mode filter operation which in turn degrades the
optical resolution of the filter. Therefore, the deposition process is optimized to achieve both near zero
absorption and low residual stress. High energy ion bombardment during film deposition is utilized to
reduce the film density, and hence the film compressive stress. Utilizing this technique, the compressive
stress of Nb2O5 is reduced by 43%, while that for SiO2 is reduced by 40%. Filters fabricated with stress
reduced films show curvatures as low as 100 nm for 70 m mirrors. To reduce the stress induced bending
in the free standing filter suspensions, a stress optimized multi-layer suspension design is presented; with
a tensile stressed metal sandwiched between two compressively stressed films. The stress in Physical
Vapor Deposited (PVD) metals is therefore characterized for use as filter top-electrode and stress
compensating layer. Surface micromachining is used to fabricate tunable FP filters in the visible spectral
range using the above mentioned design. The upward bending of the suspensions is reduced from several
micrometers to less than 100 nm and 250 nm for two different suspension layer combinations. Mechanical
tuning of up to 188 nm is obtained by applying 40 V of actuation voltage. Alternatively, a filter line with
transmission of 65.5%, Full Width at Half Maximum (FWHM) of 10.5 nm and a stopband of 170 nm (at
an output wavelength of 594 nm) is achieved. Numerical model simulations are also performed to study
the validity of the stress optimized suspension design for the near infrared spectral range, wherein
membrane displacement and suspension deformation due to material residual stress is studied. Two
bandpass filter designs based on quarter-wave and non-quarter-wave layers are presented as integral
components of the TOSA. With a filter passband of 135 nm and a broad stopband of over 650 nm, high
average filter transmission of 88% is achieved inside the passband, while maximum filter transmission of
less than 1.6% outside the passband is achieved.
Keywords: spectroscopy, tunable optical filter, Fabry Pérot, MEMS, sputter deposition, niobium
pentoxide, silicon dioxide, residual stress.
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Chapter 1
Introduction and State of the Art
1.1. Motivation
High quality optical spectroscopy has great potential in astronomy [Parmar et al., 1996], aerospace
[Chrisp, 1999], molecular biology [Kaufmann, 1995], medicine [Ivanov et al., 1994] and ecology [Green
et al., 1998]. In recent years, much attention has been paid to develop miniature spectroscopic elements,
which can play a vital role in the above fields (especially space, scientific research and medical
applications) due to their small size, fast data acquisition capability, small required sample size and high
reliability. The spectral resolution of traditional grating spectrometers depends on the spectrometer focal
length. A short focal length decreases the spectral dispersion and results in a low spectral resolution.
Since grating spectrometers have this physical limit of miniaturization while keeping high spectral
resolution, miniaturized Fabry-Pérot filter based spectrometers are becoming the current trend in
development [Paunovic et al., 2011]. Such devices can be used for gas measurements in health,
environment, atmosphere and space technology [Stuart, 2004; Minas et al., 2004; Saari et al., 2000],
measurement of chemical parameters in biological samples [Minas et al., 2004; Pinheiro et al., 2006],
noninvasive detection of characteristic biomarkers in the human body [Berger et al., 1997] and
hyperspectral imaging [Saari et al., 2009].
Miniaturized spectrometers for the visible (VIS) and near infrared (NIR) range have great potential in
space, science and medical applications. In order to highlight the importance of miniaturized
spectrometers for the VIS and NIR range, hyperspectral imaging is discussed below as an exemplary
application.
Hyperspectral Imaging: Importance of Spectrometers in the VIS and NIR Range
Hyperspectral imaging is a promising application of spectrometers. Hyperspectral imagers look at objects
using a vast portion of the electromagnetic spectrum, usually VIS, NIR and mid infrared (MIR). Objects
and materials have unique fingerprints (called spectral signatures) across the electromagnetic spectrum.
These spectral signatures enable identification of the scanned object. For example, a spectral signature for
oil helps mineralogists find new oil fields [Smith, 2006]. In principle, hyerspectral imagers measure
reflectance of two-dimensional spatial scenes simultaneously in dozens or hundreds of narrow adjacent
1

spectral bands producing a three-dimensional image cube, with the third dimension specified by spectral
wavelengths [Kim et al., 2001], Fig. 1.1(a). These three-dimensional image cubes are combined to derive
a continuous spectrum for each spatial scene, Fig. 1.1(b). The plot is then compared to laboratory data or
spectral libraries [Baldridge et al., 2008] to identify surface materials or minerals.

a)

b)

Fig. 1.1: (a) Three dimensional hyerspectral imaging with the third dimension specified by the spectral wavelength.
Original figure from [Kim et al., 2001]. (b) A three dimensional image cube of the earth’s landscape taken from
above can be used to plot the relative brightness vs. wavelength of a selected region. The plot is compared to
laboratory data to identify surface materials. Original figure from [Smith, 2006].

Hyperspectral images contain a wealth of information and finds applications in geology, agriculture,
mineral exploration and environmental monitoring [Smith, 2006]. In the agriculture and food processing
industry, hyperspectral imaging can be used to detect and contain different diseases [Pierna et al., 2004;
Lu, 2003; Kim et al., 2001; Szu et al., 2000]. In geology and mineralogy, hyperspectral imaging is used to
detect and differentiate surface materials and minerals. Figure 1.2 shows how the VIS and NIR spectral
curves can be used to obtain important geological and mineralogical information from hyperspectral
images.

a)

b)

Fig. 1.2: Representative spectral reflectance curves for several common earth (a) surface materials and (b) minerals
over a broad electromagnetic spectrum. The curves can be used to identify and differentiate different materials.
Original figure from [Smith, 2006].

2

The overall shape of a spectral curve as well as the position and strength of the absorption bands can be
used to identify and differentiate different materials. For example, vegetation has higher reflectance in the
NIR range and lower reflectance of red light than soils [Smith, 2006].
Miniaturized Spectrometers in Space: An Exemplary Application of Miniaturized Spectrometers
Miniaturization of hyperspectral imagers allows mounting of these devices onboard nanosatellites and
Unmanned Arial Vehicles (UAVs) for remote sensing applications. In 2013, Kestilä et al. reported the
progress on a proposed nanosatellite (Aalto-1) with a hyperspectral imager based on a tunable FabryPérot interferometer [Kestilä et al., 2013]. The Aalto-1 is proposed to be built almost entirely by students
at the Department of Radio Science and Engineering of Aalto University Finland. The satellite’s external
dimensions are a mere 10  10  34 cm3 (Fig. 1.3a) and is planned for a 500  900 km sun-synchronous
orbit. The main payload of the nanosatellite is the Aalto spectral imager being developed by the Technical
Research Center of Finland (VTT), [Mannila et al., 2011]. The Aalto spectral imager is still under
development and consists of a tunable Fabry-Pérot interferometer with integrated optics and an RGB
CMOS (Red-Green-Blue Complementary Metal-Oxide Semiconductor) sensor, Fig. 1.3(b). Two potential
design concepts for the Fabry-Pérot interferometer are being investigated at VTT; a MOEMS (MicroOpto-Electro-Mechanical Systems) tunable Fabry-Pérot filter with titanium dioxide (TiO2) and aluminium
oxide (Al2O3) dielectric mirrors and a piezo actuated Fabry-Pérot interferometer with silver (Ag) mirrors
[Mannila et al., 2011]. The Aalto spectra imager constructs a hyperspectral data cube by taking spatial
images in the 500  900 nm wavelength range [Saari et al., 2009; Mannila et al., 2011; Saari, 2012] and
has proposed dimensions of 80  80  45 mm3.

a)

b)

Fig. 1.3: (a) A sketch of the proposed Aalto-1 nansatellite. The satellite’s external dimensions are 101034 cm3.
Original figure from [Mannila et al., 2011]. (b) The Fabry-Pérot interferometer concept at work with necessary
optics; the change in the Fabry-Pérot mirror inter-distance causes a change in the spectral bandwidth to the imaging
RGB CMOS image sensor. Original figure from [Saari et al., 2009].

In short, miniaturized spectrometers find a wide variety of applications, due to their small size, fast data
acquisition capability, high spectral resolution and small required sample size. Therefore, miniaturized
spectrometers are becoming the current trend in development.
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1.2. Nanospectrometers based on Micromachined Tunable
Fabry-Pérot Filter Arrays: Essential Elements
Miniaturized spectrometers are broadly distributed into two main categories. Grating based spectrometers
are usually referred to as Macrospectrometers or Minispectrometers, while miniaturized Fabry-Pérot filter
based spectrometers are referred to as Microspectrometers. As mentioned earlier, grating based
spectrometers have the physical limit of miniaturization while keeping high spectral resolution. While the
spectral resolution of Fabry-Pérot filter based spectrometers is not dependent on its physical lateral size.
Therefore, Fabry-Pérot filter based spectrometers provide an efficient way of implementing small sized
spectrometer arrays with high optical resolution to be utilized as sensor arrays.
Fabry-Pérot filters are defined by two parallel mirrors with a resonance cavity between them. All the
wavelengths forming a standing wave inside the cavity are nearly 100% transmitted (Section 2.3).
Distributed Bragg Reflectors (DBRs) formed by alternating high and low refractive index material stacks
are the most commonly used reflectors in Fabry-Pérot filters, due to their high reflectance and low
absorption compared to metal mirrors (Wolffenbuttel 2005; Correia et al 1998; Wang et al 2007). Each
DBR defines an individual stopband with nearly zero transmission. The DBR stopband spectrally depends
on the refractive index contrast and the thickness of the constituent high and low refractive index
materials (Section 2.2.2). DBR based Fabry-Pérot filters allow the transmission of a very narrow filter
line located inside the DBR stopband. The filter line spectrally depends on the cavity height. For filters
with an air-gap cavity, the filter line wavelength is twice the cavity thickness. Therefore, a Fabry-Pérot
resonator with an adjustable cavity thickness can be used as a wavelength selective tunable filter.
Fabry-Pérot filter based miniaturized spectrometers being investigated at the Institute of Nanostructure
Technologies and Analytics (INA) are based on the use of 3D NanoImprint Lithography (with subnanometer vertical resolution) Fabry-Pérot cavities, and are hence referred to as Nanospectrometers. Two
potential Nanospectrometer designs are being investigated at INA. A Static Sensor Array, based on
polymer cavities; and a Tunable Optical Sensor Array (TOSA) based on air-gap cavities, implemented
using polymer sacrificial layers. Both designs include the use of 3D Nanoimprint technology to
implement the polymer layer. This thesis work focuses mainly on the tunable version of the
Nanospectrometer.
The tunable optical sensor array is based on the patent of Hillmer [Hillmer, 2007] and consists of a
tunable Fabry-Pérot filter array and a complementary detector array and an angle limiter as well as
bandpass filters. Tunable Fabry-Pérot filters with air-gap cavities ensure high optical quality and broad
wavelength selectivity of the tunable optical sensor array. Fig. 1.4(a) shows a cross-section to reveal the
vertical structure and the MEMS based tuning mechanism.
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a)

b)

Fig. 1.4: (a) Cross-sectional view and (b) top view of a single tunable optical sensor of an optical sensor array.

The tunable Fabry-Pérot filter, in the TOSA design, is composed of two parallel DBRs and an air-gap
cavity in between. The top-DBR in the filter design takes the form of a membrane and suspensions;
whereby the membrane is suspended freely by suspensions, Fig. 1.4(b). The filter can be actuated by
applying a voltage between the electrical contacts on the two DBRs (Fig. 1.4a), to change the cavity
thickness. As explained earlier, the Fabry-Pérot filter allows only a narrow band of wavelengths, called
the filter transmission line, to pass through and reflects other wavelengths, within a specific range defined
by the stopband width of the DBRs. The transmission line of the tunable Fabry-Pérot filter can be
adjusted by changing the thickness of the cavity, Fig. 1.5. In this way, the Fabry-Pérot resonator acts as a
wavelength selective filter.

b)

a)

Fig. 1.5: The transmission wavelength (b) of the tunable Fabry-Pérot filter can be adjusted by changing the thickness
of the cavity under the influence of an external electric field (a). dc is the original cavity height while dc is the
change in cavity height for an applied bias voltage. (a) is original figure from [Hillmer, 2014].

To cover wider spectral ranges, multiple Fabry-Pérot filters can be combined together in the form of an
array. Figure 1.6 shows three Fabry-Pérot filters combined to cover the entire VIS spectral range. The
required cavity height for the individual Fabry-Pérot filters in such a case varies considerably. Therefore,
a method to implement these step-heights is required. Nanoimprint lithography can be used with Ultra
Violet (UV)-curable polymer sacrificial layers to implement the multiple cavities with individual stepheights for such a filter array in a single step, Fig. 1.7. A flexible 3D template imprints a UV-curable
resist to form the sacrificial layer with multiple distinct heights defined by the required cavity thickness of
5

the individual Fabry-Pérot filters. This sacrificial layer is later partly removed to form an air-gap cavity,
Fig 1.6.

Fig. 1.6: Multiple tunable filters with different centre wavelengths (CW) are combined in the form of an array to
cover a wider spectral range with corresponding exemplary transmission spectra.

Fig. 1.7: Multiple Fabry-Pérot filter cavities with distinct heights can be implemented using 3D nanoimprint
lithography. A flexible 3D template imprints a UV-curable resist to form a sacrificial layer with multiple distinct
heights. This sacrificial layer is later partly removed to form an air-gap cavity.

6

As mentioned earlier, a detector array is required to detect the transmission of the filters. The detector is
usually sensitive for a much wider wavelength range compared to the stopband width of the filter DBRs.
Figure 1.8 shows the sensitivity of a typical silicon (Si) based CCD (Charged Coupled Device) detector
and the transmission of a niobium pentoxide (Nb2O5) and silicon dioxide (SiO2) based Fabry-Pérot filter
at a design wavelength of 650 nm. The sensitivity of the CCD detector (which is roughly from
300  1100 nm) is much wider compared to the stopband width of the filter DBRs (185 nm in this case).
Therefore, a wavelength limiting bandpass filter is also required within the optical path to block any
transmission outside the wavelengths of interest (i.e. the stopband width of the filter DBRs), Fig. 1.9.
The bandpass filter, ideally, is required to be 100% transmitting with in the stopband of the filter DBRs
and 0% transmitting otherwise (assuming that the filter has a Free Spectral Range (FSR) which is wider
than the stopband width of its DBRs, Section 2.3).

Fig. 1.8: Photosensitivity of a typical CCD detector [Hamamatsu, 2008] and the simulated transmission spectrum of
a Fabry-Pérot filter with 5.5 period Nb2O5/SiO2 top- and bottom-DBRs. The detector is sensitive in a much wider
wavelength range compared to the stopband width of the filter DBRs.
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Fig. 1.9: A bandpass filter is required within the optical path to block transmissions outside the wavelengths of
interest. In an ideal case, the bandpass filter is 100% transmitting in the wavelength range of interest and 0%
transmitting otherwise. The detector spectral response is from a CCD detector from [Hamamatsu, 2008].

1.3. Technical Challenges of a MEMS based Fabry-Pérot Filter
Stress Induced Membrane and Suspension Deformation
Although the technological fabrication of the tunable Fabry-Pérot filter array is well investigated, the
performance of the filter array is still significantly restricted by fabrication issues, such as the adverse
effects of the residual stress [Tarraf et al., 2004]. Since the top DBR, in the MEMS Fabry-Pérot filter
design, is freely suspended on a membrane by suspensions, bending of the suspensions due to residual
stress leads to an increased air-gap and a higher transmission wavelength of the tunable Fabry-Pérot filter.
Usually, stress induced membrane displacement is much higher resulting in a higher mode filter
operation. The cavity transmission mode is directly dependent on the cavity thickness;

mc  2nc dc

(1.1)

where c is the output wavelength, m is the cavity mode, nc is the refractive index of the cavity material
and dc is the cavity thickness. As stated earlier, an increased thickness results in a higher cavity mode
transmission. The Free Spectral Range (FSR), which determines single mode operation of the filter,
reduces for higher cavity modes and is undesired [Setyawati, 2011; Todorov, 2008], see Section 2.3. The
width of the filter line, which is determined at its half maximum and is referred to as the Full Width at
Half Maximum (FWHM), is affected by the stress induced membrane curvature. The resolution of the
Fabry-Pérot filter is proportional to the ratio FSR/FWHM which is referred to as the Finesse of the filter.
Therefore, for high resolution filters, low FWHM values are desired. However, stress induced membrane
curvatures result in slight variations in the cavity length within the spatial resolution, which in turn results
in an increased FWHM and therefore lower filter resolution (Section 2.3).
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The attractive force between the top- and bottom-electrodes is also influenced by the stress induced
membrane displacement [Balaraman et al., 2002]. The attractive force Fatt between the top-electrode and
the bottom-electrode is given by;

Fatt 

  AV 2
2d c

2

(1.2)

Where εo is the permittivity of free space, A is the overlapping conducting area of the two DBR
electrodes, V is the applied voltage and dc is the separation between the electrodes. If the attractive force
is constant, an increased electrode separation leads to a higher required actuation voltage.

1.4. Thesis Objectives
The main objective of this work is to improve the performance of the surface micro-machined tunable
optical sensor array for a nanospectrometer proposed by [Hillmer, 2007], both optically and mechanically.
The mechanical and optical performance of the Fabry-Pérot filter is closely related. The objectives of this
thesis work are listed as follows;
1) Investigation of thin film materials suitable for the VIS and NIR optical wavelength range.
2) Characterization of the mechanical and optical properties of the selected thin film materials, and
investigation of the effects of deposition conditions on these properties. Specific attention is paid
to characterize the stress of films coated with Dual-Ion Beam Sputter Deposition (D-IBSD) and
Physical Vapor Deposition (PVD) in a bid to reduce it, as well as optimization of the optical
constants (for minimum absorption) of dielectric films coated with D-IBSD.
3) Mechanical design and simulation of a next generation MEMS tunable filter in a bid to maintain
parallelism between the DBRs (to improve the optical and mechanical performance).
4) Optimization of different MEMS technological steps involved in device fabrication.
5) Fabrication of a prototype device to demonstrate the concept and performance.
6) Design, simulation and fabrication of a prototype bandpass filter in a bid to achieve high
transmission in the wavelengths of interest and very low transmission otherwise.

1.5. Early and State of the Art Fabry-Pérot Filter Structures
Early and State of the Art Fabry-Pérot Filters with Tunable Cavities
Tunable Fabry-Pérot filters are not only used in optical spectroscopy, but also as routers in optical
communications to adjust and detect WDM (Wavelength Division Multiplexing) signals which usually
work in the C-Band optical communication window (1530 nm to 1565 nm). Some of the Fabry- Pérot
filters designed in and near the aforementioned wavelength range are [Tran et al., 1996; Spisser et al.,
1998; Tayebati et al., 1998a; Tayebati et al., 1998b; Chitica et al., 1999; Le Dantec et al., 1999; Koyama
et al., 2000; Amano et al., 2000; Riemenschneider et al., 2002; Strassner et al., 2002; Daleiden et al.,
2002; Kim et al., 2003; Irmer et al., 2003; Lee et al., 2004; Tarraf et al., 2004]. However, most of the
materials used in the C-Band communication window, such as indium phosphide (InP), gallium arsenide
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(GaAs), and aluminium-galium-arsenide (AlGaAs), have high absorption in the VIS and NIR range.
Therefore, it is necessary to find new materials, stable processes and optimum designs in these
wavelength ranges.
Tunable Fabry-Pérot filters with air-gap cavities for the VIS and NIR range have been realized since the
1990s [Raley et al., 1992; Vail et al., 1995; Larson et al., 1995; Bartek et al., 1999; Winchester et al.,
2001; Lin et al., 2004]. However due to the limitations of the traditional thin film deposition techniques,
these filters have poor optical quality. Recently, use of DBRs as Fabry-Pérot mirrors has made high
optical quality filters possible [Blomberg et al., 2010; Rissanen et al., 2012; Setyawati, 2011; Schultz,
2012; Woit, 2013]. However, filter quality is highly dependent on the choice of DBR material pair and
deposition technology. A detailed overview of reported Fabry-Pérot filters is presented below, with
special focus on the mirror material and deposition technology.
In 1992, Raley et al. reported a silicon-micromachined tunable Fabry-Pérot filter for visible light with
thermally evaporated dielectric mirrors, [Raley et al., 1992]. The filter has 7.5 period (high and low
refractive index material pair) hafnium oxide (HfO2) and SiO2 mirrors separated by an air cavity of 2 m
by a silicon nitride supporting membrane of 0.4 m, Fig. 1.10(a). The filter initially has very low
transmission which is attributed to the large membrane deflection (more than 1.5 m), however the
membrane deflection is considerably reduced (to 0.25 m) by manual adjustment. In this configuration,
the filter has a FWHM of 1.6 nm at a wavelength of 450 nm, however the transmission of the filter line is
limited to 13.5%, Fig. 1.10(b).

a)

b)

Fig. 1.10: (a) Cross-section of a silicon-micromachined tunable Fabry-Pérot filter with 7.5 period HfO2/SiO2 mirrors
supported by silicon nitride membranes of 0.4 m thickness for visible light. (b) Measured transmission of the
Fabry-Pérot microinterferometer with adjusted mirrors separated in air by about 2 m. Original figures from [Raley
et al., 1992].

In 1995, Vail et al. reported a Fabry-Pérot filter with Molecular Beam Epitaxy (MBE) grown AlGaAs
based DBRs for the NIR range (900  970 nm) [Vail et al., 1995]. The heterostructure consists of a pdoped 12.5 period Al0.09Ga0.91As/Al0.58Ga0.042As bottom-DBR with the top pair of layers p+-doped for
good contacts, an undoped 1.2 m GaAs sacrificial layer (removed to make an air-gap cavity), and one
period n-doped Al0.09Ga0.91As/AlAs along with a 9 period n-doped AlAs/GaAs top-DBR, all grown on an
n-doped substrate, Fig. 1.11(a). Although, the filter shows a high tuning range for low actuation voltages,

10

i.e. 70 nm at 4.9 V, the maximum transmission of the filter line is only 30% with a minimum FWHM of
8 nm, Fig. 1.11(b).

a)

b)

Fig. 1.11: A Fabry-Pérot filter with AlGaAs DBRs for the NIR range. (a) 3D (top) and cross-sectional (bottom) view
of the filter structure. (b) Transmission of the filter with increasing bias. Original figures from [Vail et al., 1995].

In 1999, Bartek et al. also presented a bulk micromachined MOEMS Fabry-Pérot filter for the VIS range
(design wavelength of 550 nm) based on the design of Raley et al. The filter has sputtered Ag mirrors
supported by a Plasma Enhance Chemical Vapor Deposited (PECVD) silicon nitride (Si3N4) membrane
and a Si frame [Bartek et al., 1999], Fig. 1.12(a). However, the transmission of this filter line is limited to
9%, which is attributed to the absorbance of the Ag mirror, Fig. 1.12(b). The filter has a FWHM of
20 nm which, although common for the infrared (IR) range, is rather high for the smaller wavelength
ranges.

a)

b)

Fig. 1.12: (a) Cross-section of the micromachined Fabry-Pérot optical filter based on Ag mirrors supported by a
Si3N4 membrane and a Si frame. (b) Measured transmittance for an air cavity gap of 500 nm and adjusted parallel
Ag mirrors with thickness of 40 nm. Original figures from [Bartek et al., 1999].

In 2010, Blomberg et al. from VTT Finland reported a TiO2/Al2O3 mirror based Fabry-Pérot filter for the
visible range (design wavelength of 500 nm), [Blomberg et al., 2010]. The filter has 2.5 periods of
Atomic Layer Deposited (ALD) top- and bottom-DBRs, aluminium (Al) layers as top- and bottom-
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electrodes and a polymer sacrificial layer (removed to have an air-gap cavity), Fig. 1.13(a). The filter
shows a transmission line of 67% at a wavelength of 510 nm and a FWHM of 5.4 nm, Fig. 1.13(b).

a)

b)

Fig. 1.13: Schematic cross section of a Fabry-Pérot filter with ALD TiO2/Al2O3 DBRs. (b) Transmission spectrum
of the filter with applied Alternating Current (AC) bias. Original figures from [Blomberg et al., 2010].

However, this filter also suffers from suspension deformation of 1.3 m and hence operates in higher
orders. The filter has a minimum FWHM of 5.4 nm which is rather high and is attributed to the membrane
bending. The high FWHM value can also be attributed to the use of only few periods of high and low
refractive index materials for the DBRs. High bias voltages are required to operate the filter, Fig. 1.14.

Fig. 1.14: Mechanical tuning of a Fabry-Pérot filter with TiO2/Al2O3 DBRs. The filter shows a membrane
displacement of 1.3 m and a tuning of 550 nm for 30 V peak to peak bias. Original figure from [Blomberg et
al., 2010].

In 2011, Gierl et al. also reported a Si3N4/SiO2 based electro-thermally tunable Fabry-Pérot filter for the
infrared range (tuning range of 1515  1617 nm) [Gierl et al., 2011]. They filter has 11 and 11.5 periods
of bottom and top DBRs, respectively. The top DBR is suspended by four 210 m  50 m straight
suspensions, Fig. 1.15. The displacement of the membrane is less than 9.8 m after release.
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a)

b)

Fig. 1.15: Tunable Fabry-Pérot filter fabricated by Darmstadt University of Technology. Filter membrane shifts up
9.8 m after releasing the suspensions. (a) Structure of the Fabry-Pérot filter design. (b) Microscope image of the
Fabry-Pérot filter with four straight suspensions. Original figures from [Gierl et al., 2011].

In 2012, Rissanen et al. also from VTT Finland reported two TiO2/Al2O3 mirror based Fabry-Pérot filters
for the VIS range [Rissanen et al., 2012]. The filters have design wavelengths of 420 and 670 nm to cover
the entire VIS range (400 to 750 nm). The filters have the same design and layer combination as by
Blomberg et al. [Blomberg et al., 2010], Fig. 1.13(a). The maximum transmission line and minimum
FWHM for the filter with design wavelength of 420 nm are 90% and 4 nm, while that for the design
wavelength of 670 nm are 75% and 9 nm respectively, Fig. 1.16(a & b). The filters can be tuned over the
entire stopband range by applying a bias of 0 to 18 V. The high FWHM values are attributed to large
membrane displacements resulting in curved apertures.

a)

b)

Fig. 1.16: (a) Transmission spectrum of the voltage-tuned MOEMS Fabry-Pérot filter at a centre wavelength of
420 nm. (b) Transmission spectrum of the voltage-tuned MOEMS Fabry-Pérot filter at a centre wavelength of
670 nm. Original figures from [Rissanen et al., 2012]

However, using only 2.5 period TiO2/Al2O3 DBRs can also be attributed as a reason for the high FWHM.
Increasing the number of DBR periods in DBRs, for example IBSD layers, can result in lower FWHM
values, however the added layer stress will result in further increased displacement of the membranes
[Setyawati, 2011]. Therefore, for high transmission and low FWHM values, it is necessary to produce
stress free or stress reduced layers.
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State of the Art Tunable Fabry-Pérot Filters at the Institute of Nanostructure Technologies and
Analytics
Fabry-Pérot resonator based tunable filters for the IR range have been an active field of research at the
Institute of Nanostructure Technologies and Analytics (INA) Germany since the early 2000’s [Tarraf,
2005; Irmer, 2005; Ataro, 2005]. More recently (2008-2013), tunable Fabry-Pérot filter arrays for the VIS
and NIR spectral range have been developed under the project name Tunable Optical Sensor Arrays
(TOSA). The project is sponsored by the German Federal Ministry of Education and Research (BMBF)
along with a group of companies. The aim of the project is to develop low-cost and high performance
tunable Fabry-Pérot filter arrays for the VIS and NIR spectral range.
In December 2011, Setyawati reported a TiO2/SiO2 based tunable Fabry-Pérot filter array [Setyawati,
2011], with a first generation design having a central wavelength of 550 nm, Fig. 1.17. The filters consist
of two 5.5 period DBRs and a 275 nm air gap cavity. Both DBRs are deposited with IBSD technology.
The filter membranes are 30 m in diameter and are held with four suspensions, Fig. 1.17(b & e). Filter
membranes with straight suspensions are displaced 9.8 m after the suspensions are released, while filter
membranes with four curl-bent (angled) suspensions are displaced ca. 5 m, Fig. 1.17(b & e). The filters
are not actuable due to large displacement of the membranes after suspension release, resulting in weak
capacitive attraction between the electrodes. Transmission of the filter line is less than 20%, which is
attributed to the large membrane displacement by Setyawati, Fig. 1.17(c). Transmission of the filter line
before removing the mr-UVCur06 polymer cavity is also low (50%), due to the addition of a Ti-prime
layer to improve the adhesion between the cavity polymer (mr-UVCur06) and the IBSD top-DBR which
increases the absorption inside the cavity, Fig. 1.17(d).

14

a)

b)

d)

c)

e)
Fig. 1.17: The membrane of the tunable Fabry-Pérot filter with first generation design and four straight suspensions
shifts up 9.8 m after release. (a) Structure of the Fabry-Pérot filter using the first generation design. (b) SEM
micrograph of the Fabry-Pérot filter with first generation design and four straight suspensions. (c) Filter shows a
20% transmission line after suspension release. (d) Filter has a 50% transmission line before removing the mrUVCur06 polymer cavity. (e) SEM micrograph of the Fabry-Pérot filter with four curl-bent (angled) suspensions.
Original figures from [Setyawati, 2011].

Setyawati also reported a Si3N4/SiO2 based tunable Fabry-Pérot filter array, using the same first
generation design at a central wavelength 650 nm [Setyawati, 2011]. The filters consist of two 9.5 period
DBRs and a 325 nm air-gap cavity. Both DBRs are deposited with PECVD technology. The filter
membranes are 25 m in diameter and are held with four 30 m  8 m straight suspensions,
Fig. 1.19(inset). Average transmission of the filter line is around 60% with a FWHM of less than 4 nm.
The filter has a tuning range of 75 nm for an applied voltage of 30 V, Fig. 1.18.
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Fig. 1.18: Spectral transmission of a Si3N4/SiO2 based tunable Fabry-Pérot filter during electrostatic actuation. The
filter membranes are 25 m in diameter held with four 30 m  8 m straight suspensions (inset). Filter tuning
range is approximately 75 nm for an applied voltage of 30 V, with a FWHM of less than 4 nm. Original figure from
[Setyawati, 2011].

The first generation design has the whole top-DBR on the suspensions. This increases both, the overall
stress of the suspensions as well as their stiffness. As a result, the filter requires high voltages for tuning.
In 2011, a second generation design is hence introduced at INA, aimed at reducing the stress and stiffness
of the suspensions by concentrating the top-DBR at a central membrane supported by only a few layers as
the suspensions.
In August 2012, Schultz reported a Si3N4/SiO2 based tunable Fabry-Pérot filter array for the VIS range
(design wavelength of 650 nm) with the second generation design [Schultz, 2012], Fig. 1.19. The filter
has a suspension consisting of only three layers (1 period Si 3N4/SiO2 and 1 Al electrode layer) called the
carrier layer. The filters have 9.5 period DBRs of Si3N4/SiO2 deposited with PECVD technology. The
9.5 periods of the top-DBR are divided into 8.5 peirods as part of the membrane and 1 period as part of
the suspensions. The filter membranes are suspended by three curved suspensions, Fig. 1.19(b). Shultz
reported a minimum membrane displacement of 1.4 m after release, while the filter transmission line is
tuned up to 67 nm for an applied voltage of 13 V with a minimum FWHM of 1.7 nm.

(a)

(b)

Fig. 1.19: The membrane of the tunable Fabry-Pérot filter with second generation design bend up 1.4 m after
release, (a) structure of the Fabry-Pérot filter using second generation design, (b) SEM micrograph of the FabryPérot filter with second generation design and three curved suspensions. (b) is Original figure from [Schultz, 2012].
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In February 2013, Woit reported a Si3N4/SiO2 based tunable Fabry-Pérot filter array for the NIR range
with a design wavelength of 975 nm [Woit, 2013]. The filter has the same second generation design as
reported by Schultz [Schultz, 2012], Fig. 1.20(a). The filters have 11.5 period DBRs of Si3N4/SiO2
deposited with PECVD technology. The membranes are 70 m in diameter suspended by three
85 m  8 m straight suspensions with a 3/4 thick Si3N4 layer in the suspensions, Fig. 1.20. The filter
shows a maximum transmission line of more than 80%, a tuning range of 78 nm for 40 V of Direct
Current (DC) bias and a minimum FWHM of less than 6 nm, Fig. 1.20(c & d). Woit also reported a
displacement of 800 nm for a 60 m membrane with three 85 m  8 m straight suspensions.

a)

b)

c)

d)

Fig. 1.20: The membrane of the tunable Fabry-Pérot filter with second generation design bend up more than 800 nm
after release. (a) Structure of the Fabry-Pérot filter using second generation design. (b) SEM micrograph of the
Fabry-Pérot filter with second generation design and three straight suspensions. (c) Maximum filter transmission is
more than 80%. (d) The filter has a tuning range of 78 nm for 40 V and the FWHM decreases from 6.27 nm to less
than 6 nm with increasing bias. Original figures from [Woit, 2013].

State of the Art Fabry-Pérot Filters with Non-tunable Cavities
Fabry-Pérot filter based miniaturized spectrometers for the VIS range have also been implemented using
non-tunable cavities [Correia et al., 1998; Wang et al., 2007; Albrecht et al., 2012; Wang et al., 2013; Mai
et al., 2012]. Such filters, with multiple cavities having distinct heights, can easily be fabricated in a
single step using 3D nanoimprint lithography [Ji et al., 2010; Albrecht et al., 2012; Wang et al., 2013],
Fig. 1.21. However, such filters have an unavoidable cavity material absorption; resulting in lower cavity
transmission compared to air-gap cavity filters. Furthermore, the Free Spectral Range (FSR), Section 2.3,
and the reflectivity within the cavity of Fabry-Pérot filters strongly depend on the refractive index
contrast between the cavity and surrounding material. Organic polymers are mostly used as cavity
17

material in filters with non-tunable cavities [Albrecht et al., 2012; Wang et al., 2013], which usually have
refractive indices more than 1 (typically, 1.35  1.6). Therefore, Fabry-Pérot filters with polymer cavities
have lower refractive index contrast between the cavity and surrounding material compared to air gap
cavities. The result is that (comparatively) air-gap cavities have much higher transmission and FSR
values.

Fig. 1.21: Fabry-Pérot filter based sensor array with multiple cavity heights (Top), fabricated using 3D
nanoimprint lithography, and calculated transmission lines (Bottom).
Summary and Discussion
Table 1.1 summarizes the properties of all the tunable filters discussed above. Based on DBR material and
deposition technology, the different filters are compared and contrasted below.
The poor optical quality of metals and thermally evaporated dielectric materials in the VIS and NIR
wavelength range, makes them poor choices for high quality applications in these wavelength ranges.
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PECVD provides a low cost and fast fabrication method of dielectric mirror fabrication for MEMS FabryPérot filters. However, PECVD layers can be fabricated either with high optical quality or low stress
[Irmer, 2005]. Deposition at high temperature (e.g. 300 C) results in high optical quality but highly
stressed layers. On the other hand, low temperature deposition (e.g. 60 C) results in low stressed layers
but low optical quality. Furthermore, PECVD layers are non-homogenous and lack reproducibility due to
the inability for in-situ measurement and control of deposition rate and film stoichiometry. This makes
PECVD layers a poor candidate for high quality applications.
Table 1.1: Tunable Fabry-Pérot filters for the VIS and NIR range.
Author (Year)
Raley
et
al.
(1992)
Vail et al. (1995)
Bartek et al.
(1999)
Blomberg et al.
(2010)
Gierl
et
al.
(2011)
Rissanen et al.
(2012)
Rissanen et al.
(2012)
Setyawati (2011)
Setyawati (2011)
Schultz (2012)
Woit (2013)

DBR Material and
Technology

Design 
(nm)

Max. Tx
(%)

FWHM
(nm)
1.6

Tuning
Range/ Bias
(nm/V)


Membrane
Displacement
(μm)
>1.5

Thermally
evaporated
HfO2/SiO2
MBE Al0.09Ga0.91As/
Al0.58Ga0.042As
Thermally evaporated Ag

450

13.5

950

30

8

70 / 4.9



550

9

20





ALD TiO2/Al2O3

510

67

5.4





Si3N4/SiO2

1550



1

105 / 35

9.8

ALD TiO2/Al2O3

420

90

4

150 / 18



ALD TiO2/Al2O3

670

75

9

150 /18



IBSD TiO2/SiO2
PECVD Si3N4/SiO2
PECVD Si3N4/SiO2
PECVD Si3N4/SiO2

550
650
650
975

20
63

80


>4
1.7
6


75 / 30
67 / 13
78 / 40

9.8

1.4
0.8

MBE grown GaAs/AlGaAs DBRs provide very good reproducibility and have been used as mirrors for
Fabry-Pérot filters for the NIR range. However, these filters suffer from poor optical quality which is
attributed to the high absorption of GaAs and AlGaAs at the NIR range, [Palik, 1998]. The absorption of
GaAs and AlGaAs increases further for lower wavelengths, [Palik, 1998].
IBSD produces films with excellent optical properties and homogenity. Furthermore, the optical
properties of these films are highly reproducible. IBSD dielectric mirrors, hence provide the best solution
for Fabry-Pérot filters in the VIS and NIR range. However, such films are highly stressed and only few
layer periods are possible for the DBRs. The low reflectivity due to few layer periods combined with
stress induced bending results in high FWHM values for such filters. Stress reduction techniques during
film growth combined with smart filter structure design can be used to produce high optical quality filters
with improved mechanical performance.
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1.6. Recent Interference Bandpass Filters
As discussed in Section 1.2, a bandpass filter is required to block the wavelengths outside the stopband of
the Fabry-Pérot filter DBRs. Not much has been reported on interference band-pass filters. In 2008,
Asghar et al. reported a non quarter-wave thickness TiO2 and tantalum pentoxide (Ta2O5) based bandpass
filters in the VIS range [Asghar et al., 2008]. The filters are designed using a commercial thin film design
software, TFCALC (Version 3.5, 2002) from Spectra Inc.. The filters consist of 33 alternating layers, each
of TiO2/SiO2 (total thickness = 2.4 m) and Ta2O5/SiO2 (total thickness = 2.6 m) and are optimized
using the Needle optimization technique [Larouche & Martinu, 2008]. The filters are deposited using
reactive e-beam evaporation at a constant substrate temperature of 200C. The filters show an average
transmission of > 90% in the VIS range (450  650 nm) and < 1% transmission outside the VIS range,
Fig. 1.22.

a)

b)

Fig. 1.22: Designed and measured spectra of a (a) 33 layered TiO2/SiO2 band-pass filter and a (b) 33 layered
Ta2O5/SiO2 band-pass filter fabricated using reactive e-beam evaporation and annealed at 150 C for 10 hours.
Original figures from [Asghar et al., 2008].

In 2010, Asghar et al. reported another non quarter-wave ZrO2 based band-pass filter [Asghar et al., 2010]
with an average transmission of > 90% in the VIS range (400  700 nm) and < 2% outside the VIS range
(700  1100 nm), Fig. 1.23. The filter is designed with the commercial software TFCALC and is
composed of 32 alternating Radio Frequency (RF)-magnetron sputtered ZrO2 and SiO2 layers (total
thickness = 4 m).
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Fig. 1.23: Designed and measured spectra of a 32 layered ZrO 2/SiO2 band-pass filter fabricated using RF-magnetron
sputtering. Original figure from [Asghar et al., 2010].

However, the number of layers and the overall thickness of the interference bandpass filter increase
immensely with an increasing stop range. Dielectric DBRs for Fabry-Pérot filters, typically have
stopbands of 90 to 182 nm in the VIS range and 125 to 316 nm in the NIR range, based on the high and
low refractive index material combination. On the other hand, Si based CCDs have a photosensitivty
range of 300  1100 nm. Therefore, a wide blocking range is required, resulting in an increase in the
number of required layers for the filter design. Fabricating bandpass filters with such large number of
layers accurately, and with high optical and mechanical performance, is a challenging task.

1.7. Thesis Outline
Chapter 1 presents the motivation and introduces the tunable optical sensor array and its constituent
elements. It summarizes recent MEMS based tunable Fabry-Pérot filter and bandpass filter designs and
details the objectives of this work.
Chapter 2 details the fundamentals of Fabry-Pérot filter design, including thin film interference and DBRs
as main components of the filter. It also explains electrostatic actuation in MEMS based Fabry-Pérot
filters.
Chapter 3 details the different technological processes involved in MEMS micro-machined fabrication.
Optical and mechanical characterization methods are also explained in this chapter.
Chapter 4 discusses different optical materials and metals for the design of Fabry-Pérot filters. Optical
and mechanical characterization and optimization results are also presented and discussed in this chapter.
Chapter 5 presents a mechanically optimized next generation MEMS Fabry-Pérot filter design. Different
technological fabrication steps are discussed and results of prototype devices are presented.
Chapter 6 presents simulation and experimental results for two different bandpass filter designs.
Chapter 7 summarizes and concludes the work done in this thesis as well as proposes future research
work for the tunable optical sensor arrays.
21

Chapter 2
Fundamentals of Fabry-Pérot Filter
Design

T

his chapter explains the interaction of light with matter, MEMS based Fabry-Pérot filters; optical
properties and actuation principle, and Stoney equation as a means of quantifying thin film stress.
The explanations are based on [Kasap, 2001; Thelen, 1989; Brenner & Senderoff, 1949; Ohring,

2001].

2.1. Light Interaction with Matter
Maxwell’s equations define the propagation of light (electromagnetic) waves through vacuum. The speed
of light waves in vacuum c is 3108 m/s. However, the speed of light changes when it travels through a
medium and is determined by the complex refractive index ñ of the medium. As light waves propagate
through the medium, wave energy is absorbed due to electronic, atomic and molecular oscillations and
transitions (Fig. 2.1). The complex refractive index is defined by ñ = n  ik, where k is the extinction
coefficient and defines the absorption of the medium, and n is the real part of the refractive index. The
index n is related to the phase velocity vPh of the waves such that n = c / vPh. Where phase velocity is the
speed at which the crests and the phase of a monochromatic wave move in the medium.
The material refractive index is not a constant quantity and varies with the wavelength of the incident
light. The dependence of the refractive index on wavelength is referred to as material dispersion. For
wavelength regions, where the absorption is high, the refractive index also shows strong dispersion,
Fig. 2.1. Materials typically have absorption bands in the UV range due to electronic transitions, and IR
range due to molecular vibrations, Fig. 2.1. Some materials also have absorptions in the VIS range.
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Fig. 2.1: Absorption of wave energy by electronic and atomic oscillations as electromagnetic waves travel through a
material. (Top and middle) Refractive index and extinction coefficient with increasing wave frequency. Most
materials have electronic transitions at the UV range and atomic oscillations at the NIR range. (Bottom) Refractive
index variation of SiO2 as a function of wavelength. Original figure from [Hillmer, 2013].
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The complex refractive index is connected to the complex dielectric coefficient ~ = ε′  iε″ by the
Kramers-Kronig relationship [Tompkins, 2006];

~  n~ 2

(2.1)

   i   n  ik 2

(2.2)

    n2  k 2

(2.3)

    2nk

(2.4)

Contrary to the complex refractive index, which describes the behavior of light as it passes through a
medium, the complex dielectric constant describes the behavior of the medium in the presence of an
external electic field.

2.2. Interference of Light Waves
Young proved the wave nature of light in his famous double slit experiment. Interference fringes (dark
and bright spots) are observed when light is allowed to pass through two closely spaced slits and fall onto
a screen. The areas on the screen where the path length difference between the interfering waves is an
integer multiple of wavelengths, result in a maxima due to constructive interference. Alternatively, if the
path length difference is a half-integer multiple, then destructive interference leads to a minima. Similar
effects are observed for light reflecting from the boundary of different media (e.g. thin film on a
substrate), Section 2.2.1.
For light waves travelling normally from a low (n1) to high (n2) refractive index medium, the reflected
waves have a negative Fresnel reflection coefficient r (Equation 2.5) i.e. the rays suffer a phase shift of
180 or  radians at the interface boundary. Alternatively, if the light waves are travelling from a high (n1)
to low (n2) refractive index medium, the reflection coefficient is positive and no phase shift is observed.

r

n1  n2
n1  n2

(2.5)

For normal incidence, the reflectivity R of the waves from the boundary of the two media with refractive
indices n1 and n2 is given by;

n n 
R   1 2 
 n1  n2 

2

(2.6)

From Equation 2.6, the higher the refractive index contrast between the media, the higher the reflectivity
of the light waves.
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2.2.1. Interference in Quarter-wave Thin Films
A thin film is a very thin layer of a material, with thickness in the sub-nanometer to micron range. Thin
films can be achieved by chemical deposition, physical deposition or spin coating, on a supporting
substrate. When light waves pass through a transparent thin film, the incident waves are reflected from the
top and bottom boundaries of the thin film due to change in refractive index. The reflected waves from
the two boundaries interfere with each other and recombine to form a new light wave. This phenomena is
called interference in thin films.
Figure 2.2 shows an exemplary thin film coating on a glass substrate such that n2 > n1 > n3. For the
reflected light waves to interfere constructively, the path length difference of the interfering waves must
be equal, or an integral multiple of 2 radians. For n2 > n1 > n3, the path length difference is equal for an
optical film thickness (physical thickness  n) of o/4 or a so called quarter-wave.

Fig. 2.2: A high refractive index TiO2 film is coated on a glass substrate. The refractive index of TiO 2 (n2 = 2.4) is
higher than both the surrounding medium i.e. air (n1 = 1) and glass (n3 = 1.4). Light waves interfere constructively
for an optical film thickness of o/4 or a so called quarter-wave.

The ray model of light propagation can be used to explain the interference of the reflected beams from the
boundaries of the exemplary thin film coating of Fig. 2.2. The incident beam I has a phase o at the
interface a. After reflection, the new beam RA undergoes a phase shift of  radians, since it travels from a
low (air) to high (TiO2) refractive index medium, Equation 2.5. On the other hand, at the interface b, the
beam RB undergoes no phase shift since it is reflected from a high (TiO2) to low (Glass) refractive index
medium. However, beam RB undergoes extra phase delays (2  /2) due to the extra path length it travels,
Equation 2.4.

 A  o  
 B  o 


2




2

 o  

(2.7)
(2.8)

Equation 2.7 and Equation 2.8 show that the reflected beams are in phase, as they reach interface a, and
hence result in constructive interference. Therefore, all beams with wavelengths o, after reflection from
the top and bottom boundaries of the thin film, are in phase and result in constructive interference.
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The optical path is a function of the refractive index and the physical thickness of each layer, as well as
the incident angle. Generally, constructive interference will occur for a physical film thickness d such
that;

d

m
o ,
4n

where m = 1, 2, 3, ….

(2.9)

Equation 2.9 is valid for normal incidence. Films with thickness d such that it satisfies the above equation
for a particular design wavelength o are referred to as quarter-wave plates or quarter-wave thin films.
Quarter-wave plates have a high reflection for the design wavelength o.

2.2.2. Distributed Bragg Reflectors and their Optical Properties
If multiple quarter-wave thin films of alternating high and low indices (called periods) are arranged in the
form of a stack as shown in Fig. 2.3, the resulting structure is highly reflecting and is called a Distributed
Bragg Reflector (DBR). Each layer boundary causes a partial reflection of light beams. All the beams
reaching the interface a, are in phase and combine with constructive interference (Equations 2.10  2.13),
and the layers act as a high-quality reflector.

 A  o  
 B  o 


2




2

 o  

(2.10)
(2.11)

 C   o         o  3

(2.12)



 D   o  3  3   o  3

(2.13)

2

2

Fig. 2.3: The structure of a DBR which is formed by two alternating high and low index mediums on top of a glass
substrate.
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DBRs are generally formed by dielectric film coatings with alternating high (H) and low (L) refractive
indices. For vertical incidence and neglecting absorption, the reflectivity R of a DBR is given by;

 no nH 2 N  ns nL 2 N
R  
2N
2N
 no nH   ns nL 






2

(2.14)

where, no, nH, nL and ns are the refractive indices of the surrounding medium, the two alternating materials
and the substrate respectively and N is the number of periods.
The reflectivity of a DBR can be improved by increasing the refractive index contrast between the high
and low refractive index materials or increasing the number of DBR periods, Equation 2.14 and Fig. 2.4.

a)

b)

c)

Fig. 2.4: Simulation of the light intensity which travels into AlAs/GaAs based DBR; (a) using 5 periods AlAs/GaAs,
around half of light waves are reflected, R = 45.6162%; (b) using 10 periods AlAs/GaAs, still a few light waves can
pass through the DBR, R = 85.8933%; (c) using 15 periods AlAs/GaAs, nearly all light waves are reflected by the
DBR, R = 96.90024%. Original figures from [Tsui, 2010].

The reflectivity of a DBR is highly dependent on the wavelength of the incident light. The DBRs are
highly reflective (over 99%) for a band of wavelengths called the transmission stopband or simply the
stopband of the DBR, Fig. 2.5. The bandwidth of the stopband Δλo is given by:

o 

4o

 n  nL 

sin 1  H

 nH  nL 

(2.15)

where λo is at the centre of the stopband, also known as the centre wavelength or the design wavelength of
the DBR, of which every layer is quarter-wave thick. The centre wavelength of the DBR is a function of
the incident angle  and the period of the alternating layers , given by the Bragg condition;

o 

2no 
sin 
m

(2.16)

where no is the refractive index corresponding to the centre wavelength of the DBR λo.
DBRs are the most commonly used reflectors in Fabry-Pérot filters, due to their high reflectance and low
absorption compared to metal mirrors.
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Fig. 2.5: Transmission spectrum of a 5.5 period Nb2O5/SiO2 DBR with a centre wavelength of 550 nm. Shown is the
stopband of the DBR.

2.3. Fabry-Pérot Filters and their Properties
Fabry‐Pérot filters are narrow band optical filters in the form of a Fabry‐Pérot resonator, introduced first
in 1899 by Charles Fabry and Alfred Pérot [Hernandez, 1986]. Based on multi beam interference, a
Fabry-Pérot resonator transmits a narrow band of wavelengths while reflecting wavelengths outside that
band.
A standard Fabry-Pérot resonator consists of two highly reflective mirrors placed parallel to each other
forming an optical resonance cavity between them. The cavity is in resonance mode for wavelengths
forming a standing wave inside the cavity. All the wavelengths resulting in a resonance mode inside the
cavity are nearly 100% transmitted due to constructive interference of the waves. On the other hand, all
other wavelengths are highly reflected. For normal incidence, the output wavelength λc (also referred to as
the centre wavelength or the design wavelength) of a Fabry-Pérot filter is given by;

c  2

nc dc
m

(2.17)

where nc is the refractive index of the cavity material and dc is the cavity thickness. Equation 2.17 shows
that a change in cavity thickness will result in a change in the output wavelength of a Fabry-Pérot
resonator. Thus, a Fabry-Pérot resonator can be constructed with a certain cavity thickness to serve as a
filter; transmitting certain wavelengths while reflecting others. More importantly, a Fabry-Pérot resonator
with an adjustable cavity thickness can be used as a wavelength selective tunable filter.
The output wavelength of the Fabry-Pérot filter is referred to as the filter transmission line or simply the
transmission line in this work, while the output wavelength which is exactly twice the optical thickness
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(ncdc) of the cavity is referred to as the centre wavelength or the design wavelength of the Fabry-Pérot
filter. Other figure of merits of a Fabry-Pérot resonator are the Free Spectral Range (FSR), Full Width at
Half Maximum (FWHM) and Finesse (Fig. 2.6), and are explained below for an ideal Fabry-Pérot filter
with no absorption and normal incidence.

Fig. 2.6: Transmission pattern showing the FSR, FWHM and Finesse of a simple Fabry-Pérot resonator. Original
figure from [Rauscher et al., 2007].

The cavity of a Fabry-Pérot resonator is in resonance mode for multiple wavelengths fulfilling the
resonance condition (Equation 2.17) resulting in multiple transmission maxima, Fig. 2.6. FSR is defined
as the wavelength difference between two successive transmitted optical intensity maxima, given by;

FSR 

c
2nc d c

(2.18)

FSR is correlated with the refractive index n of the cavity material and the distance between the two
mirrors dc. The speed of light being constant, FSR is defined completely by the optical thickness of the
cavity ncdc. Furthermore, for a given wavelength, cavity materials with lower refractive indices result in
higher FSR values. Air-gap cavities (nc = 1) lead to higher FSR values compared to polymer based
cavities (nc  1.4).
Finesse is determined by the reflectivity R of the Fabry-Pérot resonator mirrors, given by;

Finesse 

 R
1 R

(2.19)

For high Finesse, the reflectivity of the mirrors should be as high as possible. Higher Finesse is desired
for filter applications, Fig. 2.7. To achieve high Finesse, DBRs are used as the Fabry-Pérot resonator
mirrors in filter applications. DBRs with high number of layers and high index contrast of the constituent
layer materials result in very high reflectivity (Fig. 2.4) and hence high Finesse.
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Fig. 2.7: High finesse values are defined by high reflectivity. High finesse leads to lower values of FWHM and is
desired for filter applications.

The width of the transmission maxima are measured at their half maximum, called FWHM. FWHM
depends on the FSR and Finesse and is given by;

FWHM 

FSR
Finesse

(2.20)

The Finesse (FSR / FWHM) therefore defines the resolution of the Fabry-Pérot resonator.

2.3.1. MEMS based Tunable Fabry-Pérot Filters
For air-gap filters, the thickness of the cavity equals to half of the transmission wavelength which can be
changed by varying the cavity thickness. The air-gap cavities of Fabry-Pérot filters can be actuated by
varying an electric field between the two DBRs, Fig. 2.8.

Fig. 2.8: The transmission wavelength of a Fabry-Pérot filter changes by varying the cavity thickness using an
electric field. Original figure from [Hillmer, 2014].
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Such tunable filters can be achieved by the integration of mechanical elements and microelectronics
through the utilization of micro-fabrication technologies [Nagarajan et al., 2005]. The integration of
Optical and Micro-Electro-Mechanical System (MEMS) components is referred to as Optical-MEMS or
simply MEMS.
The MEMS based tunable Fabry-Pérot Filter consists of top- and bottom-DBRs, top- and bottomelectrodes, cavity, suspensions and membrane, Fig. 2.9(a). The top-DBR is freely suspended on a
membrane over the bottom-DBR by the suspensions, Fig. 2.9(b). The top- and bottom-electrodes are used
to apply an electric field, which can control the displacement of the suspensions and the membrane.

a)

b)
Fig. 2.9: (a) Schematic representation of the different parts of a MEMS tunable Fabry-Pérot filter. (b) SEM
micrograph of the membrane, suspensions and the top-DBR of a tunable Fabry-Pérot filter.

2.3.2. MEMS Electrostatic Actuation: Principles and Limits
At micro and nanometer scales, the electrostatic force is the most dominant force compared to other
fundamental forces, Fig. 2.10. Therefore, electrostatic actuation is used in this work for tuning the filters.
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Fig. 2.10: At the micro and nanometer scale, the electrostatic force is the most dominant force. Dimensions of a
body are scaled in each direction (x,y,z) by the same factor (a1). As a result, the effect of inertia and gravitational
forces on the body is reduced by a power coefficient of 4 and 3 respectively, while that for the electrostatic force is
reduced by only a power coefficient of 2. Original figure from [Hillmer, 2014].

Two conducting thin films are included in the top- and bottom-DBR layer stacks to function as electrodes.
The bottom-DBR and electrode are fixed on the substrate while the top-DBR and electrode are suspended
by several suspensions in the form of an elastic capacitor. A first order-approximation of this device
consists of one fixed plate and another suspended in parallel by a linear spring, Fig. 2.11. Applying an
electric bias voltage V between the top- and bottom-electrodes results in an electrostatic attractive force
FE, given by;

FE  

d 1
AV 2
2
CV



2
dz  2
 2dc  z 

(2.21)

where is the permittivity of free space, A is the overlapping conducting area of the two capacitor plates,
dc is the cavity thickness under zero applied bias, z is the displacement due to electrostatic attraction
between the plates, while the capacitance C is given by;

C

A
dc  z

(2.22)

The restoring force FR of the suspensions can be represented by a spring of spring constant Keff
(Fig. 2.11), such that;
FR  Keff z
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(2.23)

Fig. 2.11: Schematic representation of a one dimensional parallel plate electrostatic actuator. Redrawn after [Rocha
et al., 2004].

At equilibrium, the electrostatic force is balanced by the restoring force;

FE  FR
AV 2

2dc  z 

2

(2.24)

 Keff z

(2.25)

Keff represents the effective structural stiffness. For a rectangular plate or a small circular membrane
suspended by four suspensions, Keff is given by [Mateus, 2004; Zhu & Espinosa, 2004];

K eff  32

Ywt 3
 (1   ) wt
8
3
l
l

(2.26)

where t, l and w are the plate or suspension thickness, length and width, Y is the Young’s modulus,  is
the residual stress and  is the Poison’s ratio of the suspension material.
The main disadvantage of using electrostatic actuation is the non-linear nature of motion that occurs with
increasing bias voltage, leading to unstable displacements and consequent failure of the device. Solving
Equation 2.25 for the applied voltage V;

2dc  z  Keff z
2

V

A

(2.27)

As the applied voltage is increased above a certain critical value (Pull-in Voltage Vpi), the elastic force
exceeds the restoring force, and the top-DBR suspensions collapse into the bottom-DBR plane. The pullin voltage is given by [Zhu & Espinosa, 2004];
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8K eff dc

Vpi 

3

27A

(2.28)

As an approximate rule of thumb, the maximum equilibrium displacement zpi right before pull-in and the
pull-in gap dpi are given by [Zhu & Espinosa, 2004; Walmsley, 2007];

z pi 

dc
3

(2.29)

d pi 

2
dc
3

(2.30)

Using electrostatic actuation, the cavity thickness of a Fabry-Pérot filter can therefore be reduced up to
two-third of its original thickness.
The first-order linear spring approximation explained above is valid for plate deflections smaller than the
plate thickness. However, for MEMS structures, the plate deflection is tens of times larger than its
thickness. Hence, a Duffing spring with a non-linear term is a better approximation of the capacitive
actuator shown in Fig. 2.11. The force balance equation (Equation 2.25) now becomes [Rebeiz, 2004];

AV 2

2dc  z 

2

 K1 z  K3 z

(2.31)

where,

K1  32

Ywt 3
 (1   ) wt
8
3
l
l2

(2.32)

and

K3 

 4Ywt
8l 2

(2.33)

The first order term in the Duffing equation1 (Equation 2.31) arises from the plate bending and residual
stress, and the third order term originates from the strain stiffening effect. As the plate deflects, the plate
stiffness increases due to in-plane strain. At large deflection, the strain stiffening effect can become
dominant; which not only increases the pull-in voltage but also the maximum deflection right before pullin. In general, the spring restoring force and the maximum deflection right before pull-in are related as
[Hung & Senturia, 1999];

FR  Kz m

(2.34)

The Duffing equation is a non-linear second-order differential equation used to model certain damped and driven
oscillators. In physical terms, it models, for example, a spring pendulum whose spring's stiffness does not exactly
obey Hooke's law.

1

34

d pi 

2
dc
2m

(2.35)

where K and m are index factors representing the constitutive relationship (for example m = 1, 2, 3). For
small deflections, where bending and residual stress are dominant, m = 1 and the gap at pull-in is 2/3 of
the original cavity thickness. Whereas, for large deflections where the strain stiffening effect is dominant,
m = 3 and the gap at pull-in is 2/5 of the original cavity thickness. In practice, the pull-in gap lies between
2
dc
3

2

and 5dc, depending upon the structure geometry and the residual stress state, see [Zhu & Espinosa,

2004].

In practice, the deflection along the plate is not uniform due to the plate constraints. The electrostatic field
is accordingly position dependent rather than uniform, as assumed in the one-dimensional model
explained above. Under distributed electrostatic force, the plate deflection of a rectangular plate with its
width comparable to its length and short wide beams (l < 5w) (Fig. 2.12), is given by a differential
equation [Zhu & Espinosa, 2004];

AV 2

2dc  z 

2

  (1   ) wt

d 2z ~ d 4z
 YI 4
dx 2
dx

(2.36)

where w and t are the plate width and thickness. The plate modulus Ỹ, which is the reduced elastic
modulus due to restricted transverse bending [Hopcroft et al., 2010], and the moment of inertia I are given
by;

~
Y 

Y
12

(2.37)

and

wt 3
I
12

(2.38)

Fig. 2.12: Schematic of non-uniform plate deflection, resulting in a distributed electric field. Original figure from
[Zhu & Espinosa, 2004].
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The fringing field is neglected, since the cavity length in MEMS Fabry-Pérot filters is much smaller
compared to the plate length. For large deflections, the strain stiffening effect must be included and the
differential equation defining the plate deflection becomes;

AV 2

2dc  z 

2

Ywt  dz 

 
2  dx 

2

 d 2z 
 d 2z  ~  d 4z 
 2    (1   ) wt  2   YI  4 
 dx 
 dx 
 dx 

(2.39)

where the term on the left hand side arises from the electrostatic force, the first term on the right arises
from the non-linear kinematics, the second term on the right derives from the residual stress and the third
term on the right arises from inertial effects, see [Zhu & Espinosa, 2004].
Equation 2.39 is valid for rectangular and circular plates as well as circular membranes having
suspensions with plane symmetry.

2.4. Stress in Thin Films
Residual stress in thin films arises due to differences between the in-plane dimensions of the film and the
substrate. The stress appears in the plane of the film: with no stress in the direction normal to the film
plane [Misra & Nastasi, 2007].
Residual film stress in thin films can be extrinsic or intrinsic in nature. Extrinsic stress arises because of
external effects subsequent to deposition e.g. thermal expansion or contraction due to different thermal
expansion coefficients of the layers and the substrate. All non-thermal effects are summarized as intrinsic
stress.
The stress in thin films will ultimately be transferred to the substrate, resulting in substrate deformation.
A film with smaller inplane dimensions than the substrate will bend the substrate concave upwards
under tensile stress [Ohring, 2001], Fig. 2.13(a). While a film with larger inplane dimensions than the
substrate will bend the substrate convex outward under compressive stress [Ohring, 2001], Fig. 2.13(b).
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a)

b)

Fig. 2.13: An illustration of the substrate bending caused by thin film residual stress. (a) A film with smaller inplane dimensions than the substrate will develop a concave structure and is said to be under tensile stress, (b) while a
film with larger in-plane dimensions than the substrate will develop a convex structure and is said to be under
compressive stress. Redrawn after [Ohring, 2001].

As a convention in this work, compressive stress is considered to be negative, whereas tensile stress is
positive.

2.4.1. Stoney Equation: Quantifying Stress in Thin Films
The bending in the substrate can be used not only to determine the nature of the stress, compressive or
tensile, but can also be used to quantify the amount of stress. This section derives the Stoney Equation for
residual stress measurement in thin films [Stoney, 1909]. The derivations and explanations are based on
[Stoney, 1909; Ohring, 2001; Brenner & Senderoff, 1949].
Consider a film of thickness tf on a substrate of thickness ts where the in-plane film stress f results in a
curvature of the substrate. The stress distribution in a vertical section of a beam or plate is a linear
function of the beam or plate thickness. For example, in a downward bending, the bending stress value
ranges from a maximum tension of +σm at the top free surface, down to a maximum compression of σm
at the bottom free surface. Therefore, there exists a neutral plane along the length of the film with
unaltered length. Figure 2.14 shows a cross-section of the film and substrate as well as the resulting stress
distribution. Also shown is the neutral axis (dotted line in Fig. 2.14). If the film thickness is very small
compared to the substrate thickness (tf << ts), then the central plane along the thickness of the substrate
can be taken as the neutral plane. It is noteworthy here that the neutral plane and the plane with zero stress
lie at different positions along the thickness of the bent substrate. For a beam or plate to be in equilibrium
state, the sum of the moments of the substrate Ms and the film Mf about the neutral plane should be zero,
as in Equation 2.40.
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Fig. 2.14: Schematic diagram showing the stress distribution in film and substrate and the corresponding bending
moments, based on explanations from [Ohring, 2001] and [Brenner & Senderoff, 1949]. Also shown is the neutral
axis (dotted line).

M s  M f    zdA  0

(2.40)

where A is the cross-sectional area and z is the perpendicular distance from the neutral axis. Assuming the
thickness of the film is very small compared to the substrate thickness, the moment of the film due to the
film stress with respect to the neutral plane is given by force times the perpendicular distance from the
neutral axis;

M f  ( f Wt f )

ts
2

(2.41)

where W is the width of the film. The moment produced by the stress in the substrate is given by;

Ms  W

ts / 2

 z z dz
s

t s / 2
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(2.42)

For biaxial bending, the stress in a bent beam is given by Hooke’s Law;

 ( z)  Y

 ( Rc  z )  Rc 
l ( z )
z
2
  Y
Y
l
Rc
2 Rc





(2.43)

where Y and z are the Young’s modulus and thickness of the bent beam, and Rc and θ are the radius of
curvature and the subtended angle of the neutral axis. The above equation shows that the tensile stress at
the top of the beam is positive while the compressive stress at the bottom of the beam is negative.
Substituting this value in Equation 2.42;

WYs
Ms 
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ts / 2

2
 z dz 

t 2 / 2

WYsts3
12 Rc

(2.44)

Substituting the values of Mf (Equation 2.41) and Ms (Equation 2.44) in Equation 2.40.

WYsts3  f Wt f ts
M 

0
12 Rc
2

(2.45)

ts2
  f  Ys
6 Rct f

(2.46)

Equation 2.46 is called the Stoney equation [Stoney, 1909].

2.4.2. Modified Stoney Equation: The Biaxial Stress Case
The Stoney equation does not account for the elastic strain in the z-plane due to the biaxial expansion in
the xy-plane. Thin films deposited on substrates can freely relax in the out of plane direction (z-plane) and
are only constrained in the in-plane direction (xy-plane), Fig. 2.15. According to Hooke’s law;

  Y  Es

(2.47)

where Y is the Young’s modulus and Es is the elastic strain given by the change in length to the original
length (l/l). To compensate for the expansion in the xy-direction, the film shrinks in the z-direction,
given by the Poisson’s ratio ;



t t
l l
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(2.48)

Fig. 2.15: Biaxial isotropic stress in thin films. The film is constrained in the xy-plane and can freely relax in the zdirection.

For the 3-dimensional case Hooke’s law becomes;





(2.49)





(2.50)





(2.51)

Esx   x    y   z  Y

Esy   y    x   z  Y
Esz   z    x   y  Y
For the biaxial isotropic case, Hooke’s law becomes;

  B  Es

(2.52)

z  0

(2.53)

x y

(2.54)

where as B is the Biaxial modulus. Equation 2.38 and Equation 2.40 therefore become;

Esx   x 1    Y  Esy

(2.55)

 sz   2 x Y

(2.56)

Y
Esx
1

(2.57)

Rearranging Equation 2.55;

x 

Comparing the above equation with the biaxial Hooke’s law;
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Y
1 

(2.58)

Replacing the Young’s modulus with the Biaxial modulus in Stoney’s equation we get the modified
Stoney equation;

f 

Ys
ts2
1  s  6Rct f

Equation 2.59 is used in this work to quantify the stress of thin films.
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(2.59)

Chapter 3
Fundamentals of Fabrication
Technologies and Characterization
Methods

M

icro-Electro-Mechanical Systems (MEMS) are fabricated using either bulk
micromachining or surface micromachining. Bulk micromachining achieves
microstructures by selectively etching inside silicon wafers, while surface
micromachining achieves microstructures by thin film deposition and selective etching of
different structural layers on top of a substrate [Bustillo et al., 1998]. In this work, surface
micromachining is used to fabricate optomicromechanical (Optical MEMS or MOEMS) filter
arrays on top of glass substrates. Figure 3.1 shows exemplary processing steps of surface
micromachining, i.e. deposition, etching and lithography. The technologies and devices used in
the fabrication and characterization of tunable Fabry-Pérot filter arrays are presented in this
chapter.
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a)

b)

c)

d)

e)

f)

g)
Fig. 3.1: Exemplary processing steps of surface micromachining. (a & b) A polymer is spin coated and a thin film is
deposited on a cleaned substrate. (c & d) Photoresist is structured by exposing it with UV light through a photomask.
(e) The thin film layer is etched anisotropically using the photoresist mask layer. (f) Photoresist is removed. (g) The
underlying polymer layer is etched isotropically using the top thin film layer as a mask.

3.1. Thin Film Deposition Technologies
Thin film deposition technologies are used to deposit films with thicknesses of tens of nanometers to a
few micrometers on substrates or previously coated films, Fig. 3.1(b). Different deposition technologies
are available with their specific advantages and limitations; with respect to process specifications,
material limitations, thin film properties, and cost [Seshan, 2012]. These technologies broadly fall into
two categories; Chemical Vapor Deposition (CVD) and PVD. In CVD, a hot substrate is exposed to
precursor gases which react chemically on and near the substrate surface resulting in thin film deposition
on the substrate [Park & Sudarshan, 2001]. Commonly used CVD technologies are Plasma Enhanced
CVD (PE-CVD), Atmospheric Pressure CVD (AP-CVD) and Low Pressure CVD (LP-CVD). Unlike
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CVD, PVD processes are purely physical; in which the material is vaporized from a source and
transported through vacuum or a low pressure environment to the substrate, where it condenses to form a
film [Mattox, 2010]. Common methods to vaporize materials from a source are resistance heating,
sputtering and electron beam evaporation. PVD technologies include thermal evaporation, Electron Beam
PVD (EB-PVD), IBSD, D-IBSD and Molecular Beam Epitaxy (MBE). In this work, oxide thin films
deposited using D-IBSD technology while metal thin films are deposited using EB-PVD and thermal
evaporation. Detailed techniques of D-IBSD, EB-PVD and thermal evaporation are presented below.

3.1.1. Dual Ion Beam Sputter Deposition
Sputtering Mechanism
Sputtering is the removal of surface material of a solid target under energetic particle bombardment. Ions
are used usually for bombardment, since they can easily be accelerated to a defined energy, while target
materials can be metals, semiconductors, insulators or even organic materials. When a target material is
bombarded with energetic ions, a small fraction of the bombarding ions is backscattered (or reflected) in
the form of neutral atoms, after colliding with surface and near surface atoms of the target. These
backscattered atoms have a broad energy distribution and their flux not only depends on the energy and
mass of the incident ions but also on the mass of the target atoms [Mashkova & Molchanov, 1972;
Verbeek et al., 1978; Eckstein & Verbeek, 1984; Maskova & Molchanov, 1985]. Majority of the incident
ions are trapped in the target bulk after transferring their energy to the target atoms and electrons in elastic
(atom-on-atom collision; where kinetic energy is conserved) and inelastic (electronic excitation,
ionization, electron-electron collisions) collisions [Zoerb, 2007; Behrisch & Wittmaack, 1991; Scherzer &
Behrisch, 1983]. The atoms are knocked out of their lattice places (hence called knock-on atoms) by
absorbing energies more than their lattice binding energy. These atoms will in turn knock out other atoms
from their lattice places developing a collision cascade, Fig. 3.2. As a result of the collision cascade,
surface and near surface atoms and particles gaining momentum in the vacuum direction, with energy
more than the surface binding energy, will emit the target material.

Fig. 3.2: Two dimensional diagram of a typical collision cascade. The solid lines show the primary colliding atom
path while the dashed lines show the displaced atoms paths. Three particles escape the surface for one incident
particle. Original figure from [Dolaghen, 1991].
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Besides sputtering, many other effects take place when an energetic ion interacts with a target surface
including; secondary electron emission, sputtered target atoms in an excited or ionized state, adsorption,
incident particle implantation, heating, photon emission, and sputtering of target atom clusters [Zoerb,
2007]. Figure 3.2 shows the different particles ejected in a sputtering process [Betza & Wien, 1994].
Approximately 80  95% of the sputtered particles are single neutral target atoms, 5  20% are target
atom clusters, 1% are electronically excited target atoms, and 1% are ionized target atoms, Fig. 3.3.

Fig. 3.3: Bombarding a clean metal target with under keV energetic ions, results in the ejection of a variety of
particles and radiation in elastic and inelastic collisions. Original figure from [Betza & Wien, 1994].

For a pure metal target under high vacuum, the deposited material has the same stoichiometry as the
target material. If however, oxygen or other electronegative atoms are adsorbed in the surface, the
composition of the sputtered particle flux can change drastically from almost exclusively neutral atoms
and clusters to a large contribution of ions and excited atoms [Betza & Wien, 1994].
The Roth&Rau IonSys 1000
The Sputtering system used in this work is a D-IBSD system, namely IonSys 1000, from the company
Roth&Rau shown in Fig. 3.4. It is equipped with two Electron Cyclotron Resonance (ECR) ion sources
(RR-ISQ EC/I 125). The first ion source, referred to as the primary ion source in this work, is directed
towards the target system at a grazing angle and is used to sputter the target material. It consists of three
graphite grids with 300 mm radius of curvature. The shape of the grids allows the ion beam to focus or
defocus in a huge range. An ion beam energy of 100 to 2000 eV and an ion current density of 1 to
5 mA/cm2 can be achieved with this setup. It is designed to work with noble gases and is connected with
Argon (Ar) and Xenon (Xe) gases in this system. A secondary ion source, the so called assisted ion
source, is directed towards the substrate and can be used for surface modification and substrate cleaning.
It consists of three graphite grids and the beam extracted is very broad and homogenous. It is designed to
work with noble as well as reactive gases and is connected with Ar and Oxygen (O2) gases in this system.
A water cooled target holder assembly carries four different 300 mm diameter target materials at a time.
99.999% pure Si, 99.95% pure Niobium (Nb) and Indium Tin Oxide (ITO) targets are used in this work.
The sputtered material forms a sputter cloud in front of the target with a broad energy distribution. The
optical and mechanical properties of the coated films can be greatly influenced by the substrate placement
location and tilt angle in the sputtered cloud. Therefore, the substrate holder assembly is designed to
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position the sample in front of the target in a lateral direction from 0 to 300 mm and a tilt angle of 80 to
90.

Fig. 3.4: A Schematic of the Roth&Rau IonSys 1000 D-IBSD system. Sputter-ISQ and assist-ISQ are the first and
second ion sources, respectively. Figure is reproduced courtesy of Roth&Rau.

The whole assembly is enclosed inside a 450 litre chamber. A base (stand-by) vacuum of 2  108 mbar is
achieved with a pump system, which consists of a pre-pump, a root-pump, a turbo pump and a cryogenic
pump. To prevent humidity and contaminating particles into the chamber, a separate load-lock assembly
is used to automatically transport the substrate holder into the chamber and fix it on the substrate holder
assembly. The load-lock assembly consists of a root-pump and a turbo-pump to achieve a vacuum in the
order of 107 mbar.
The ion beam deposition machine and the process parameters and steps during multilayer deposition are
controlled automatically using a computer controlled GUI (Graphical User Interface) program, Fig. 3.5.
The D-IBSD system has an in-situ spectroscopic ellipsometer and reflectometer measurement setup from
“SENTECH Instruments, GmbH”, Fig. 3.4. The reflectivity of single and multilayer structures can be
measured using the reflectometer, while the refractive index, extinction coefficient and the layer thickness
can be measured using the ellipsometer. A computer program SpectraRay is used for fitting and analyzing
the measured date.
The D-IBSD system is placed in a Class 1 clean room to reduce particle contamination on the structures
during coating, Fig. 3.6.
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Fig. 3.5: Graphical User Interface (GUI) of the D-IBSD system control program. Original figure is reproduced
courtesy of Roth&Rau.

Fig. 3.6: The D-IBSD is placed in a Class 1 clean room environment to reduce particle contamination on the
structures during coating.
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Microwave Plasma Source: Electron Cyclotron Resonance
The D-IBSD system uses two ECR ion sources. An ECR is a high density plasma source in which the
energy and the flux of the ions can be controlled independently. The plasma is generated by subjecting a
gas to a 2.45 GHz microwave inside a cup-shaped discharge chamber. The free electrons are excited by
the RF waves until they have enough energy to break gas atoms into ions and electrons, thus establishing
a plasma. A circular graphite anode is used to define the energy of the ions by applying a positive beam
potential Vb. A three grid system is used to accelerate the ions in the form of a beam, Fig. 3.7. Focusing or
defocusing can be achieved using grids with a radius of curvature. The first grid is unbiased and is called
the screen grid. Ions form small beamlets while passing through the screen grid. These beamlets are
attracted by applying a negative beam potential Va on the second grid, called the accelerator grid; and pass
through it without striking it, since the grids are aligned together. The final grid is called the decelerator
grid and is at ground potential. The decelerator grid helps beam collimation by reducing divergence of the
beam. It also prevents re-deposition of sputtered material back onto the accelerator grid. The final energy
of the extracted ions is equal to the set beam voltage Vb, Fig. 3.7(b). A pulsing mode is used to neutralize
the ions. The potential of the ion source can be alternated at a frequency of 100 to 10,000 Hz. In this way
either ions or electrons are emitted. The time ratio between the two modes defines the amount of
neutralization. In this way, the flux of the ion beam can be controlled independent of the ion energy. Both
insulating and conducting targets can be sputtered since the flux that strikes the target is composed of
neutral atoms.

a)

b)

Fig. 3.7: (a) Schematic of an ECR ion source with a three grid system to accelerate the ions in the form of a beam.
The RF antenna generates plasma in the assembly. The anode ring sets the ion energy Vb. The bias Va set at the
acceleration grid, accelerates the ions outwards. The grounded deceleration grid helps beam collimation by
decreasing the divergence of the beam. Modified figure after [Ion-Tech GmBH, 2002]. (b) An exemplary potential
profile. Modified figure after [Frey & Kienel, 1987].

Compared to the magnetron sputter deposition method the deposition by IBSD is highly directional and
more energetic.

3.1.2. Electron Beam Physical Vapor Deposition
In EB-PVD, an electron beam (e-beam) is used to evaporate the material to be deposited. The EB-PVD
equipment used in this work is Pfeiffer PLS 500 Evaporation System which also allows for thermal
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evaporation. Figure 3.8 shows the Pfeiffer PLS 500 Evaporation System and a schematic diagram of the
EB-PVD process.

a)

b)

Fig. 3.8: (a) Image of the Pfeiffer PLS 500 evaporation system. (b) Schematic diagram of the EB-PVD process.
Original figure from [Kienel, 1997].

A high voltage applied on the cathode emits an electron beam in the vacuum chamber. The electron beam
is accelerated towards the anode and passes through it before being converged and deflected to impinge
on the source material placed in a water cooled copper crucible. The focused, high intensity e-beam
locally melts the source material and evaporates it. The evaporated material travels towards the substrate
(held in place by the substrate holder) in the vacuum chamber and condenses on top of a substrate to form
a thin film. A high vacuum ensures the mean free path of the particles exceeds that of the inside
dimensions of the chamber. In this way the probability of unwanted intermolecular collisions is
minimized to almost zero, which would otherwise affect the density and uniformity of the deposited
films. To ensure homogenous thin films, the substrate holder rotates during the deposition process. The
deposition rate is measured in-situ by an oscillating crystal and deviations from the defined value are
detected and adjusted via a control loop. The electron emission current adjusts the e-beam flux which in
turn defines the deposition rate of the material, see [Kienel, 1997].
A copper made crucible liner is used to switch automatically between up to six source materials without
ventilating the chamber. The system has a typical base pressure in the order of 107 mbar. The chamber
surface is cooled down by circulating cold water to eliminate condensed humidity. However, the system
lacks a cryogenic pump and moisture can be incorporated into the films during deposition [Ding et al.,
2010; Asghar et al., 2008].
Both, metals and oxides can be deposited using this system. In this work, chromium (Cr), titanium (Ti)
and aluminium (Al) are deposited using EB-PVD. Table 3.1 compares and contrasts between the EB-PVD
and IBSD processes. The evaporated particles are predominantly neutral but have lower energies
compared to sputtered particles, which is reflected in the deposited layer properties.
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Table 3.1: Comparison of different characteristics of thin film layers deposited by EB-PVD and IBSD [Anderson et
al., 2010; Ristau, 2012].

Engergy (eV)
Surface Roughness (Å)
Absoption (ppm)
Reflectivity (%)
Deposition Rate
Residual Stress
Large Area Substrates (> 12ʺ)
Density / Porosity

EB-PVD
0.1 to 0.3
4 to 10
> 10
< 99.9
Very High
Tensile to Compressive
Yes
Porous

IBSD
5 to 20
<1
<1
> 99.9
High
Highly Compressive
No
Dense

3.1.3. Thermal Evaporation
In addition to e-beam evaporation, the Pfeiffer PLS 500 Evaporation System (explained above, Fig. 3.8)
also provides the possibility to deposit materials via thermal evaporation using resistive heating. Thermal
evaporation is based on boiling or sublimation of a source material onto the substrate. The material to be
evaporated is heated in an aluminium oxide boat with a molybdenum filament. The deposition rate is
controlled by adjusting the current of the resistive heater. Impurities in the material can easily
contaminate the source material. Thermally evaporated aluminium (AlTh) is used in this work.

3.2. Pattern Transfer Processes
3.2.1. Photolithography
Photolithography is a pattern transfer technique that transfers a geometric pattern from a photomask onto
a light sensitive photoresist, spun onto a substrate, Fig. 3.1(c & d). It is used in this work to prepare both
soft (photoresist e.g. AZ1518) and hard (metal e.g. Cr) etching masks for dry etching as well as lift-off
processes, Section 3.2.2.
Light sensitive photoresits change their structures when exposed to UV light. Contrary to negative
photoresists, UV exposure of positive photoresists, create cross-linking in the polymer which is soluble in
basic developing solutions. On the other hand, UV exposure of a negative photoresists, result in less
soluble cross-linked polymers in developing solutions. A common exposure method is the so called
contact method, which involves direct contact of a mask onto the surface of the photoresist during
exposure. A mask aligner (Karl Suess MA4) is used in this work for contact lithography, Fig. 3.9. Both
positive (AZ1518) and negative (AZnLof 2070 5:1) photoresits are used in this work. The photoresist is
usually soft baked to drive off solvents after spin coating it onto a substrate. The process steps for the
lithography of both AZ1518 and AZnLof 2070 (5:1) are given in Appendix A.1 and Appendix A.2
respectively. For lift-off processes, a hard bake step is also required for stabilizing and hardening the
photoresist layer. The temperature and time of the hard bake process varies with the processes
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requirements. The lithography process takes place in a (Class 100) yellow room to prevent unnecessary
exposure of the photoresist with UV light during processing.

Fig. 3.9: The Karl Suss MA4 mask aligner inside the INA (Class 100) yellow room to prevent unnecessary exposure
of the photoresist with UV light during processing.

3.2.2. Etching: Wet and Dry Etching Processes
Surface micromachining requires both isotropic (uniform in all directions) and anisotropic (highly
directional) removal of selective material(s), defined as etching. Anisotropic etching is required for lateral
etching of the DBR structures while isotropic etching is required for underetching of the membranes and
suspensions in order to release them. Etching can be achieved;
 physically by direct collision with ions (ion bombardment),
 chemically by chemical reactions between reactive species (a reactant and the material to be
removed),
 or a combination of both mechanisms (physical and chemical).
The most important parameters for any etching process are, directionality, etch selectivity (sensitivity for
the material layer), etching rate and stability of the process. Directionality, as defined earlier, is
determined by the etching velocity and is usually classified as isotropic or anisotropic, Fig. 3.1(e, f & g).
On the other hand, selectivity is the ability of the etching method to differ in etching rate for different
materials. Physical etching is performed by ions, hence is anisotropic and non-selective. While, chemical
etching is the result of chemical reactions and hence is isotropic and highly selective. The ratio of the
etching rates of different materials is referred to as the ‘selectivity’ of the process. Etching processes are
generally contrasted as wet and dry etching processes.
I.

Wet Etching: Lift-off

Wet etching is more selective than other techniques and is generally characterized as isotropic [ElshabiniRiad & Barlow, 1998]. In wet etching, a solvent is used to etch the unwanted material through a chemical
reaction. An example of wet etching is the so called lift-off process. It defines structures in a thin film
coated on top of a substrate with patterned hard baked photoresist, by etching it with a solvent (e.g.
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acetone), Fig. 3.10. In this work, e-beam and thermally evaporated materials are defined using the lift-off
process. Due to the non-thermal nature of these techniques, the material evaporated on top of an imagereversal photoresist (e.g. AZnLof 2070 5:1) can be etched away (along with the evaporated material)
using either actone at room temperature or N-Methyl Pyrrolidone (NMP) at 80 ⁰C.

a)

b)

c)

d)

e)

f)

Fig. 3.10: Exemplary processing steps of the lift-off process: (a & b) Photoresist is spin coated on the cleaned
substrate. (c) Photoresist is exposed to UV light through a photomask. (d) Photoresist is removed using a developer.
(e) Thin film layer is deposited on top of the structure and photoresist layer. (f) Photoresist is lifted-off by a solvent,
leaving behind the thin film which is deposited directly on the substrate.

II.

Dry Etching: Lateral etching

Lateral etching of the structures is achieved through dry etching in this work. Dry etching provides great
directionality, which leads to anisotropic etching. Dry etching usually uses gases, such as
trifluoromethane (CHF3), sulfur hexafluoride (SF6), chlorine (Cl2), hydrogen (H2), O2, nitrogen (N2) and
Ar among others, with plasma driven chemical reaction(s) to remove the unwanted material(s) [Williams,
1990].
A.

Reactive Ion Etching

Dry etching can occur through chemical and/or physical mechanisms. An example of dry etching is
Reactive Ion Etching (RIE). In RIE, a reactive gas is dissociated by energetic particles, i.e. plasma
electrons in a reaction chamber. The resulting radicals diffuse over the material surface where they react
with surface species [Madou, 2002]. The reaction byproducts are desorbed and migrate away from the
material surface where they are pumped out of the system.
52

B.

Conductively Coupled Plasma-RIE

The RIE system used in this work has a Conductively Coupled Plasma (CCP-RIE) as a plasma source
from the company Castor-Pollux, Fig. 3.11. The CCP-RIE etching process is a combination of physical
sputtering and chemical reaction(s). Bombarding ions dislodge the material from the substrate surface by
sputtering and react with the material at the same time. Since physical etching is dominant in the process,
the CCP-RIE is an anisotropic etching process. However, CCP provides only low to medium plasma
densities, as opposed to the high plasma densities in Inductive Coupled Plasma (ICP) systems. Also,
contrary to ICP, in CCP the ion energy and the ion density cannot be controlled separately.
The plasma in this system is generated by a single RF source (with a frequency of 13.56 MHz) and is
connected to an electrode (also referred to as the power electrode or cathode) via a blocking capacitor,
which also serves as the substrate holder. The chamber walls are grounded and serve as the second
electrode (also known as the anode). The gases are injected into the chamber via diffuser nozzles and
controlled by Mass Flow Controllers (MFCs). The chamber is maintained at a constant low pressure
(around 0.025 mbar) during the process and the substrate holder is cooled to avoid substrate heating due
to sputtering. The potential difference between the plasma and the substrate holder electrode is always
negative and called the DC bias (the plasma and chamber walls have almost the same potential). This bias
is responsible for the accelerating ions impinging onto the substrate holder electrode, see [Volland, 2004].
Ar, CHF3 and SF6 gases are used in this work to etch Nb2O5/SiO2 DBRs.

a)

b)

Fig. 3.11: Image of the RIE system from company Castor-Pollux. (b) Schematic of a CCP-RIE system, see [Ataro,
2005].

III.

Oxygen Plasma Etching

Oxygen plasma etching (O2-ashing) is used in this work;
 to clean the substrates from organic dust,
 remove the residual resist after developing in a lithographic process,
 and to remove the organic sacrificial layer (mr-UVCur06).
In this work, a TePla 200-G oxygen plasma asher is used, Fig. 3.12. The working principle of the O2asher is similar to that of the CCP-RIE excluding the electrodes. In the low pressure chamber, an RF
source dissociates the oxygen into highly reactive O2 species (plasma) that react with H2 and carbon (C)
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in the organic material to produce volatile products like carbon monoxide (CO), carbon dioxide (CO2) and
water vapor (H2O) [Razeghi, 2006]. O2-ashing is a pure chemical reaction and hence highly isotropic.

a)

b)

Fig. 3.12: (a) Image of the TePla 200-G O2 asher. (b) Schematic of an oxygen plasma asher, see [Electron
Microscopy Sciences, 2014].

3.3. Filter Characterization Methods
3.3.1. Mechanical Characterization Methods
I.

Stylus Profilometer

The investigation of thin film stress requires the measurement of surface profiles (curvatures) of
substrates. Also, step height measurements are required in different process steps during the course of
investigations. An Ambios XP-100 contact stylus profilometer from Ambios Technology Inc. is used in
this work for these measurements, Fig. 3.13. It has a vertical resolution of 10 Å, a maximum measurable
height of 1.2 mm and a maximum scan length of 30 mm [Ambios Technology Inc., 2007]. Measurements
are made by a pivot stylus head that comes in contact with the sample surface and scans it while it is
laterally moved by the sample holder. The vertical profile of the surface is recorded along the scan length
of the sample. A force control feedback system guarantees accurate measurements with minimal contact
to the surface. The stylus tip has a round shape with a 2.5 m radius, which ultimately defines the
resolution of the system as it results in a small distortion between the actual and the measured profile [Lee
& Cho, 2012], see Fig. 3.13(b). The scan speed and the stylus force also influence the resolution of the
system.
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a)

b)

Fig. 3.13: (a) Image of Ambios XP-100, (b) Schematic of a stylus profilometer shows the profile distortion
phenomenon caused by the stylus tip. Original figure from [Lee & Cho, 2012].

Stress measurements require surface curvature profile measurements along exactly the same path before
and after coating. A special Al holder is designed for this purpose, shown in Appendix C. The Al holder
fixes on top of the substrate holder and its special geometry binds the stylus to measure the exact path
along the surface of the sample before and after coating.
II.

White Light Interferometer

The investigation of the MEMS structures requires a means of measuring the 3D profile in order to record
the displacement of the membranes from their desired position both under the influence of residual stress
as well as an applied external bias. White Light Interferometry (WLI) is used in this work as a noncontact means of investigating the surface geometry of the MEMS structures. A ZYGO NewView 5000
WLI with a 50 Mirau interferometer is used in this work, Fig. 3.14.
A schematic overview of the WLI setup is detailed in Fig. 3.14(b). White light from a polychromatic light
source with wavelengths 600  800 nm is split into two beams. After reflection from the reference mirror
and the surface of the sample, both beams are recombined to create an interferogram (bright and dark
fringes) which is detected by a camera. A piezoelectric transducer vertically translates the interferometer
during measurement; changing the distance between the objective lens and the sample slightly, while
keeping the distance between the objective lens and the reference mirror fixed. New patterns of fringes
emerge as a result of phase shift during this translational movement and are recorded by each pixel in the
camera. These interferograms are processed for each pixel by the analysis program and a 3D image of the
sample surface is generated.
The setup has a maximum vertical step height of 100 μm with a maximum vertical resolution of 0.1 nm.
While the maximum lateral resolution is 0.32 μm with maximum image zoom of 2.5. A voltage
actuation setup with two contact needles is added to the motion stage to investigate the tuning behavior of
the MEMS structures.
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b)

a)

Fig. 3.14: (a) Image of ZYGO NewView 5000. (b) Schematic of a White Light Interferometer. Original figure from
[Mai, 2012].

III.

Scanning Electron Microscopy

During the course of fabrication, a non-destructive tool is required to observe under the free standing
suspensions and membranes after selective etch. A Hitachi S-4000 Scanning Electron Microscope (SEM)
is used in this work for analyzing under-etched structures and side wall profiles. It can also provide
limited information about beam bending and stress. SEM uses an electron beam to produce highly
magnified, sharp images of the structures with very high resolution, Fig. 3.15. A high voltage applied on
the cathode emits an electron beam in the vacuum chamber. The electron beam is accelerated towards the
anode and passes through it before being focused to a spot by a condenser. Scanning coils are used to
control the scanning point of the electron beam on the sample surface. Secondary and backscattered
electrons are generated after the beam is incident on the sample surface. These electrons contain
topographical information of the sample surface and are detected by a combination of detectors. The
signals are then processed and converted into an image signal which is displayed on the monitor as a
2dimensional grayscale pattern. A high definition scan of the sample is possible using SEM, see [Gilles
et al., 2007].
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a)

b)

Fig. 3.15: (a) Image of the Hitachi s-4000 SEM. (s) Schematic diagram of a scanning electron microscope. Original
figure from [Gilles et al., 2007].

3.3.2. Optical Characterization Methods
I.

Grating Microscope-spectrometer

For optical characterization of the tunable Fabry-Pérot filters, a grating microscope-spectrometer system
is used in this work, reported earlier by [Mai et al., 2012]. The description of the setup given below is
based on [Mai, 2012]. The system consists of an optical microscope, a grating spectrometer and a
computer program, Fig. 3.16(a).
The optical microscope used is an Axio Imager D1m microscope from Carl Zeiss, with 2.5, 10 and 50
magnification EC Epiplan-NEOFLUAR objective lenses. The microscope has two HALs 100 halogen
lamps from Carl Zeiss, each for transmission and reflection measurement. The optical microscope
includes a series of elements such as objective lenses, a translation stage, a condenser, a CCD camera and
a decoupling device with an adjustable diaphragm, Fig. 3.16(b).
The objective lenses are not only used to focus the incident light rays onto the sample surface but also to
produce real image of the filters with different magnifications. To scan the whole sample and/or to focus
the light onto the sample, the translation stage can be displaced in x-, y- and z-directions, whereas the
inspected sample (optical filter) is placed on the microscope translation stage.
A CCD camera is used to show a real time image of the filter structure on the computer screen. The
decoupling device with the adjustable diaphragm is used to couple light into a fiber. By adjusting the
diaphragm aperture to fit with different image sizes, different filter dimensions can be measured. The
fiber is connected to a spectrometer HR 2000 from Ocean Optics. A grating inside the spectrometer splits
the light into its constituent wavelengths and a detector measures the intensity of each wavelength and
displays the spectra on the computer screen in real time, using a computer program (OOIBase32). The
setup has a maximum resolution of 0.5 nm.
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b)

a)

Fig. 3.16: (a) Image of a microscope spectrometer setup with a grating spectrometer for optical characterization of
the tunable Fabry-Pérot filter, reported earlier by [Mai et al., 2012]. (b) Detailed schematic of the microscope
spectrometer setup showing the different components. Original figure from [Mai, 2012].

For transmission measurements, the filter placed on the translation stage is illuminated by light coming
from underneath the sample using the lower halogen lamp. A condenser placed underneath the translation
stage concentrates the light to the sample surface as a circle of few millimeters diameter, where the
interaction between light and the filter takes place. One part of light is absorbed by the filter, another part
is reflected back while the rest is transmitted or diffracted through the sample. All transmitted or
diffracted light is gathered by the objective lens, guided towards the CCD Camera and finally coupled
onto the optical fiber to be measured by the spectrometer before displaying it on the computer.
The translation stage also contains two contact needles for actuation, Fig. 3.17. A voltage supplier can be
used to apply DC voltage between the top and bottom filter electrodes, placed under the objective on the
translation stage, using the contact needles.
Filter membranes smaller than 30 m diameter cannot be measured using this setup, since the decoupling
device is not able to couple enough light intensity onto the fiber for accurate spectrometer measurements.

Fig. 3.17: Two needles for electrostatic actuation of the tunable filters in the microscope spectrometer setup.
Original figure from [Mai, 2012].
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II.

Extended range optical characterization methods

The microscope-spectrometer setup can measure transmission spectrums in the 400  850 nm wavelength
range. Filters with their design wavelength in the VIS range are measured using this setup. To measure
the extended range of bandpass filters as well as filters in the NIR range, a spectrophotometer and an
Optical Spectrum Analyzer (OSA) setup are used.
A.

Spectrophotometer (Lambda 900)

For extended range measurements, a commercial spectrophotometer, Lambda 900 from Perkin Elmer is
utilized in this work, Fig. 3.18. The system can measure transmission and absorption in the UV/VIS/NIR
range i.e. 300  3000 nm. The working principle of the Lambda 900 spectrophotometer is similar to
standard spectrometers. The wide spectral range in the Lambda 900 spectrophotometer is made possible
by a combination of two light sources (one halogen and one deuterium light source) with a double
monochromator. The system splits the light coming out of the sources into two beams of equal intensity;
the reference beam and the sample beam. The advantage of having two beams is that any intensity
fluctuations of the light sources can be completely eliminated. Both rays have specimen holders (sample
and source holders) and can easily hold 1 inch glass substrates. A reference transmission is measured first,
either by having air as reference or two identical glass substrates in the two specimen holders. For spectral
measurements, one of the reference specimens is replaced by the filter and the measurement is performed.
If glass substrates are used for reference measurements, then the measured spectra gives the transmission
of the filter minus the glass substrate. On the other hand, if air is used as reference then the measured
spectra gives the transmission of the filter along with the glass substrate. The system has a maximum
resolution of 0.5 nm, see [Perkin Elmer, 2012].

a)

b)

Fig. 3.18: (a) Image of the Lambda 900 spectrophotometer [Perkin Elmer, 2012]. (b) Schematic setup of the Lambda
900 spectrophotometer. Original figure from [Sonksen, 2010].

The Lambda 900 is used in the work to measure the transmission of bandpass filters and float and
borosilicate glass substrates. However, this system has a large beam spot and cannot be focused on the
individual tunable filter membranes, which have apertures diameters of less than 70 m. Furthermore, the
specimens can only be held vertically in Lambda 900. This makes it difficult to measure the combined
spectrum of multiple specimens at once by placing them in the same light path, for example a bandpass
filter and a Fabry-Pérot filter array.
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B.

Optical Spectrum Analyzer

An Optical Spectrum Analyzer (OSA), AQ6375 from YOKOGAWA is used for NIR measurements and to
measure combined spectra of multiple filters. Unlike HR 2000, OSA can be calibrated for the
measurement of wide spectral ranges. The OSA works as both, a spectrometer and a detector and can
measure transmission and reflection spectrums in combination of a microscope. The setup uses the same
microscope, explained above, for the grating based microscope-spectrometer setup. The spectrum in this
case is directly shown on the screen of the analyzer using the software AQ6370 Viewer. Fig. 3.19 shows
the OSA setup. The system has a maximum resolution of 0.1 nm and is used in this work to measure
combined spectra of a bandpass filter and a Fabry-Pérot filter array placed in the same light path on top of
each other.

Fig. 3.19: The YOKOGAWA Optical Spectrum Analyzer at INA laboratories, used to measure wide spectral ranges.

III.

Ellipsometry

The transmission of optical filters is defined not only by the optical properties (n and k, also known as the
optical constants) of the constituent layers but also by the thickness of the layers as well. Therefore, it is
necessary to have detailed knowledge of the constituent film properties for efficient filter design. In this
work, ellipsometric measurements are used to determine the optical constants as well as the thicknesses
(and hence the deposition rates) of the films. Two measurement setups are used for this purpose. Quick
measurements for the deposition rate are made using the in-situ ellipsometer explained in Section 3.1.1,
while detailed high resolution measurements are done using an ex-situ spectroscopic Variable Angle
Spectroscopic Ellipsometer (VASE) by J.A. Woollam Co., Inc..
Variable Angle Spectroscopic Ellipsometery
Ellipsometry is an optical measurement technique that involves measuring the change in polarization state
of light upon reflection from a material surface to determine the material properties. As explained earlier,
ellipsometry is used to determine the optical properties, refractive index (n) and extinction coefficient (k),
as well as the thickness and the surface roughness of thin films. The instrument relies on the fact that the
reflection at a dielectric interface depends on the polarization of the light, i.e. the reflectivity for the
radiation with the electric field vector E along the s-direction (perpendicular on plane of incidence) is
different from that for radiation having its electric field along the p-direction (parallel with plane of
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incidence), while the transmission of light through a transparent layer changes the phase of the incoming
wave depending on the refractive index of the material. The complex Fresnel reflection coefficients for
the s and p components are given by Equation 3.1 and Equation 3.2.

n~ cos   n~o cos 
~
rp  ~s
ns cos   n~o cos 

(3.1)

n~ cos   n~s cos 
~
rs  ~o
no cos   n~s cos 

(3.2)

where ns and no are the substrate and incident medium refractive indices, and  and  are the angles of
incidence and reflection with respect to the substrate normal, respectively. When linearly polarized light
of a known orientation is reflected at an oblique incidence from a surface, the reflected light is elliptically
polarized. Ellipticity (shape and orientation of the ellipse) of the light waves after reflection is defined by
the ratio of the Fresnel reflection components rp/rs and is used to determine the properties of the layer
system, Fig. 3.20.

Fig. 3.20: Measurement principle of ellipsometry. In spectroscopic ellipsometry, the angles  and Δ are measured
experimentally and compared with theoretical values to find the material properties. Original figure from [Smith,
2012].

The reflection coefficients rp and rs are not separately measurable. Therefore, the complex reflection
coefficient ratio  is measured using the polar coordinate angles  and Δ according to Equation 3.3.



~
~
r
r i   
 ~p  ~p e p s  tan( )ei
Ers / Eis
rs
rs

Erp / Ei p

(3.3)

where the subscripts i and r represent the incident and reflected beams, s and p are the angles made by
the Fresnel reflection coefficients rs and rp with respect to Er,  represents the rate of amplitude Fresnel
reflection coefficients for the light waves polarized in the plane p and s, while Δ is the phase difference
between the mentioned plane p and s.
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For reflection from bulk materials, n and k values can be calculated directly from the measured  and Δ
values.
2

1  
2
ns  no sin  1  
 tan 
1





(3.4)

where ns is the refractive index of the bulk material, no is the refractive index of the incident medium (air)
and  is the angle of incidence as in Fig. 3.20.
IV.

Dispersion Models

For multi-layered systems, e.g. thin films on substrates (Fig. 3.21), reflections are complicated and
material properties cannot be calculated directly [Rizvi, 2005]. Instead, a mathematical model of the layer
system’s optical response is assumed and compared with the measured  and Δ values, to obtain optical
(n and k) and structural properties (thickness and multilayer structure) of the film(s), Fig. 3.22.

Fig. 3.21: Propagation of light through different media. Shown are the transmitted and reflected waves. Original
figure from [Rizvi, 2005].

Fig. 3.22: Mathematical modeling of the layer system’s optical response. The assumed model is compared with the
measured  and Δ values, to obtain the optical (n and k) and structural properties (thickness and multilayer
structure) of the film(s). Original figure from [Tompkins, 2006].
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In this work, data analysis is performed using commercially available software, WVASE32 by J.A.
Woollam Co., Inc. [Tompkins, 2006]. The Levenberg-Marquardt regression algorithm is used for
minimizing the Mean Squared Error (MSE), see [Park et al., 2008], defined as;
2
2
2
mod
exp 
exp 
N 
 mod
 timod  tiexp  





1
i
i
i
i
MSE 
  S mod    S mod    S mod  
2 X  Z i 1 
 ,i
 ,i
 ,i
 
 
 


(3.5)

where X is the number of  , Δ and t (thickness) pairs, Z is the number of released parameters and S is the
standard deviation of the experimental data points.
Since ellipsometry is measuring the ratio (or difference) of two values (rather than the absolute value of
either), it is very robust, accurate, and reproducible. For instance, it is relatively insensitive to scatter and
fluctuations, and requires no standard sample or reference beam. To maximize the difference between the
light components, measurements are made at incidence angles near the Brewster’s angle1 (65  75). A
broadband light source is used to obtain n and k values at a range of wavelengths.
To model the dispersion relationship of different materials used in this work, i.e. optical constant
dependence on wavelength, multiple models are used which are explained below.
A.

Cauchy Equation

Unlike metals, materials such as dielectrics cannot support an induced current and hence light waves
travel through them with low loss. Such behavior is observed for dielectrics in the visible range, where
the refractive index decreases with increasing wavelength while the extinction coefficient is essentially
zero. The dispersion relationship in such a case can be modelled using an empirical (non-Kramer-Kronig)
function;

n   An 

Bn



2



Cn

4

(3.6)

where An, Bn and Cn are the Cauchy coefficients. An is a constant value and sets a base line for the curve,
Bn introduces a curvature to this line at lower wavelengths, while Cn adds more curvature to the equation,
Fig. 3.23.
For materials with large band-gaps (e.g. most dielectrics and Si rich SiO2 films), the resonant wavelength
lies in the UV range. A strong absorption is hence observed in this region, where the refractive index first
increases and then decreases with decreasing wavelength, Fig. 3.23. The Cauchy equation by itself is not
sufficient in such a case and is combined with Urbach absorption (Fig. 3.23);

k    Ak e


Bk  1.24 1  1
Ck
 






where Ak is the absorption amplitude, Bk is the broadening and Ck is the absorption band edge.
Brewster's angle is the angle of incidence at which light with a particular polarization is perfectly transmitted
through a transparent dielectric surface, with no reflection.

1
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(3.7)

Fig. 3.23: Refractive index and exitinction coefficient of silicon at 300 K. Strong absorption is observed at the UV
range, where the refractive index also shows strong dispersion. The Cauchy equation is combined with Urbach
absorption to model this behavior.

The Cauchy equation with an Urbach tail is used in this work to parameterize ellipsometric measurements
for sputtered SiO2 films.
B.

Oscillator Models

If the material has significant absorption in the wavelength range of interest, particluarly in the middle of
the range, the Cauchy model is insufficient to describe the material behavior. In such cases, oscillator
models are used. In oscillator models, the value of ε″ is generally described by an equation from which
the value of ε′ is obtained by a Kramers-Kronig transformation. The absorption band in all oscillator
models is characterized by three common parameters [Tompkins, 2006], namely;
 Energy or wavelength at the centre of the absorption band Ec,
 the amplitude Amp
 and the broadening Br.
Figure 3.24 defines all three parameters for a Tauc-Lorentz oscillator.

Fig. 3.24: Centre energy Ec or wavelength, amplitude Amp and broadening Br of the imaginary dielectric constant ɛ
for an oscillator model. Shown also is the obtained real dielectric constant ɛˊ. Original figure from [Synowicki,
2010].
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1)

Lorentz Oscillator

The absorption band is generally characterized by the photon energy, the broadening parameter and the
amplitude. Figure 3.25 shows the most commonly used Lorentz oscillator in the photon energy as well as
the wavelength representation. The Lorentz model assumes that the wavelength dependent absorption(s)
in a material has a lorentzian shape. The model assumes that the motion of electrons bound to the nucleus
in the presence of an electric field produce the same response as a mass attached to a spring in the
presence of an applied external force.

a)

b)

Fig. 3.25: Lorentz oscillator (a) in the photon energy (b) as well as the wavelength representation. Original figure
from [Tompkins, 2006].

2)

Tauc-Lorentz Model

The ε″ representation in the Lorentz model is symmetric, however for many dielectrics (e.g. Nb2O5) a
better fit of ε″ is obtained if the function drops more rapidly on one side of the absorption band and
actually goes to zero. This model is referred to as the Tauc-Lorentz dispersion model. The shape of ε″ in
the lorentzian model is symmetric, while in Tauc-Lorentz model the shape of ε″ is asymmetric.
Figure 3.26 shows ε″ for a Lorentz and a Tauc-Lorentz oscillator.

a)

b)

Fig. 3.26: A Lorentz oscillator and a Tauc-Lorentz oscillator with energy center at 3 eV. For the Tauc-Lorentz
oscillator, ε′′ goes to zero at 2 eV in this example. (a) shown in the ε′, ε′′, photon energy representation, and (b)
shown in the n, k, wavelength representation. Original figure from [Tompkins, 2006].

Tauc-Lorentz model is employed to model amorphous and transparent dielectric oxide films. In this work,
Nb2O5 films are modelled using the Tauc-Lorentz oscillator.

65

3)

Drude Model

Free electrons in conducting materials absorb light energy and alter the dielectric constants. The Drude
model has been employed widely to describe such light absorption. A Drude oscillator is actually a
Lorentz oscillator where the energy centre is zero. Figure 3.27 shows the Drude sociallator in the photon
energy and wavelength representation.

a)

b)

Fig. 3.27: The Drude oscillator, shown in (a) the ε′, ε′′, photon energy representation, and (b) the n, k, wavelength
representation. Original figure from [Tompkins, 2006].

C.

Sellmeier Dispersion

Many infrared transparent materials have strong vibrational absorption at longer wavelengths. For the
NIR range, the refractive index of many transparent materials (e.g. amorphous fused silica) tend
downward, Fig. 3.28. The Cauchy model, which flattens at longer wavelengths, cannot fit the NIR index
correctly. The Sellmeier model overcomes this oscillation.

Fig. 3.28: Refractive index vs. wavelength for amorphous fused silica from Palik. Cauchy's equation (red dashed
line) deviates significantly from the literature values (black circles) outside of the visible region (> 700 nm), while
the Sellmeier equation (blue line) does not. Original figure from [Tiwald, 2009].

In Sellmeier dispersion theory, a material is treated as a collection of atoms whose negative electron
clouds are displaced (due to resonance) from the positive nucleus by the incoming oscillating electric
field of light waves. At infrared wavelengths, the atoms themselves resonate and are displaced by the
electric field. The oscillating dipoles oscillate at a specific wavelength and are modelled as one or more
66

Lorentz oscillators with no broadening (since the model assumes that the atomic dipoles have no
absorption). The Sellmeier equation is given as;

Ak 2
    n  1   2 2
k 1   k
m

2

(3.7)

Multiple resonances are represented by multiple terms in the Sellmeier equation and there is no
broadening term [Sellmeier, 1871]. Therefore, the equations are purely real (ε″ = k = 0). Each term in the
Sellmeier equation reaches either + or  as the wavelengths reach the resonant wavelength k from
longer or shorter wavelength, respectively, Fig. 3.29.

Fig. 3.29: ε′ for a two-term Sellmeier equation. Each term in the Sellmeier equation reaches either + or  as the
wavelengths reach the resonant wavelength from longer or shorter wavelengths. Original figure from [Tiwald,
2009].

Therefore, the Sellmeier is the model of choice to determine the indices at NIR wavelengths.
Listed below are the models employed under different condition in this work;
 The Cauchy equation is employed for thickness and deposition rate measurements of SiO 2 films.
It is also employed to model the optical constants of highly transmitting SiO 2 films, e.g. SiO2
deposited under high O2 flow (Section 4.3) for bandpass fabrication (Chapter 6).
 The Lorentz model is used to model SiO2 films with increased absorption, e.g. SiO2 films
deposited under low O2 flow (optimized for fast deposition, Section 4.3), as well as SiO2 films
deposited under high energy ion bombardment regime (optimized for low residual stress,
Section 4.4.3).
 The Tauc-Lorentz oscillator is the model of choice for sputtered Nb2O5 films, both in the VIS and
NIR spectral range, under all deposition conditions.
 The Drude oscillator is used to model conducting ITO films (Section 4.1).
 The Sellmeier equation is optimum to model SiO2 films for the fabrication of filters in the NIR
spectral range as well as extended bandpass filters covering both the VIS and NIR spectral range.
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Chapter 4
Material Investigation and Optimization:
Optical and Mechanical Properties

D

ifferent constituent materials for a tunable Fabry-Pérot filter are investigated in this chapter.
IBSD Nb2O5 and SiO2 dielectric films are selected as DBR materials. The effects of different
deposition parameters in IBSD process are studied in detail and optimized to achieve high
deposition rates (Section 4.2). Methods are employed to achieve low absorption (Section 4.3) and low
residual stress (Section 4.4) in IBSD films. IBSD ITO films and PVD metal films are investigated as
electrode materials. ITO films are optimized for high transmission and low resistivity (Section 4.1). The
residual stress of PVD metal films is also investigated (Section 4.4.6). DBRs and Fabry-Pérot filters are
fabricated and optically characterized, both in the VIS and NIR wavelength range.

4.1. Material Selection for a tunable Fabry-Pérot filter in the VIS
and NIR range
Multilayer interference systems, such as DBRs, used as partially reflecting mirrors in Fabry-Pérot filters
are composed of alternating materials of high and low refractive indices [Thelen, 1989]. For a multilayer
system to have a high reflectivity in a wide stopband with only a few periods, the constituting materials
should not only have a very low optical absorption but also a high refractive index contrast, Fig. 4.1.
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Fig. 4.1: Reflection spectra of a 5.5 period Nb2O5/SiO2 DBR with a refractive index contrast of 0.73 and a
9.5 period Si3N4/SiO2 DBR with a refractive index contrast of 0.4. The Nb2O5/SiO2 DBR has a higher reflectivity
with less number of periods compared to the Si3N4/SiO2 DBR, due to the higher refractive index contrast of the
constituent materials.

Therefore, low absorption and high refractive index contrast are the criterion for DBR material selection.
Furthermore, a high deposition rate is also desired for fast deposition of the multilayer coatings.
Richter et al. determined the composition, refractive index and absorption coefficient for the most
common materials used for optical applications coated with magnetron sputtering [Richter et al., 2001].
The results are shown in Table 4.1.
Table 4.1: Refractive index n, and index of absorption k, for sputter deposited oxide films measured using
ellipsometry at a wavelength of 492 nm [Richter et al., 2001].
Material
Yttrium oxide
Zirconium oxide
Hafnium oxide
Tantalum oxide
Niobium oxide
Titanium oxide
Chromium oxide
Aluminium oxide
Silicon dioxide

Refractive index n
1.95
2.02
2.09
2.15
2.33
2.17
2.49
1.62
1.48

Absorption coefficient k
6  103
3  103
6  104
2  105
1  104
2  102
7  101
2  103
1  105
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Stoichiometry
YO2
ZrO2
HfO2
Ta2O5
Nb2O5
TiO2
CrO2
Al2O3
SiO2

Similar results are obtained using IBSD method in this work. The results are shown in Table 4.2. Films
are deposited on Si substrates at room temperature using pure metal targets while a secondary ion source
maintains a constant supply of oxygen ions. The oxygen supply is optimized for low absorption. The
thickness and the optical properties of the materials are measured using the in-situ ellipsometer (explained
in Section 3.2.2) at a wavelength of 550 nm. The absorption of all the films, in the calculated wavelength
range (4001200 nm) is too low to be measured.
Table 4.2: Refractive index n (in the visible and near infrared wavelength range) and the deposition rate for sputter
deposited oxide films measured using ellipsometry at a wavelength of 550 nm.
Material
Titanium dioxide TiO2
Niobium pentoxide Nb2O5
Zirconium dioxide ZrO2
Silicon dioxide SiO2

Refractive index
(at 550 nm)
2.36
2.3
2.13
1.49

Refractive index
(at 950 nm)
2.27
2.21
2.11
1.49

Deposition rate
(nm/min)
2.38
2.22
1.1
7.2

SiO2 exhibits not only the lowest refractive index (Table 4.1 and Table 4.2) but also by far the lowest
absorption (Table 4.1) and is therefore selected as the low refractive index material. Nb 2O5 is selected as
the high refractive index material due to its high refractive index, low absorption and high deposition rate
(Table 4.1 and Table 4.2).
In the design of the tunable Fabry-Pérot filter, the bottom-electrode is included within the optical path of
the incident light, Fig. 1.4(a). Therefore, both the transmittance and the electrical resistance are important
factors in the selection of the bottom-electrode material. Due to low resistivity (sheet
resistance = 22.5 Ω/) and high transparency (90%), ITO is selected to be the bottom electrode, Fig. 4.2.
Theoretically, different materials can be used as the top-electrode. However, in designing the stress
optimized suspensions of the tunable filter, materials with specific mechanical properties are required
(Section 5.2 and Section 5.4). In this work, thermally evaporated Al, and e-beam evaporated Cr and Al
are used as the top electrode materials based on their mechanical and electrical properties. A detailed
study of different PVD materials is presented in Section 4.4.4.
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a)

b)
Fig. 4.2: Experimentally determined Transmission (a) and optical properties (b) of an ITO film coated by reactive
ion beam sputtering. A 69.8 nm thick film is coated on a float glass substrate. Post deposition Rapid Thermal
Annealing (RTA) at a temperature of 390 C is performed to improve the electrical conductivity of the film. The
transmission shown is minus the glass substrate. Shown are also the deposition parameters (a).

4.2. Optimization of the Deposition Parameters for IBSD Nb2O5
and SiO2 Films
Various coating techniques can be utilized to deposit Nb2O5 and SiO2 thin films, e.g. electron beam gun,
plasma sputtering (DC, RF or magnetron) or ion beam sputtering [Biltoft et al., 2002]. Among them,
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IBSD is used in this work because of its ability to produce high quality optical coatings [Mohan &
Krishna, 1995]. The sputtered atoms have high kinetic energies 5  20 eV [Ristau, 2012], hence the
coated films have a high packaging density, low scattering and are nearly amorphous [Mü ler, 1986].
IBSD is also a well-controlled process with a stable deposition rate, so the film properties are easily
reproducible.
However, IBSD is an atom by atom deposition process and hence a very slow deposition rate process.
Therefore, it is all the more important to optimize the deposition parameters with respect to the deposition
rate. The deposition rate is most affected by the energy of the sputtering ions and their incidence angle on
the target [Hiitten et al., 1990; Ait El Fqih, 2009], substrate position with respect to target normal [Tien,
2010; Tien, 2008] and substrate tilt angle [Jones et al., 2007]. In reactive sputtering processes
(Section 4.3), the deposition rate also strongly depends on the oxygen supply inside the deposition
chamber [Lee et al., 1996; Bundesmann et al., 2008; Lee et al., 1997; Lee et al., 2000]. The optical and
mechanical properties of thin films also strongly depend on the deposition conditions.
In this section, the deposition parameter will be discussed in detail and optimized with the aim to obtain
Nb2O5 and SiO2 coatings with high optical quality and high deposition rate. The deposition rates are
measured using the in-situ VASE setup explained in Section 3.1.1. The Tauc-Lorentz oscillator model is
used to parameterize the Nb2O5 films while the Lorentz oscillator model is used for the SiO2 films. The
starting parameters for both models are shown in Appendix B.1 and Appendix B.2. The MSE values in all
cases is recorded to be less than 5. The error in deposition rate measurement under these conditions is
recorded to be in the order of 104 and is therefore ignored in all cases.

4.2.1. Effect of Sputtering Ion Energy and Target Incidence Angle on
the Sputtering Yield and Deposition Rate
The sputtering yield, defined as the average number of atoms released at the solid’s surface per incident
ions, can fairly estimate the deposition rate of a target material for different ion energies and target
incidence angles or simply incidence angle (defined by the angle of the incident particles with the target
normal). The sputtering yield not only depends on the mass, the energy, and the incidence angle of the
incident particles but also on the mass and the binding energy of the atoms in the target material as well
[Behrisch & Wittmaack, 1991]. At incident ion energies of about 1keV, certain generalizations can be
made for sputtering processes [Rossnagel, 2001];
1. The sputter yield increases linearly with the incident ion energy.
2. The highest yield occurs if the mass of the incident ions is similar to the mass of the target atoms.
3. Increasing the incidence angle of the ions from normal incidence to more than 50 or higher,
increases the sputter yield significantly before decreasing again.
4. Increasing the incidence ion flux, increases the number of sputtered atoms.
Figure 4.3 shows the sputtering yield of Nb and Si targets, sputtered with Ar and Xe ions of different ion
energies at multiple incidence angles. The results are simulated with “SRIM-2013” [Ziegler, 1983; Ziegler
et al., 2010; Stoltz et al., 2004]. The sputtering yield for both Nb and Si increases at higher incidence
angles before decreasing. The maximum sputtering yield for both Nb and Si occurs at an incidence angle
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of 70. Xe ions lead to higher yield compared to Ar ions. Xe ions have a larger impact area due to their
large size and hence can excite more particles compared to Ar ions. Higher sputtering ion energies also
lead to higher yield.

a)

c)

b)

d)

Fig. 4.3: Sputtering yields of Nb (a & b) and Si (c & d) sputtered with Ar (a & c) and Xe (b & d) ions of different
ion energies and incidence angles. The sputtering yield increases for higher angles before decreasing. Higher ion
energies lead to higher yield. Xe ions lead to higher yield compared to Ar ions.

Experimental deposition rates for Nb2O5 and SiO2 at 800 eV of sputtering Ar ion energy and incidence
angles of 50, 55 and 60 are shown in Fig. 4.4. Incidence angles of more than 60 are purposely avoided
to prevent sputtering of the target holder geometry and the side walls due to the sputtering beam width.
Similarly, incidence angles of less than 50 are avoided to prevent deposition of the sputtered target
material into the ion source (Section 3.1.1). Also, Xe is a costly gas, hence Ar is mostly used in this work
as the sputtering gas.
The maximum deposition rate for both Nb2O5 and SiO2 are observed at an incidence angle of 55.
However, continuous sputtering of the target material at a specific incidence angle results in erosion of
the target material and contamination of the coated films by sputtered particles from the target holder
material (in this case, copper). Hence, to avoid sputtering of the target holder material it is necessary to
change the incidence angle. Therefore, during the course of this work, it is not always possible to use the
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optimum deposition parameters. It is also important to note here that due to the system assembly, as the
target incidence angle is changed, the angle between the target normal and the substrate also changes
(Fig. 4.5). Since the deposition rate is also a function of the substrate position with respect to the target
normal, therefore the incidence angle at which the highest yield or deposition rate occurs, shifts to a
smaller angle compared to SRIM simulations.

a)

b)
Fig. 4.4: Experimentally determined deposition rates for Nb2O5 (a) and SiO2 (b) at 800 eV of sputtering Ar ion
energy and sputtering angles of 50, 55 and 60.
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Fig. 4.5: Schematic diagram of the ion beam deposition assembly. ISQ1 is the primary ion beam source used for
sputtering. ISQ2 is the secondary ion beam source (also called the assist ion source) used for reactive sputtering and
film surface modifications. The substrate holder can be moved away from the target normal in a straight line up to
300 mm. The angle between the target normal and the substrate changes, as the target incidence angle is changed.
Original figure from [Todorov, 2008].

Figure 4.6 shows a comparison of the deposition rate of both Nb2O5 and SiO2 at different sputtering ion
energies and an incidence angle of 55. Experimental results show only a slight increase in the deposition
rate of both Nb2O5 and SiO2 at higher sputtering ion energies. High sputtering ion energies result in
increased surface roughness of the deposited films, thus increasing the optical scattering of the films [Lee
et al., 2002; Tien & Lee, 2003]. Furthermore, sputtering with higher ion energy reduces the life cycle of
the delicate graphite grids of the ion source (based on experience and discussions with the technical staff).
Therefore, 800 eV of sputtering ion energy is selected for both Nb2O5 and SiO2 film coatings so as to
have a high enough deposition rate without risking the life cycle of the graphite grids. Sputtering ion
energies lower than 800 eV are purposely avoided on account of lower deposition rates [Todorov, 2008].
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a)

b)
Fig. 4.6: A comparison of the experimentally determined deposition rates of Nb2O5 (a) and SiO2 (b) at 800 eV, 900
eV and 1000 eV of sputtering ion energy and an incidence angle of 55. Rest of the deposition parameters are also
mentioned.

4.2.2. Effect of Substrate Position on the Deposition Rate
The substrate position with respect to the target normal (also referred to as the ejection angle) also affects
the deposition rate [Tien, 2010]. A sputtered cloud is generated during sputtering with different flux and
energies of the sputtered particles in different directions [Pellet et al., 1992]. Hence, the deposition rate
and stress of the coated films is different for different substrate positions [Tien, 2008].
76

The angular distribution of the sputtered material depends not only on the energy and angle of the
incident beam but also on the mass of the target atoms [Zalm, 1988]. Based on various experiments
performed over the years by the scientific community to determine the angular distribution of the
sputtered material, the following generalizations can be made [Zalm, 1988];
1. For low energies and normal incidence, the angular distribution takes an under cosine shape along
the target normal.
2. For grazing incidence, the emission is specular.
3. For intermediate energies and medium to heavy incident ions, the angular distribution is cosine
like.
4. For high energies, the angular distribution has an over cosine shape peaked in the direction of the
target normal.
Figure 4.7 shows the angular distribution of a sputtered material and the reflected ions at an ion beam
incident angle of 60° [Lorch, 2006]. The shape of the sputtered material has a form close to the cosnα
function, where α is the angle between the target normal and the angle of the incident ion beam.

Fig. 4.7: Angular distribution of a sputtered material and the reflected ions at an ion beam incident angle of 60°.
Original figure from [Lorch, 2006].

As discussed earlier, the substrate can be moved linearly away from the substrate normal from 0 to
300 mm (Section 3.1.1). For a target incidence angle of 60, the substrate normal is in line with the
substrate position 0 mm. While, for a target incidence angle of 55, the substrate normal is in line with the
substrate position 25 mm. Figure 4.8 show the deposition rate of Nb2O5 and SiO2 at different substrate
positions. Films are deposited at different substrate positions with 25 mm steps using a target incidence
angle of 55.
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a)

b)
Fig. 4.8: Experimentally determined deposition rates of Nb2O5 (a) and SiO2 (b) at different substrate positions.

The highest deposition rate occurs at a substrate positions of 25 mm for an incidence angle of 55 and is
thus selected to be the optimum deposition position. However, for a different incidence angle, the highest
deposition rate occurs at a different substrate position. For all ejection angles, except for 0, some degree
of energetic recoiled Ar ions is incorporated into the film increasing the film packaging density and hence
altering the film residual stress [Lee et al., 1996]. The amount of Ar ion incorporation, and hence the film
residual stress, increases for deposition angles closer to the primary Ar beam specular reflection angle
[Lee et al., 1996]. Therefore, large deposition angles are purposely avoided.
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4.2.3. Effect of the Substrate Tilt Angle on the Deposition Rate
The substrate tilt angle, with respect to the target normal, also influences the deposition rate. The
deposition rate is highest for a substrate tilt angle of 0 with respect to the substrate normal, as shown in
Fig. 4.9. However, stress relaxation with high energy ion bombardment requires the reactive ion beam to
be in-line with the substrate normal to avoid sputtering of the coated material, Section 4.4.2. For a
substrate tilt angle of 45, the substrate normal is in-line with the reactive ion beam, Section 3.1.1.
Therefore, a substrate tilt angle of 45 is used throughout this work.

a)

b)
Fig. 4.9: A comparison of the experimentally determined deposition rates of Nb2O5 (a) and SiO2 (b) at substrate tilt
angles of 0 and 45. Rest of the deposition parameters are also mentioned. The deposition rate is highest for a 0 tilt
with respect to the substrate normal.
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4.2.4. Effect of the Sputtering Ion Flux on the Deposition Rate
The deposition rate is most influenced by the flux of the sputtering ions. The higher the ion flux, the
higher the deposition rate. Figure 4.10 shows the experimentally determined deposition rates of Nb2O5
and SiO2 at different values of the sputtering ion flux. The deposition rate for 100 mA of sputtering ion
flux is much higher than that for 50 and 75 mA. However, the ion flux is limited by the grid openings. As
the grids age, the openings are enlarged due to the constant collision of the ions with the delicate grid
boundaries, causing higher flux to be possible.

a)

b)
Fig. 4.10: A comparison of the experimentally determined deposition rates of Nb2O5 (a) and SiO2 (b) at 50, 75 and
100 mA of sputtering ion flux. Rest of the deposition parameters are also mentioned.

80

4.3. Optimization of the Optical Properties of IBSD Nb2O5 and
SiO2 Films
Sputtering in a Reactive Atmosphere: Effect of Oxygen Flow on the Deposition Rate and Optical
Properties
Dielectric films can be deposited using two types of targets  ceramic and pure metal or Si targets.
Sputtering with ceramic targets shows low deposition rate [Todorov, 2008]. The deposition rate can be
increased using pure metal or Si targets in a process named reactive sputtering. Metal or Si targets not
only have a high sputtering yield, but can also produce dielectric films with higher purity compared to
their ceramic counterparts [Todorov, 2008]. A chemically reactive gas (O2 or N2) inside the gas chamber
is used to combine physical sputtering with chemical reaction to enhance the process. The reaction takes
place only at the surfaces of the substrate and the target. This is because, for IBSD processes, the mean
free path of a sputtered particle in the presence of a reactive gas inside the chamber is less than the
chamber dimensions [Lee et al., 2000], hence the chances of a sputtered particle reacting with a gas
molecule in flight is negligible. However, reactive sputtering can cause stoichiometric problems in the
coated films. For example, during reactive sputtering of metal targets to form oxide coatings, oxygen
deficiency inside the deposition chamber results in sub-oxides or even metallic films instead. This not
only results in a change in the refractive index but introduces a high absorption in the deposited films as
well. On the other hand, a high amount of oxygen inside the deposition chamber results in un-bonded
oxygen molecules or ions (in case of ionized oxygen) getting trapped in the film during growth thus
creating voids. Such voids result in scattering of light in the coated films. The deposition rate of oxides is
also highly influenced by the oxygen partial pressure inside the deposition chamber [Rossnagel, 2001;
Lee et al., 1996].
The reactive oxygen gas introduced into the chamber reacts not only with the deposited material on the
substrate and the chamber walls but also with the target metal surface. In the absence of reactive oxygen,
metallic films are formed and the deposition rate is high, indicated in Fig. 4.11 as the “metal mode”.
Increasing the flow of the reactive gas initially, results in the formation of sub-oxides in the coated films.
The oxygen supplied is absorbed by the film and chamber walls and the deposition rate remains stable
since the sputter yield is not affected (moving left to right in Fig. 4.11). Further Increase in the reactive
oxygen flow leads to a point where the fully stoichiometric oxide is formed. Any additional reactive gas
supplied above this flow cannot be absorbed by the films since they are already saturated with oxygen.
The extra oxygen supply will form a permanent oxide layer on the target surface. The sputter yield for the
oxidized target is significantly less compared to the pure metallic target, since the oxide layer must be
sputtered away to sustain the reaction. This is indicated in Fig. 4.11 as the “oxide mode” where the
deposition rate decreases significantly. Decreasing the flow of the reactive gas, the deposition rate shows
a hysteresis curve until a critical point is reached where the deposition rate increases rapidly. This
indicates that the oxidized layer on the target is sputtered away leaving behind a pure metal surface,
Fig. 4.11.
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Fig. 4.11: Hysteresis curve of the deposition rate observed by changing the gas flow of the reactive gas. A high
oxygen flow improves the stoichiometry of the film (oxide mode), however decreasing the deposition rate. While a
low oxygen flow increases the deposition rate but can result in un-bonded atoms in the film, thus increasing the film
absorption. Reducing the oxygen flow too much can result into purely metallic films (metal mode). In the transition
region from metal to oxide mode, a process with high deposition rate and low absorption is achievable. Original
figure from [Kienel, 1997].

In the transition region from metal to oxide mode (Fig. 4.11), a process with high deposition rate and low
absorption is achievable. Our aim is to find the optimum deposition condition in the IBSD process to
obtain dielectric films with low absorption, low stress and high deposition rate.
Nb2O5 and SiO2 films are deposited on Si substrates at different oxygen flows. Table 4.3 summarizes the
optimum deposition parameters for both Nb2O5 and SiO2 films.
Table 4.3: Optimum deposition parameters for Nb2O5 and SiO2 films coated at different oxygen flows.
Deposition Parameters for Nb2O5
Target material
99.95% pure Nb
Sputtering gas
Ar+
Sputtering gas flow
4 sccm
Sputtering gas ion energy
800 eV
Sputtering gas ion flux
75 mA
Target incidence angle
55
Substrate position
25 mm
Substrate tilt angle
45
Substrate rotation
60
Reactive gas
O+
Reactive gas flow
Variable
Reactive gas ion energy
200 eV
Reactive gas ion flux
2.5 mA

Deposition Parameters for SiO2
Target material
99.99% pure Si
Sputtering gas
Ar+
Sputtering gas flow
4 sccm
Sputtering gas ion energy
800 eV
Sputtering gas ion flux
75 mA
Target incidence angle
55
Substrate position
25 mm
Substrate tilt angle
45
Substrate rotation
60
Reactive gas
O+
Reactive gas flow
Variable
Reactive gas ion energy
200 eV
Reactive gas ion flux
2.5 mA

Oxygen is introduced into the chamber using a second ion source, which can also be utilized to ionize the
introduced oxygen. Ionized oxygen is more reactive than molecular oxygen and the required ionized
oxygen flow for full oxidation of the sputtered material is comparatively lower [Todorov, 2008].
Similarly, a higher reactive ion energy requires a lower oxygen flow for full oxidation of the sputtered
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material, since ionized high energy molecules are more reactive on account of having higher momentum
and can be easily bound with the Si atoms [Todorov, 2008]. The thickness and the optical properties of
the coated films is measured using the in-situ VASE setup explained in Section 3.3.2. The Tauc-Lorentz
oscillator model is used to parameterize the Nb2O5 films while the Lorentz oscillator model is used for the
SiO2 films. The starting parameters for both models are shown in Appendix B.1 and Appendix B.2. The
MSE values in all cases is recorded to be less than 5. The error in deposition rate measurement under
these conditions is recorded to be in the order of 104 and is therefore ignored in all cases.
For Nb2O5, the extinction coefficient is too small to be measured at wavelengths higher than 400 nm for
an oxygen flow of as low as 3.5 sccm, Fig. 4.12(b).

a)

b)
Fig. 4.12: Experimentally determined refractive index (a) and extinction coefficient (b) of sputtered Nb 2O5 coatings
at different oxygen flows. The extinction coefficient is too small to be measured for oxygen flows of as lows as
3.5 sccm. There is only a slight change in the refractive index with increasing oxygen flow.
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There is only a slight variation in the refractive index with increasing oxygen flow, Fig. 4.12(a). Due to
the low sputtering yield of Nb atoms, a very low supply of oxygen molecules is enough to bond all the
available Nb atoms to form Nb2O5 films. Further increase in oxygen supply, does not change the
stoichiometry of the film and hence, the refractive index profile of the films remains unaltered. However,
an excess supply of oxygen can result in un-bonded oxygen incorporation into the films and increasing
film scattering, besides decreasing the deposition rate, Fig. 4.13.

a)

b)
Fig. 4.13: Experimentally determined deposition rate of sputtered Nb2O5 (a) and SiO2 (b) coatings at different
oxygen flows. The deposition rate decreases at higher oxygen flows.
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The maximum extinction coefficient of SiO2 is in the order of 10-4 in the wavelengths of interest
(>400 nm) for an oxygen flow of 4.5 sccm, Fig. 4.14(b). Increasing the oxygen flow beyond 4.5 sccm
further decreases the extinction coefficient. Due to the high sputtering yield of Si atoms, a very high
supply of oxygen molecules is required to bond all the available Si atoms to form SiO 2 films. Therefore,
further increase in oxygen supply, changes the stoichiometry of the film and hence, the refractive index
profile of the films decreases, Fig. 4.14(a), besides decreasing the deposition rate, Fig. 4.14(b). The high
refractive index at lower oxygen flows is attributed to the un-bonded Si atoms incorporated into the films.

a)

b)
Fig. 4.14: Experimentally determined refractive index (a) and extinction coefficient (b) of sputtered SiO 2 coatings at
different oxygen flows. The maximum extinction coefficient is in the order of 10-4 in the wavelengths of interest
(> 400 nm) for an oxygen flow of 4.5 sccm. Increasing the oxygen flow beyond 4.5 sccm further decreases the
extinction coefficient.

85

For DBRs with only a few number of layers, an oxygen supply of 4.5 sccm produces SiO2 films with low
enough absorption, as shown in Fig. 4.15. The simulated spectra of two 5.5 period Nb2O5/SiO2 DBRs
with different layer properties is compared in Fig. 4.15. One of the DBRs is simulated with Nb2O5 and
SiO2 layer properties measured for 4.5 sccm of O2 flow while the other for 10 sccm of O2 flow. The
simulation is done using OpenFilters open-source software. The DBR with 4.5 sccm of O2 flow has a
reflectivity of 98.22% and a stopband of 184 nm. The DBR with 10 sccm of O2 flow has a reflectivity of
98.32% and a stopband of 185 nm.

Fig. 4.15: Simulated reflection spectra of 5.5 period Nb 2O5/SiO2 DBRs with layer properties for 4.5 sccm and
10 sccm of O2 flow. The DBR with 4.5 sccm O2 flow has a reflectivity of 98.22% and a stopband of 184 nm. The
DBR with 10 sccm of O2 flow has a reflectivity of 98.32% and a stopband of 185 nm. The simulation is done using
OpenFilters open source software.

However, for multilayered structures with large number of layers (e.g. bandpass filters), higher
transmission and thus higher oxygen supplies are required. Furthermore, for alternate multilayer
deposition of Nb2O5 and SiO2 films, similar oxygen flows are required to sustain a stable plasma process.
In this work, Nb2O5 and SiO2 for DBRs are deposited with 4.5 sccm of oxygen flow (Section 5.3.2), while
that for multilayered bandpass filters are deposited with 10 sccm of oxygen flow (Section 6.2 and
Section 6.3).

4.4. Characterization and Optimization of the Mechanical
Properties of IBSD Nb2O5, IBSD SiO2 and PVD metal films
Performance of thin films depends not only on their optical but also on their mechanical properties, for
example, stress and adhesion. Stress can significantly distort a thick multilayer optical coating resulting in
curved surfaces that can lead to considerable beam distortion. Therefore, it is necessary to measure and
employ methods to reduce thin film stresses.
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4.4.1. Thin Film Stress Measurement Methodology
The modified Stoney equation (Equation 2.59) derived in Section 2.4 can be used to measure the residual
stress of thin films on substrates. The most common method of measuring the residual stress using the
Stoney equation is the wafer bending method. This method involves measuring the surface curvatures of
the bare substrate (zs) and the substrate subsequent to film deposition (zs+f). The curvature introduced by
the film can be obtained by the difference of these two curvatures (zf = zs+f  zs). The radius of curvature
r(xo) of a function z(x) at the position xo is given by Equation 4.1 [Papula, 2001];

1  zx  
r x  
o

2

zxo 

o

3

2

(4.1)

where z′ and z ׳׳are the first and second derivatives of the function z(x). Since z′ << 1, therefore, z′2  0.
Equation 4.1 then becomes;

 Rc 

1
zf

a)

b)

c)

d)

(4.2)

Fig. 4.16: (a) Raw data of surface curvatures of the bare substrate zs, the substrate subsequent to film deposition zs+f
and the difference of the two curvatures giving the curvature introduced by the film zf. (b) A smoothing function is
employed to the curvature introduced by the film zf to reduce the measurement noise introduced by the stylus of the
profilometer. (c) The first order derivative of the function zf (i.e. zʹf = zf/x). (d) Linear fit of the first order
derivative zʹf. Slope of the linear fit equals the inverse of the radius of curvature (i.e. zʹʹf = 2zf/2x = 1/Rc).
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where zf is the curvature introduced by the film in the substrate. Figure 4.16(a  d) show a step by step
measurement and calculation method to find the radius of curvature Rc introduced by the film in the
substrate.
Surface profiles are measured using a surface profilometer (Section 3.3.1) on Si and glass substrates
before (zs) and after (zs+f) film deposition, and subtracted to obtain the curvature introduced by the film
(zf), Fig. 4.16(a). Surface profile measurements are usually overwhelmed by surface roughness which is
manifested in the derivation in the form of noise. The Savitzky-Golay filter is employed to smooth the
curve by fitting successive sub-sets of adjacent data points with a first degree polynomial function by the
method of linear least squares [Savitzky & Golay, 1964], Fig. 4.16. The first order derivation of the curve
(zʹf = zf/x) is computed (Fig. 4.16c), followed by a linear fit to minimize distortions (Fig. 4.16d). The
edges of the first order derivation curve lead to erroneous values due to the use of the Savitzky-Golay
filter and are not included in obtaining the linear fit. This so called “edge effect” arises from the fact that
it is impossible to multiply ﬁlter coefﬁcients by points before the beginning of the curve or after the end
of it [Brown & Wentzell, 1999]. The slope of the linear fit zʹf equals the inverse of the radius of curvature
(i.e. zʹʹf = 2zf/2x = 1/Rc). The radius of curvature thus obtained is used to quantify the film stress using
Equation 4.3 (explained in Section 2.4.2), while the maximum error in measurement is derived from
Equation 4.3 according to the chain rule1 and is given by Equation 4.4;
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(4.4)

where as the manufacturer provided thickness ts for both glass and Si substrates along with the errors are
given in Table 4.4. The Biaxial modulus B of the Si substrates is a material constant while that for the
glass substrates is determined from the manufacturer provided Young’s modulus Y and the Poisson’s ratio
 of similar glass substrates, according to Equation 2.47, Table 4.4. The film thickness tf is measured
using variable angle ellipsometric measurements and the error in measurement is also recorded.
To ensure curvature measurements along the exact path before and after deposition, a special Al sample
holder is designed based on the work of C. Schilde [Schilde, 2010], for a comparison see Appendix C.
Using this sample holder, two mutually perpendicular paths are measured on the substrate surface using
the edges of the glass substrates or the flat cut of the Si substrates as alignment points on the sample
holder. However, micrometer range errors in alignment could still not be avoided, Fig. 4.17(a).

1

The maximum error of a function f(a,b,c,..) with multiple error-prone variables is given by;
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Table 4.4: Dimensions and mechanical properties of the substrates provided by the manufacturer [Präzisions Glas &
Optik GmbH., 2014; Si-Mat Silicon Materials, 2012]. The Poisson's ratio for the float glass used is not known
exactly, and is assumed to be similar to glasses with comparable properties [Bolz, 1973]. The biaxial modulus B of
the Si wafer is a material constant [Hopcroft et al., 2010].
Shape
Area (cm2)
Thickness (mm)
Young’s modulus (GPa)
Poisson’s ratio
Biaxial modulus (GPa)

a)

Glass Substrate
Square
(2.54)2
0.7  0.05
70  2
0.2  0.05
87.5  8

Si Substrate
Circular
(2.54/2)2
0.28  0.025
180

b)

Fig. 4.17: Alignment of the curves in the x-direction to achieve a linear differential curve (źʹf = źf/x) and hence a
constant radius. (a) The non-aligned measured surface profiles (zs and zs+f) are shifted with respect to each other
which is reflected as high statistical uncertainty in the curve fits (Top: polynomial; bottom: linear). (b) Curves
shifted (x = 621 m) and aligned with respect to each other show a minimum MSE value for the linear fit of the
first differential of the film curvature źʹf = źf/x.

A special computer program is designed using LabVIEWTM 2011 from National Instruments to align the
curves after measurement. A step by step explanation of the process is given below;
1. The substrate curvature zs is shifted in comparison to the combined substrate and film curvature
zs+f in the x-direction by x = 1 mm in small steps.
2. After each step shift, the leading and trailing edges of both curves are no longer aligned in the xdirection. Therefore, portions of both curves are cropped to align them in the x-direction. For a
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x step shift of zs compared to zs+f, the leading edge of zs and the trailing edge of zs+f is cropped
by a value of x.
3. To re-align the planes of both curves, new curves are drawn such that ź = z  g, where g is a line
connecting the end points of the original curve.
4. The MSE of the linear fit of the curve źʹf = źf/x is recorded and compared for each step shift.
The shifted curve yielding the least MSE value is used to calculate the radius of curvature and
henceforth the film stress.
Figure 4.17(a) shows the first differential of the film curvature obtained using the un-aligned curvatures,
while Fig. 4.17(b) shows the first differential of the film curvature obtained using the alignment
procedure illustrated above. The film curve obtained using the alignment procedure explained above,
results in a linear differential curve (źʹf = źf/x) and hence leads to a constant radius.
A special computer program is designed using LabVIEWTM 2011 from National Instruments to align the
curves after measurement. A step by step explanation of the process is given below;
1. The substrate curvature zs is shifted in comparison to the combined substrate and film curvature
zs+f in the x-direction by x = 1 mm in small steps.
2. After each step shift, the leading and trailing edges of both curves are no longer aligned in the xdirection. Therefore, portions of both curves are cropped to align them in the x-direction. For a
x step shift of zs compared to zs+f, the leading edge of zs and the trailing edge of zs+f is cropped
by a value of x.
3. To re-align the planes of both curves, new curves are drawn such that ź = z  g, where g is a line
connecting the end points of the original curve.
4. The MSE of the linear fit of the curve źʹf = źf/x is recorded and compared for each step shift.
The shifted curve yielding the least MSE value is used to calculate the radius of curvature and
henceforth the film stress.
Figure 4.17(a) shows the first differential of the film curvature obtained using the un-aligned curvatures,
while Fig. 4.17(b) shows the first differential of the film curvature obtained using the alignment
procedure illustrated above. The film curve obtained using the alignment procedure explained above,
results in a linear differential curve (źʹf = źf/x) and hence leads to a constant radius.

4.4.2. Stress Relaxation in IBSD Nb2O5 and SiO2 Films using High
Energy Ion Bombardment
Compressive Stress Formation and Relaxation in Sputter Deposited Films
Thin films deposited with Ion Beam Sputter Deposition (IBSD) technology are at or near room
temperature during deposition and, therefore, suffer from weak or negligible thermal induced extrinsic
stress. The major portion of IBSD thin film stress is intrinsic which is predominantly caused by the
implantation of surface atoms by high energy (5 to 20 eV) sputtered particles up to a few nanometers
within the deposited film surface [Davis, 1993; Ristau, 2012; Frey & Kienel, 1987], resulting in an inplane expansion of the film, Fig. 4.18. Besides increasing the film mass density, the implanted particles
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are the main cause of the large compressive stress in IBSD films. In most cases, intrinsic film stress can
be reduced by post deposition thermal annealing, but for MEMS filter fabrication, annealing is not
possible due to two reasons. Firstly, due to the large amount of stress, buckles are formed during the
deposition process thus damaging the structures permanently, which cannot be undone with a post
deposition annealing process. Secondly, heat can alter the thickness of the polymer based sacrificial layer
(Section 5.3.2) resulting in smaller air-gap cavities in the released filter structures. Therefore, a nonthermal stress relaxation process is needed in this case.

Fig. 4.18: High energy particles are implanted a few nanometers under the film surface (indicated by red circles)
resulting in an in-plane expansion of the film (expansion direction indicated by the red arrows). Thus ion beam
sputtered layers are mostly compressively stressed.

Davis presented a simple model describing the formation and relaxation of intrinsic stress by energetic
particle bombardment during film growth [Davis, 1993]. This model explains two competing processes.
The first process is dominant for particle energies in the range of 1 to 100 eV, where atoms are trapped a
few nanometers below the film surface by knock-on implantation [Müller, 1986], Fig. 4.19(a). These
atoms are in a meta-stable state and result in compressively stressed films. As the particle energy is
increased, a second process is introduced, whereby energy transfer takes place between the bombarding
particles and the meta-stable atoms in the form of localized heating called thermal spikes, Fig. 4.19(b).

a)

b)

Fig. 4.19: (a) Knock-on implantation of surface atoms by energetic particles up to a few nanometers below the film
surface. Original figure from [Müller, 1986]. (b) Energy transfer between energetic particles and implanted atoms
takes place in the form of localized heating called thermal spikes. Original figure from [Frey & Kienel, 1987].
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When a certain threshold energy (called escape energy Eo) is reached, the atoms have enough energy to
escape to the film surface. With increasing particle energies, the second process becomes dominant
resulting in a net film relaxation.
According to Davis, the film stress under high energy ion bombardment is given by;

 (E) 

Y
E1 / 2
1  v D / J  0.016  ( E / E0 )5 / 3

(4.5)

where, E is the ion energy, Eo is the average escape energy and is different for different materials, D and J
are the deposition and bombarding flux respectively,  is a material dependent parameter, Y and  are
Young’s modulus and Poisson’s ratio, respectively.
Figure 4.20 shows the stress predicted by Equation 4.3 for three values of the flux ratio D/J, assuming
Eo = 8 eV and  = 1. For significant stress relaxation at low ion energies, the flux ratio should be high.
One way to achieve this is to keep the bombarding flux as low as possible.

Fig. 4.20: Variation in compressive stress with increasing bombarding particle energy predicted by Equation 4.5 for
D/J = 1, 5 and 20, assuming Eo = 8 eV and  = 1. Original figure from [Davis, 1993].

Stress Relaxation in IBSD Nb2O5 and SiO2 Films using High Energy Ion Bombardment:
Methodology, Experimental Results and Discussion
Even though the model presented by Davis is proposed for substrates at 0 K and particle energies of less
than 1 keV, it has been successfully implemented to substrates at room temperature and/or higher particle
energies [Bundesmann et al., 2008].
Based on Davis’s explanation of stress formation and relaxation in sputtered films, the IonSys 1000
sputter deposition assembly is expected to influence the stress of films coated with reactive sputtering
using high energy ion bombardment with the secondary ion beam source. To influence the film stress,
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films are deposited by varying the ion beam voltage of the secondary ion source from 0 to 1500 V, while
maintaining a constant low ion flux (Fig. 4.21). Table 4.5 shows the deposition parameters for Nb2O5 and
SiO2 films. The ion energies of the gas plasmas EIon are directly related to the ion beam voltages of the
respective ion sources, assuming the ions to be singly ionized (1e +). Thus, the primary ion source sputters
the targets with 0.8 keV Ar+ ions, while the ion energies of the secondary ion source (EIon2) vary between
0 and 1.5 keV for different film depositions. The ratio of the ion currents of the primary and secondary
ion sources indirectly correlate with the flux ratio in Equation 4.3. To achieve a high flux ratio, the ion
current of the secondary source is kept low by pulsed ion beam extraction without an electron beam. A
substrate tilt angle of 45 is used so that the angle between the substrate normal and the secondary ion
beam is nearly 0 to avoid sputtering of the substrate with the secondary ion source, Section 3.1.1.

Fig. 4.21: High energy ion bombardment using a secondary ion source in order to influence the stress in dielectric
films. Modified figure after [Martin, 1986].
Table 4.5: Deposition parameters for Nb2O5 and SiO2 films.

Argon flow (sccm)
Oxygen flow (sccm)
Beam voltage (V)
Acceleration voltage (V)
Ion current (mA)
Electron current (mA)
Pulse frequency (kHz)
Duty cycle / Pulse weight (%)

Primary Ion
Source
6
800
100
72
1
45

SiO2
Secondary Ion
Source
4
14
0 – 1500
100
10
5
17 – 3
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Primary Ion
Source
6
800
100
75
1
72

Nb2O5
Secondary Ion
Source
2
10
0 – 1500
100
10
5
13 – 1

The mechanical stress of the dielectric films is investigated using the wafer bending method, explained
above. Films are deposited on 1 inch (edge length) square glass substrates for SiO2 films and 1 inch
(diameter) Si substrates for Nb2O5 films. The surface curvature of the sample is measured before and after
film deposition using a surface profilometer (Ambios XP-100). The curvature introduced by the film is
determined by subtracting the surface curvatures of the uncoated and coated substrate. The results are
shown in Fig. 4.22 and Fig. 4.23.

Fig. 4.22: Experimentally determined compressive stress in SiO2 layers vs. bombarding ion energy. The red curve is
a fit of Equation 4.5 to the measured data assuming Eo = 8 eV and  = 1, D/J = 10 1.5 for SiO2.

Fig. 4.23: Experimentally determined compressive stress in Nb2O5 layers vs. bombarding ion energy. The red curve
is a fit of Equation 4.5 to the measured data assuming Eo = 8 eV and  = 1, D/J = 8  2 for Nb2O5.
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At zero bombarding energy, the sputtered films of SiO2 and Nb2O5 show a compressive stress of
620  180 and 400  100 MPa respectively. For SiO2 (Fig. 4.22) an increase in bombarding ion energy
results, first in an increase in the film compressive stress reaching a maximum value of 780  220 MPa at
an ion energy of 300 eV and then decreasing with a further increase in the ion energy to a value of
240  60 MPa for 1500 eV. For Nb2O5 (Fig. 4.23) with increasing bombarding ion energy, film
compressive stress slightly increases before decreasing to a minimum value of 170  40 MPa at 750 eV.
Further increase in the bombarding ion energy results in an abrupt increase in film stress owing to change
in film composition [Gibson, 1991] as is clear from the non-linear behavior of the refractive index with
increasing bombarding ion energy, see Fig. 4.24(a). The refractive index of Nb2O5 films at a wavelength
of 550 nm as a function of bombarding ion energy is shown in Fig. 4.24(a). The decrease in refractive
index from 750 to 900 eV is significantly higher. Further increase of the bombarding ion energy results in
a sharp decrease in the film compressive stress. Similar results have also been reported by Bundesmann et
al. for TiO2, where a sudden decline in refractive index is observed for increasing bombarding ion
energies and is attributed to a phase change from rutile to anatase crystal structure [Bundesmann et al.,
2008]. However, no such phase change is observed for SiO2 films Fig. 4.24(b).

a)

b)
Fig. 4.24: Refractive index of Nb2O5 (a) and SiO2 (b) at 550 nm vs. bombarding ion energy. The decrease in
refractive index from 600 to 900 eV is significantly higher for Nb 2O5 which may be attributed to a phase change.
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The stress vs. ion energy relationships (Fig. 4.22 and Fig. 4.23) are in close agreement with Davis’s
explanation of stress formation and relaxation in sputtered films [Davis, 1993]. For bombarding ion
energies EIon2, Equation 4.5 becomes;

 (E) 

1/ 2

Y
EIon2
1  v D / J  0.016  ( EIon2 / E0 )5 / 3

(4.6)

According to Equation 4.6, for small values of the flux ratio and increasing bombarding ion energies, the
stress goes through a maximum value before decreasing for large energies, as can be seen in Fig. 4.22.
Assuming Eo = 8 eV and  = 1, the measured stress values of SiO2 (in the range 100 to 1500 eV) may be
fitted by Equation 4.6 if the flux ratio value is approximately 10  1.5 and about 8  2 for Nb2O5 (in the
range 150 to 750 eV). Since the bombarding flux for all processes is kept constant, this means that the
deposition flux for SiO2 is greater than the deposition flux for Nb2O5. This coincides with the fact that the
experimentally determined deposition rate of SiO2 is higher than that of Nb2O5, as can be seen in
Fig. 4.25.

Fig. 4.25: Deposition rates of Nb2O5 and SiO2 at different bombarding ion energies.

Table 4.6 summarizes the results of stress measurement from this work in comparison with the literature.
The results measured in this work are in close resemblance to reported work.
Table 4.6: Comparison of stress measured in this work and literature values for Nb2O5 and SiO2 films.
Ion beam sputtered
dielectrics

Secondary ion beam
SiO2
Eperimental
Literature [Bundesmann et al., 2008]
Nb2O5
Eperimental
Literature [Lee et al., 2002]
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Stress (MPa)
No beam
1.5 keV
620  180
240  60
900
300
400  90
160  40
370 to 470

4.4.3. Optical Properties of IBSD Nb2O5 and SiO2 Films under High
Energy Ion Bombardment
The thickness, refractive index and absorption coefficient of the deposited films are measured using post
deposition ellipsometric measurements in the visible spectral range using the variable angle spectroscopic
ellipsometry with the VASE ellipsometer from the company J. A. Wollam Co. (Section 3.3.2). The TaucLorentz oscillator model is used to parameterize the Nb2O5 films while the Lorentz oscillator model is
used for the SiO2 films (Section 3.3.2). The starting parameters for both models are shown in
Appendix B.1 and Appendix B.2.
Figure 4.26 and Fig. 4.27 show the refractive index and extinction coefficient at different wavelengths for
Nb2O5 and SiO2 films deposited at different bombarding ion energies. Both graphs show a decrease in the
refractive index with increasing bombarding energy. The decrease in refractive index might be a result of
increased oxygen ion incorporation into the films, degradation of film stoichiometry and/or creation of
closed isolated voids in the films with increasing ion energies [McNally et al., 1988].

Fig. 4.26: Refractive index and extinction coefficient of SiO 2, deposited at different bombarding ion energies.
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Fig. 4.27: Refractive index and extinction coefficient of Nb2O5, deposited at different bombarding ion energies.

Table 4.7 compares the decrease in refractive indices of SiO2 and Nb2O5 at a wavelength of 550 nm for
bombarding ion energies of 0 and 1500 eV. The decrease in refractive index for Nb 2O5 is much more
compared to SiO2.
Table 4.7: Refractive index contrast of films at a wavelength of 550 nm deposited with and without additional ion
bombardment.
SiO2
Nb2O5

n550 (at 0 eV)
1.50
2.29

n550 (at 1500 eV)
1.47
2.07

∆n550
0.03
0.22

Thus the decrease in wavelength with increasing bombarding ion energy is material dependent. The
extinction coefficient of Nb2O5 in the measured wavelength range is too small to be detected by the
measurement setup. The extinction coefficient of SiO2 decreases with increasing ion energies and is
immeasurable for energies above 900 eV. This is most probably due to the fact that oxygen incorporation
in the films increases with increasing bombarding ion energies, resulting in minimum number of unbonded Si atoms and thus reducing the absorption.
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DBRs with Stress-Reduced Films
Figure 4.28(a & b) compare simulated transmission of 5.5 period DBRs for the VIS (design
wavelength = 550 nm) and NIR (design wavelength = 950 nm) wavelength ranges. The standard DBRs
are simulated using unaltered (standard) film properties while the stress-reduced DBRs are simulated
using stress reduced film properties. The stopband width of a DBR filter depends on the refractive index
difference between the high and low refractive index materials. Since the refractive index decreases for
both Nb2O5 and SiO2 stress reduced films, the refractive index difference remains almost constant
resulting in a very small reduction in the stopband width compared to the unaltered film DBRs, see
Table 4.8.

a)

b)
Fig. 4.28: Simulated reflection spectra of 5.5 periods of Nb2O5/SiO2 DBRs using standard and stress-reduced film
properties for the VIS (a) and NIR (b) range.

99

Table 4.8: Comparison of standard and stress-reduced 5.5 period Nb2O5/SiO2 DBRs for the VIS and NIR ranges.
Shown are also the resultant film force per unit width f (=  d), the reflectivity R and the stopband width  of the
DBRs.

Bombarding ion energy (eV)
Refractive index at 550 nm and 950
nm
Quarter-wave film thickness (nm)
Stress (MPa)
Film force per unit width (N/m)
Refractive index contrast
Stopband width (nm)
Reflectivity at 550 nm and 950 nm (%)

VIS Spectral Range
Standard DBR Stress-Reduced
DBR
SiO2
Nb2O5
SiO2
Nb2O5
0
0
1200
750
1.50
2.29
1.47
2.22
92
60
520  140
430  110
0.79
182
98.25

93
62
260  70
220  60
0.74
175
97.9

NIR Spectral Range
Standard DBR Stress-Reduced
DBR
SiO2
Nb2O5
SiO2
Nb2O5
0
0
1200
750
1.49
2.21
1.46
2.17
159
107
520  140
750  200
0.72
316
97.8

162
109
260  70
380  100
0.71
305
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Fabry-Pérot Filters using Stress-Reduced Films for DBRs
To demonstrate the optical and mechanical properties of multilayered structures, Fabry-Pérot filters with
polymer cavities (Fig. 1.10) for the VIS and NIR wavelength ranges are also fabricated. Figure 4.29(a)
shows a 3D WLI micrograph of a Fabry-Pérot filter array fabricated using stress reduced Nb2O5 and SiO2
films (for deposition parameters see Table 4.7 and Table 4.10) as DBR materials for the VIS wavelength
range. The filter array has 64 Fabry-Pérot filters with distinct cavity heights. The cavities are formed with
UV-SCIL using a UV-curable resist (mr-UVCur06) [Ji et al., 2010; Wang et al., 2013; Albrecth et al.,
2012]. The micrograph has smooth surface profiles for all the structures, showing good adhesion between
top-DBR and the underlying imprinted cavity polymer. Fig. 4.29(b) shows transmission lines for selected
filters from the filter array. A maximum filter transmission line of 73%, a Full Width at Half Maximum
(FWHM) of 3.3 nm and a stopband of 182 nm is achieved. The results are summarized in Table 4.9.

a)

b)

Fig. 4.29: A Fabry-Pérot array with 64 distinct cavity heights. The cavity heights are formed with UV-SCIL using
UV-curable mr-UVCur06 polymer [Albrecht et al., 2012; Wang et al., 2013] and stress reduced Nb2O5/SiO2 DBRs
(for deposition parameters see Table 4.7 and Table 4.10). (a) WLI image of 64 Fabry-Pérot filters with distinct
cavity heights. (b) Transmission lines of 6 selected filters from the filter array. A maximum transmission line of
73%, a FWHM of 3.3 nm and a stopband of 182 nm is achieved.
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Table 4.9: Optical properties of the filter array for the VIS range.
Property
Transmission at 596.77 nm
FWHM at 531.47 nm
Stopband Width at 531.47 nm

Value
73%
3.3 nm
182 nm

Figure 4.30 shows the transmission spectrum of a single filter from a Fabry-Pérot filter array fabricated
for the NIR wavelength range. The filter shows a transmission line of 62%, a FWHM of 7.25 nm and a
stopband width of 316.5 nm. The results are summarized in Table 4.10.

Fig. 4.30: Measured transmission of a single filter from a Fabry-Pérot filter array fabricated for the NIR wavelength
range. The array has 64 filters with distinct cavity heights. The heights are implemented with UV-SCIL using UVcurable mr-UVCur06 polymer and stress reduced Nb2O5/SiO2 DBRs.
Table 4.10: Optical properties of a single filter from a Fabry-Pérot filter array for the NIR range.
Property
Transmission at 921.8 nm
FWHM at 921.8 nm
Stopband Width at 921.8 nm

Value
62%
7.25 nm
316.5 nm

It has been demonstrated that using high energy ion bombardment, stress reduced dielectric coatings can
be produced without compromising the optical purity of the coatings. Fabry-Pérot filters fabricated in this
manner show high mechanical stability and excellent optical quality.

4.4.4. Characterization of Residual Stress in PVD Metal Films
In the design of the stress optimized suspension for the tunable filter, explained in Section 5.3 and
Section 5.4, materials with specific mechanical properties are required. A detailed study of the stress of
metallic films is therefore presented below.
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Mobility of Evaporated Metals: Formation of Tensile and Compressive Stress in Metals
When metals are evaporated onto polycrystalline or amorphous substrates, there are no continuous layers
but 3-dimensional islands (Volmer-Weber growth). This is due to the fact that the bonds between film
atoms are stronger than the bonds between film atoms and the substrate. As the islands grow, they
coalesce to form continuous films. The resulting grain boundaries after coalescence, initially, lead to the
creation of tensile stresses. However, as the layers grow, other effects such as capillary forces in the grain
boundaries can also contribute to the overall stress [Ohring, 2001; Koch, 1994; Abermann et al., 1979].
The resulting film stress is therefore a composite of all the effects, and may change during film growth
[Koch, 1994], see Fig. 4.31(b).

a)

b)

Fig. 4.31: Film force per unit width (stress  layer thickness) of various metals with low (a) and high (b) mobility up
to 100 nm of layer growth. Deposition end is indicated by a vertical line. Original figure from [Koch, 1994].

The size of the grains and their concentration depends largely on the mobility of the deposited metal
atoms. This is determined by the ratio of the substrate temperature TD during deposition and the melting
point Tm of evaporated material. Based on the ratio TD/Tm, also known as the homologous temperature or
the atomic mobility, two types of intrinsic stress behaviors have been identified [Koch, 1994].
Low mobility (TD/Tm< 0.2): Under conditions of low atomic mobility (e.g. Cr at room temperature), a
tensile stress develops during coalescence and is retained during further film growth. At low values of
TD/Tm, the evaporated atoms come to rest immediately due to low momentum and slow chemical process,
resulting in columnar grains with porous films. Such films are under-dense and hence moderately tensile.
The grain size remains independent of the layer thickness resulting in a linear increase in film force with
increasing layer thickness [Nix & Clemens, 1999], Fig. 4.31(a). Due to low mobility, the layer stress does
not relax even after film deposition.
High mobility (TD/Tm> 0.2): Under conditions of high atomic mobility (e.g. Al at room temperature), a
tensile stress develops as islands coalesce, but further film growth leads to evolution into compressive
stress. At high values of TD/Tm, surface diffusion is significant. Atoms, at the beginning of the deposition
process, form larger islands resulting in larger grain size and thus a lower initial concentration of grain
boundaries. This is represented in Fig. 4.31(b) as an initial tensile stress. However, this tensile stress is
significantly weaker compared to that of metals with low mobility. As the film thickness increases, a peak
tensile stress associated with the end of the coalescence process occurs. Post-coalescence evolution
towards a compressive state occurs due to high mobility atoms lodging into the grain boundaries,
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resulting in an in-plane expansion of the film [Chason et al., 2002]. Due to high mobility of the atoms, the
layer stress can relax after film deposition and may also turn into tensile, Fig. 4.31(b).
Thermal Stress in Metals
Thermal stresses arise when films are deposited at temperatures other than the room temperature for films
and substrates with different coefficients of thermal expansion. The thermal stress can be calculated using
the following equation [Koch, 1994];

t 

TM

Yf
1  f

 

f

 s 

(4.7)

TD

where, TD is the deposition temperature, TM is the measurement temperature and f and s are the
coefficients of thermal expansion of the film and the substrate respectively.
The thermal fraction of intrinsic stresses depends to some extent on the coating temperature which is
controllable and predictable. Two of the most common PVD techniques for the deposition of metallic thin
films are e-beam and thermal evaporation. In e-beam evaporation the thermal stress plays a minor role,
since the materials used exhibit a small difference in the coefficients of thermal expansion and are
deposited approximately at room temperature. However, thermally evaporated materials do exhibit some
extent of thermal stress.
Measured Stress in Evaporated Metals: Experimental Results and Discussion
The results of mechanical stress in evaporated metals are plotted in Fig. 4.32. The films are coated with
Pfeiffer PLS 500 Evaporation System (Section 3.1.2 and Section 3.1.3) using e-beam and thermal
evaporation. Ti and Cr are highly tensile while Al is only slightly tensile stressed. On the other hand,
thermally evaporated Al is compressively stressed.
Cr has the highest measured tensile stress (1250 ± 150 MPa) while the tensile stress of Ti is
approximately half of the tensile stress of Cr (540 ± 210 MPa). Both Cr and Ti have high melting points,
1907 oC and 1668 oC, respectively, and therefore low mobility atoms. As discussed above, the layers of
such materials are under-dense and hence in a tensile state [Misra & Nastasi, 2007]. On the other hand ebeam evaporated Al atoms have high mobility due to their very low melting point (660 oC) resulting in
larger columnar grains and less porous films. But high mobility of atoms causes post deposition stress
relaxation and Al films deposited using e-beam evaporation are almost stress free (13 ± 10 MPa).
Increasing the deposition rate of e-beam evaporated Al increases the film tensile stress (110 ± 90 MPa).
Although, the higher deposition flux causes less voids and denser films by filling in the grain boundaries,
yet the final stress measured is tensile instead of compressive. This is due to the fact that high mobility
atoms move away from the grain boundaries during post deposition stress relaxation, resulting in a final
tensile behavior. Similar behavior has also been reported by Yu and Thompson for e-beam evaporated
nickel with increasing deposition rate [Yu & Thompson, 2014]. Furthermore, Al films coated at lower
deposition rates have comparatively smaller tensile stress values due to the fact that lower flux results in
less defects and voids in the films. Thermal evaporation of Al occurs at even higher mobility of atoms,
due to an increase in the deposition temperature TD, thus increasing the homologous temperature (TD/Tm).
The resulting stress is compressive (183 ± 145 MPa). However, a noticeable change in the stress of
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thermally evaporated Al could not be achieved by indirect heating of the substrate using a resistive
heating lamp. Table 4.11 summarizes the results of stress measurement for different materials in
comparison with the literature. The measured stress values obtained in this work are in close agreement
with other reported stress values.

Fig. 4.32: Measured stress of different metals deposited by EB-PVD. For aluminum, the deposition rate was
additionally varied and thermal evaporation was also employed.
Table 4.11: Comparison of stress measured in this work and literature values for different metals.
E-beam evaporated
metals

Cr
Ti
Al

Eperimental
Literature [Koch, 1994]
Eperimental
Literature [Koch, 1994]
Eperimental
Literature [Kupfer et al., 1999]
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Stress (MPa)
1250 ± 150
1400
540 ± 210
600
13 (at 3 Å/s) and 110 (at 10 Å/s)
55

Chapter 5
Tunable Fabry-Pérot Filters with Stress
Optimized Suspensions and Membranes:
Design, Fabrication, Characterization and
Optimization

T

he transmission wavelength of a Fabry-Pérot filter is determined by its cavity thickness.
Therefore, the parallelism of the suspensions holding the top mirror in place is of critical
importance. Any curvature introduced by the suspensions will change the effective cavity
thickness and hence the transmission wavelength of the filter. Filter suspensions fabricated with films
containing residual stress will eventually bend as the suspensions relax after release. Stress induced
bending of the filter suspensions has been observed in other reported work as well [Setyawati, 2011;
Woit, 2009; Woit, 2013; Barahona, 2011; Meinl, 2012; Mondragón, 2011; Bui, 2012]. Therefore, it is
necessary that the suspensions retain their flat shape after removal of the sacrificial layer. Since residual
stress in sputtered thin films cannot be eliminated completely (Section 4.4.3), an alternate method has to
be employed to prevent suspension bending.
This chapter discusses the effect of residual stress on multi-layered MEMS structures (Section 5.1). A
multilayered stress optimized suspension design for the tunable Fabry-Pérot filter is presented
(Section 5.2). Tunable Fabry-Pérot filters with two different layer combinations for the stress optimized
suspensions are investigated for the VIS ranges (Section 5.3 and Section 5.4). The filters are mechanically
and optically characterized. Finite element method simulations are also presented for filters with the stress
optimized suspension design for the NIR range using the two different layer combinations for the
suspensions (Section 5.5).
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5.1. Effect of Stress on Multi-layered MEMS Suspensions
A fixed-fixed beam is a freely standing structure with both ends fixed (Fig. 5.1). A fixed-fixed beam
fabricated from a homogenous compressively stressed thin film will bend upwards after release
(Fig. 5.1a). On the other hand, a fixed-fixed beam fabricated from a homogenous tensile stressed thin film
will retain its original state after release (Fig. 5.1b) and the stress is conserved in the beam provided the
stress in the beam is less than its failure strength1 [Walmsley, 2007].

a)

b)

Fig. 5.1: Comparison of the effects of homogenous compressive and tensile stress on fixed-fixed beams. (a) A
homogenous compressively stressed fixed-fixed beam bends up after release. (b) A homogenous tensile stressed
fixed-fixed beam retains its original shape. Original figures from [Walmsley, 2007].

In case of multilayer thin film structures, a stress gradient may be created due to the residual stresses of
the composite thin film layers. A bi-layer structure, after release, will bend up or down depending on the
resulting stress gradient. If the top surface of the beam is more tensile or less compressive than the bottom
surface, the resulting beam will curve upwards and vice versa. If however, the film force
(stress times cross-sectional area) and bending moments of the top and bottom layers are equal and
opposite, the structure retains its original shape, Fig. 5.2.

Fig. 5.2: A bi-layer structure with equal and opposite film force and moments retains its original shape.

A tri-layer structure with a stress gradient can be made curvature free after release, if the induced bending
moment between the bottom and centre layers (due to difference in residual stress) cancels out the
bending moment created by the centre and top layers. Assuming compressive stress to be ve and tensile
Failure strength of a material or structure is the maximum stress or strain it can withstand before breakdown or
failure.

1
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stress +ve, the tri-layer structure will be curvature free if the net bending moment in the layer system is
zero while the net force is zero or moderately +ve.

F  0

(5.1)

M  0

(5.2)

Such a tri-layer structure can be achieved by sandwiching a tensile stressed layer with film force F2
between two compressively stressed layers each exerting a film force of F1 (Fig. 5.3), such that;

F2  2F1

(5.3)

M1   M 2

(5.4)

where M1 and M2 are the anti-clockwise and clockwise moments.

Fig. 5.3: A tri-layer structure with a tensile stressed layer (having a film force F2) sandwiched between two
compressively stressed layers (each with a film force of F1) retains its original shape if the net force is greater than
or equal to zero as well as the net moment M is equal to zero.

5.2. Design and Fabrication of MEMS Structures with Stress
Optimized Multi-layered Suspensions
Since both sputtered Nb2O5 and SiO2 used in the design of the multilayer DBRs are compressively
stressed (Section 4.4.3), an additional tensile stressed material (such as Cr) has to be utilized for the +ve
force component (Fig. 5.4), such that;

FNb2O5  FSiO2

(5.5)

FCr  ( FNb2O5  FSiO2 )

(5.6)
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Fig. 5.4: A tensile stressed Cr layer is sandwiched between compressive stressed Nb 2O5 and SiO2 layers. The trilayer system retains its original shape if the net force is equal to or greater than zero as well as the net bending
moment is zero.

This layer with the +ve film force component will henceforth be referred as the stress compensating layer.
The advantage of using Cr as the stress compensating layer is that it can also be used as the top-electrode
layer in the final tunable filter design due to its good conductivity (measured sheet resistance for e-beam
PVD Cr is very low i.e. 10 /). For the structure to retain its original shape, the clockwise moment
(+ve) should be equal and opposite to the anti-clockwise moment (ve);

M  ve  M ve

(5.7)

As explained in Section 2.4.1, a neutral axis exists along the length of a beam or plate where the change
in length due to stress is zero. The moment of stress with respect to the neutral axis is given by force
times the perpendicular distance from the neutral axis;

M  F  D

(5.8)

where F is the force generated due to the stress and D is the perpendicular distance from the neutral axis
called the moment arm. For equal thicknesses and stress induced forces in Nb2O5 and SiO2 films, the
neutral axis lies in the middle of the tensile stressed Cr layer, assuming the layers have a constant stress
along the respective film thicknesses. However, the thickness of Nb2O5 and SiO2 is dictated by the design
wavelength of the filter, resulting in slight difference in the moment arms and hence bending moments.
Equal bending moments can be achieved by adjusting the film force of Nb2O5 and SiO2 given the moment
arm lengths are known, Equation 5.8. The moment arm lengths for both bending moments can be
calculated by determining the position of the neutral axis given by [Shang et al., 2008];

h2 

 Y1t12  Y2t22  Y3t32  2Y3t2t3
2Y1t1  Y2t2  Y3t3 

(5.9)

where 1, 2 and 3 represent the top, middle and bottom layers respectively of an upward bending three
layer system. Y and t are the Young’s modulus and thickness of each layer while h2 is the thickness
starting from the top along the length of the middle layer where the neutral axis lies.
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Since, there is only a small difference in the Nb2O5 and SiO2 layer thicknesses (for a design wavelength of
550 nm, tNb2O5 = 60 nm and tSiO2 = 92 nm), the clockwise and anti-clockwise moments are almost equal.
Therefore, the moment arms are not matched in this work.
In order to achieve identical film forces for the Nb2O5 and SiO2 layers, high energy ion bombardment is
utilized to influence the stress  of the films (Section 4.4.3) which in turn varies film force according to;

F   A

(5.10)

where A is the cross-sectional area of the film. Since, the width of both Nb2O5 and SiO2 layers is similar
owing to the filter design, therefore Equation 5.10 can be simplified as;

f   t

(5.11)

where, f is the film force per unit width. Unaltered Nb2O5 film is used to avoid the etching of the
underlying mr-UVCur06 sacrificial layer by the oxygen ion beam utilized for stress reduction. Table 5.1
shows the film force exerted by the unaltered Nb2O5 layer, i.e. 400  90 MPa. To exert an equal film
force, the SiO2 layer must have a film stress of 260  60 MPa, Table 5.1. This intrinsic stress value can
be achieved by depositing the SiO2 film with simultaneous bombardment of ions with 1300 eV energies
(Fig. 4.22, Section 4.4.3).
Table 5.1: Nb2O5 and SiO2 film parameters having equal film force.
Material Property
Ion energy (eV)
Refractive index at 550 nm
Film thickness (nm)
Residual film stress (MPa)
Film force per unit width (N/m)

Nb2O5
0
2.29
60
400 ± 90
24 ± 6

SiO2
1300
1.495
92
260 ± 60
24 ± 6

To satisfy Equation 5.6, a film with a +ve film force is required. A conducting metal film must be utilized
here, since this film will also act as the top electrode for the tunable Fabry-Pérot filter. The stress for
different PVD coated metals are investigated in Section 4.4.4 and given in Fig. 4.32. Layer thicknesses
required by different metals to compensate the compressive film force in the layer system are given in
Table 5.2.
Table 5.2: Layer thickness required by different metals to compensate the compressive film force in the layer
system.
Metal film
Cr
Ti
Al (at 3Å/s)

Film thickness required (nm)
 40
 90
 3600

Cr and Ti films are used to implement the structures. To compensate for deposition and stress
measurement errors, Cr and Ti thicknesses of 100 and 200 nm are utilized, so that the film force of Cr and
Ti in the layer system is always more than the sum of the film forces of Nb2O5 and SiO2. Since Cr is
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easily evaporated by oxygen plasma, the Cr layer is sandwiched between two extra layers of Al to avoid
exposure of Cr to the oxygen plasma during removal of the sacrificial layer in the final Fabry-Pérot filter,
Section 5.3.2. Two equal thickness (50 nm) Al layers are used to maintain the symmetry of the layer
system, Fig. 5.5. Table 5.3 shows the film force for the Al/Cr/Al and Ti layers while Table 5.4 shows the
resultant film force of the complete stress optimized suspensions. The film force exerted by the Al layers
is negligible (Fig 4.32, Section 4.4.6) and is ignored in this case.

Fig. 5.5: A five layer MEMS structure with a tensile stressed Cr layer sandwiched between two equal thickness Al
layers to avoid exposure of oxygen plasma during removal of the sacrificial layer and yet maintain the symmetry.
Table 5.3: Film thickness and resultant film force per unit width of Al/Cr/Al and Ti layers.
Material
Film thickness (nm)
Film force per unit width (N/m)

Al/Cr/Al
50/100/50
125 ± 15

Ti
200
110 ± 40

Table 5.4: Film thickness and resultant film force per unit width of the complete stress optimized suspensions with
two different layer configurations.
Material Combination
Film thickness (nm)
Resultant film force per unit width (N/m)

Nb2O5/Al/Cr/Al/SiO2
60/50/100/50/92
75 ± 30

Nb2O5/Ti/SiO2
60/200/92
60 ± 50

Figure 5.6 shows the suspension profiles of fabricated MEMS test structures using Al/Cr/Al and Ti as
stress compensating layers. The structure dimensions are given in Table 5.5.
Table 5.5: Dimensions of the fabricated MEMS test structures with the stress optimized suspension design.
Structure Design
Membrane diameter
Suspension dimensions

Four Straight Arms
70 μm
85 μm  6 μm

The film thicknesses of the suspensions used for the MEMS structures are as in Table 5.4. The layer
system with Al/Cr/Al as the stress compensating layer has a maximum upward curvature of 68.4 nm,
Fig. 5.6(c). This upward curvature of the suspensions is attributed to the mismatch in the Nb2O5 and SiO2
film forces (owing to the uncertainties in the deposition process and stress measurement) as well as the
unequal bending moments (arising from the unequal moment arms).
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On the other hand, the layer system with Ti as the stress compensating layer has a second order buckling
profile [Fang & Wickert, 1994] with maximum and minimum curvatures of 125.8 and 99.4 nm,
Fig. 5.6(d). The shape and dimension of the buckling profile is dependent on many factors such as the
type of constraints of the beam, beam’s dimensions [Fang & Wickert, 1994] and the Young’s modulus of
the films [Senturia, 2001]. Second order buckling can be avoided by decreasing the length of the
suspensions for the specific layer combination [Fang & Wickert, 1994].

a)

b)

c)

d)
Fig. 5.6: 3D (a & b) and top view (c & d) of tri-layer MEMS structures with Cr (a & c) and Ti (b&d) as the top
electrode and the stress compensating layer. The surface profile of the suspensions along the line s shows a
maximum upward curvature of 68.4 nm for structures with Cr (c) and a second order buckled profile with maximum
and minimum curvatures of 95 nm and 125 nm for Ti (d).
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5.3. Tunable Fabry-Pérot Filters with Stress Optimized Multilayered Suspensions: Nb2O5/Al/Cr/Al/SiO2 as Suspension Layer
Configuration
The structures fabricated above using Al/Cr/Al combination for the top electrode and the stress
compensation layer, exhibit a net tensile force per unit width of 75 ± 30 N/m and hence extremely low
bending (68.4 nm) of the suspension arms. Furthermore, the suspensions follow a first order buckling
profile even for larger filter geometries, which is preferred for MEMS designs.
Two different layer thickness combinations of the stress compensating layer (Al/Cr/Al) are investigated in
the fabrication of tunable Fabry-Pérot filters in this section. The thickness of Al in both cases is chosen to
be 50 nm, while two different thicknesses of Cr, 50 and 100 nm are investigated. As discussed in
Section 5.2, a Cr thickness of 40 nm is required to achieve a net positive force for the multi-layered
suspensions (Table 5.2). To compensate for errors in the deposition process and stress measurement, a
thickness greater than 40 nm has to be utilized. In Section 5.2, a Cr film thickness of 100 nm is
investigated. However, thicker Cr layers exert higher film forces resulting in higher curvatures, due to the
mismatch in the moment arms of the structure (Section 5.2. To further reduce the resultant film force and
hence suspension curvature, a Cr thickness of 50 nm is also investigated in this section. Table 5.6
compares the resultant film forces per unit width of both layer combinations, while Table 5.7 shows the
resultant film force per unit width of the complete suspensions.
Table 5.6: Film thickness and resultant film force of Al/Cr/Al for two different Cr thicknesses.
Material
Thickness (nm)
Film force per unit width (N/m)

Al/Cr/Al
50/100/50
125 ± 15

Al/Cr/Al
50/50/50
60 ± 10

Table 5.7: Film thickness and resultant film force of the complete stress optimized multi-layered suspensions.
Material Combination
Film thickness (nm)
Resultant film force per unit width (N/m)

Nb2O5/Al/Cr/Al/SiO2
60/50/100/50/92
75 ± 30

Nb2O5/Al/Cr/Al/SiO2
60/50/50/50/92
10 ± 25

5.3.1. Filter Design
Based on the theory and results explained in Section 5.2, a new structure of the tunable Fabry-Pérot filter
with stress optimized suspensions is designed for the VIS range (design wavelength = 550 nm), (Fig. 5.7).
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a)

b)
Fig. 5.7: (a) Filter top-view showing the different filter components. Shown is also the stress optimized region
(orange section) which covers a greater area compared to the inner trench circle defined by the suspension lengths.
(b) Filter cross-section showing the different layers in the stress-compensated design.

ITO used as the bottom electrode is considered as part of the bottom-DBR stack and is included in the
optical design of the filter. The top and bottom-DBRs include 5.5 and 5 periods of Nb2O5/SiO2
respectively, while the bottom-DBR includes an extra layer of ITO as the first layer of the stack. The
DBRs are designed with stress reduced film properties (as explained in Section 4.4.3) except for the first
layer in the top-DBR. Table 5.8 summarizes the layer stacks. The terms H and L stand for the high
refractive index (Nb2O5) and low refractive index (SiO2) materials, while the subscripts represent the
energy of the bombarding oxygen ions during sputter deposition. The bombarding oxygen ion energies
used are optimized for low stress (Section 4.4.3) to minimize the stress induced curvature in the films.
Table 5.8: Bottom- and top-DBR stacks of the Fabry-Pérot filter. H and L stand for the high (Nb2O5) and low (SiO2)
refractive index materials while the subscript represent the energy of the bombarding oxygen ions (in eV) during
deposition.
DBR
Bottom-DBR
Top-DBR

Layer stack
ITO-5(L1200/ H750)
H0-5(L1200/ H750)

Table 5.9 shows the quarter wave thicknesses required for DBRs for a design wavelength of 550 nm. The
simulated transmission of the DBR stacks with an air-gap cavity (of 275 nm thickness) is shown in
Fig. 5.8. Computer simulation is performed using the Open-Source computer program OpenFilters
[Larouche & Martinu, 2008], based on the Transfer Matrix Method (TMM) [Thelen, 1989]. The filter
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shows a 86.5% transmission line at the design wavelength of 550 nm with a FWHM of 1.48 nm and a
stopband width of 189 nm. The low transmission is attributed to the absorption of the ITO film (Fig. 4.2,
Section 4.1).
Table 5.9: Quarter-wave thicknesses of different layers in the top- and bottom-DBR stacks for a design wavelength
of 550 nm.
Layer
Bombarding ion energy (eV)
Refractive index at 550 nm
Quarter wave thickness (nm)

750
2.27
60.6

Nb2O5

0
2.29
60

1200
1.52
90.5

SiO2

1300
1.49
92

ITO
0
2.0
68.75

Fig. 5.8: Simulated transmission of the Fabry-Pérot filter with a design wavelength of 550 nm, shown in Fig. 5.7.
The top- and bottom-DBR stacks of the filter are given in Table 5.8, while the quarter-wave thicknesses of the
constituent layers are given in Table 5.9. The filter shows a transmission of 86.5 % at the design wavelength of
550 nm with a FWHM of 1.48 nm and a stopband width of 189 nm.

The suspensions are made of 5 layers (Nb2O5/Al/Cr/Al/SiO2) as explained in Section 5.2. The thicknesses
of the constituent films along with the bombarding ion energies are given in Table 5.1, while the rest of
the deposition parameters are given in Table 4.3, Section 4.3. Notice that the first layer of the suspensions
(Nb2O5) is also included in the optical path as the first layer of the top-DBR.

5.3.2. Filter Fabrication Process Steps
The steps involved in the fabrication of the tunable Fabry-Pérot filter with the stress compensated design,
explained in Section 5.2, are summarized in Table 5.10 and shown in Fig. 5.9, Fig. 5.11 and Fig. 5.12.
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Table 5.10: Fabrication process steps of the tunable Fabry-Pérot filter with stress compensation design.
Step
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Process Step
ITO deposition
Structuring AZnLof 2070 with MAZeT 2010 Bonding Mask
(Appendix E.5)
Bottom-DBR deposition
Lift-off of AZnLof 2070 structured in step 2
Spin coating of mr-UVCur06 sacrificial layer
Single layer Nb2O5(0 eV) deposition for the carrier layer
Structuring AZnLof 2070 with MAZeT 2010 Top-Electrode Mask
(Appendix E.3)
Al/Cr/Al layer deposition
Lift-off of AZnLof 2070 structured in step 7
Single layer SiO2(1300 eV) deposition for the carrier layer
Structuring of AZnLof 2070 with MAZeT 2009 Protection Layer
Mask used as a substitute mask (Appendix E.6)
Isotropic etching of the SiO2 layer deposited in step 10
Lift-off of AZnLof 2070 structured in step 11
Structuring of AZ1518 with MAZeT 2010 Top-DBR Mask
(Appendix E.4)
Top-DBR deposition
Lift-off of AZ1518 structured in step 14
Structuring AZnLof 2070 with MAZeT 2010 Mesa Mask
Isotropic etching of the SiO2 and Nb2O5 layers in the suspensions
Lift-off of AZnLof 2070 structured in step 17
Isotropic etching of the mr-UVCur06 sacrificial layer

Device
IonSys1000 D-IBSD
Karl Suss MA4
Mask Aligner
IonSys1000 D-IBSD
Spin-coater
IonSys1000 D-IBSD
MA4 Mask Aligner
Pfeiffer e-beam PVD
IonSys1000 D-IBSD
MA4 Mask Aligner
Castor CCP-RIE
MA4 Mask Aligner
IonSys1000 D-IBSD
MA4 Mask Aligner
Castor CCP-RIE
O2-Plasma Asher

Float glass substrates are used with more than 90% transmission in the VIS and NIR range. The
fabrication is carried out in a class 100 clean room. The substrates are cleaned with acetone and
isopropanol and dried with a nitrogen pistol. The substrates are further cleaned using ion beam etching for
2 minutes with a 500 eV Ar+ beam.
A 68.75 nm thick ITO layer is coated on the float glass substrate with D-IBSD, Fig. 5.9(a). The
deposition parameters of ITO using the D-IBSD are summarized in Fig. 5.10(a). The as-deposited ITO
films have a high sheet resistance of 50 /. To improve the sheet resistance, the ITO films are annealed
using a Rapid Thermal Annealing (RTA) process at 390 C, Fig. 5.10(a). The sheet resistance of the
treated ITO films is 22.4 /. The RTA process also improves the transmission of the ITO films,
Fig. 5.10(b).
A lift-off process is utilized to structure the bottom-DBR allowing access to the bottom-electrode,
Fig. 5.9(b). A substitute mask namely MAZeT 2010 Bonding Mask (Appendix E.5) is utilized for this
purpose, which contains patterns to reserve the bottom-DBR in selected areas for actuation after the
bonding process. A negative photo-resist AZnLof 2070 5:1 (thickness  3.5 m) and a mask aligner (Karl
Suess MA4) is used to transfer the patterns from the MAZeT 2010 Bonding Mask onto the sample. The
coating procedure for the photoresist is summarized in Appendix F.1.
5 periods of SiO2 and Nb2O5 are coated using D-IBSD which, along with the ITO, layer serve as the
bottom-DBR, Fig. 5.9(c). The stack formation of the bottom-DBR is shown in Table 5.8 along with the
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bombarding oxygen ion energies optimized for low stress Nb2O5 and SiO2 film deposition. The quarter
wave thickness under these ion bombardment energies are shown in Table 5.9. Rest of the deposition
parameters are given in Table 4.3 (Section 4.3) and are optimized for high deposition rate.

a)

b)

c)

d)

e)

f)

Fig. 5.9: Process steps 1  6 of the fabrication of the tunable Fabry-Pérot filter with the stress optimized
suspensions: (a) ITO deposition, (b) structuring the photoresist using the bonding mask, (c) bottom-DBR deposition,
(d) lift-off process to allow the bottom-electrode contact, (e) sacrificial layer coating, (f) deposition of a single
Nb2O5 layer with no oxygen ion bombardment.

a)

b)

Fig. 5.10: Sheet resistance (a) and transmission (b) of untreated and treated ITO with RTA at 390 C. Deposition
parameters of ITO using IBSD are shown in (a). Float glass transmission is also shown for comparison (b).
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A lift-off process is employed to remove the resist along with the bottom DBR from the pre-selected
areas, Fig. 5.9(d). The sample is immersed in N-Methyl-2-Pyrrolidone (NMP) heated at 80 C and
constantly checked under a microscope until the resist is removed completely. An oxygen plasma etchable resist, mr-UVCur06 from Micro Resist Technology GmbH, is used as the sacrificial layer for the
filter cavity (Fig. 5.9e). The thickness of this sacrificial layer at the design wavelength of c 550 nm is
275 nm (c/2nAir). The coating process of mr-UVCur06 is shown in Appendix F.2.
To implement the stress free suspensions discussed in Section 5.2 and given in Table 5.7, first a 60 nm
Nb2O5 film with no ion bombardment (Table 5.9) is deposited using IBSD, Fig. 5.9(f). Rest of the
deposition parameters for this layer are according to Table 4.3, Section 4.3.
A lift-off process is utilized for structuring the top-electrode to define a circular membrane with a
transparent window in the centre, as well as suspension arms, Fig. 5.11(a).

a)

b)

c)

d)

e)

f)

g)
Fig. 5.11: Process steps 7  13 of the fabrication of the tunable Fabry-Pérot filter with the stress optimized
suspensions: (a) structuring a photoresist layer using the MAZeT 2010 Mesa Mask, (b) deposition of the topelectrode (Al/Cr/Al), (c) lift-off process to structure the top-electrode, (d) deposition of a single SiO2 layer with
1300 eV of oxygen ion bombardment, (e) Structuring a photoresist layer using the protection layer mask, (f) etching
of the SiO2 layer to allow the top-electrode contact, (g) photoresist removal.
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A top-electrode mask, namely MAZeT 2010 Top-Electrode Mask (Appendix E.3), and the negative photo
resist AZnLof 2070 5:1 (Appendix F.1) are utilized to structure the top-electrode.
The two different layer thickness combinations (Al/Cr/Al) given in Table 5.3, are coated using e-beam
PVD, to serve as the top electrode as well as the stress compensation layer (Fig. 5.11b).
Parts of the top electrode deposited on top of the photoresist are removed using NMP at 80 C,
Fig. 5.11(c). A compressively stressed 92 nm SiO2 film is coated using D-IBSD at 1300 eV of ion
bombardment (Section 5.2), as the last layer of the stress compensated structure (Fig. 5.11d). The quarterwave thickness under these ion bombardment energies are shown in Table 5.9. Rest of the deposition
parameters are given in Table 4.3 (Section 4.3) and are optimized for high deposition rate.
To ensure access to the top electrode, the SiO2 film (coated in the last step) has to be removed away from
selected areas of the central membrane and suspensions (Fig. 5.11e). For this purpose, a circular pattern
bigger than the trench circle defined by the suspensions length is required (Fig. 5.7b). A substitute mask
namely, MAZeT 2009 Protection Layer Mask (Appendix E.6), is utilized for this purpose. The mask has
not been purpose built for this process step and hence contains circular structures smaller than the trench
circles. However, the structures are made to fit by adjusting the bigger circular structures in the F6 area of
the Mask (Appendix E.6) to cover the small trench circles of the F5E and F5F areas on the sample
(Appendix E.1). The patterns are transferred using the resist AZnLof 2070 5:1. The SiO2 film not covered
by the resist is removed using a CCP-RIE dry etching step, Fig. 5.11(f). The etching parameters are given
in Appendix D.1.
After removing the resist (Fig. 5.11g), a 4.5 period Nb2O5/SiO2 DBR is deposited (Fig. 5.12a) which acts
as the top DBR along with the 1 period Nb2O5/SiO2 of the suspension layers. The stack formation of the
bottom-DBR is shown in Table 5.8 along with the bombarding oxygen ion energies optimized for low
stress Nb2O5 and SiO2 film deposition. The quarter-wave thickness under these ion bombardment energies
are shown in Table 5.9. Rest of the deposition parameters are given in Table 4.3 (Section 4.3) and are
optimized for high deposition rate.
The top-DBR is structured in the form of a circular membrane using a positive photoresist AZ1518
(Appendix F.3) and a mask namely MAZeT 2010 Top-DBR Mask (Appendix E.4), Fig. 5.12(b). The unmasked area is etched using a CCP-RIE dry etching step (Appendix D.1), Fig. 5.12(c). For the etching
parameters given in Appendix D.1, the etching rate of Nb2O5 and SiO2 as well as the etch selectivity for
the AZ1518 resist are shown in Table 5.11. After structuring the top DBR, the AZ1518 resist is removed
using NMP at 80 C, Fig. 5.12(d).
The carrier layer (membrane and suspensions carrying the top-DBR) is structured using a mask, namely
the MAZeT 2010 Mesa Mask (Appendix E.1 and Appendix E.2). The negative photoresist
AZnLof 2070 5:1 is used to transfer the patterns to the sample (Fig. 5.12e) and CCP-RIE is used to
structure the carrier layer (Fig. 5.12f). The resist is then removed (Fig. 5.12g) and the sacrificial layer is
under etched using an oxygen plasma asher to release the suspensions for actuation (Fig. 5.12h). The
process parameters used for the oxygen plasma asher are shown in Table 5.12.
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a)

b)

c)

d)

e)

f)

h)

g)

Fig. 5.12: Process steps 14  21 of the fabrication of the tunable Fabry-Pérot filter with the stress optimized
suspensions: (a) top-DBR deposition, (b) structuring a photoresist layer with the MAZeT 2010 Top-Mesa Mask, (c)
anisotropic etching of the top-DBR, (d) photoresist removal, (e) structuring a photoresist with MAZeT 2010 Mesa
Mask, (f) anisotropic etching of the Nb2O5 and SiO2 layers to expose the sacrificial layer, (g) photoresist removal,
(h) sacrificial layer under-etching.
Table 5.11: Etch rates and etch selectivity of Nb2O5, SiO2 and AZ1518.
Material
Etch rate (nm/min)
Selectivity for AZ1518

Nb2O5
7
0.84

SiO2
14.6
1.76

AZ1518
8.3
--

Table 5.12: Process parameters used for the oxygen plasma ashing process to release the membranes and
suspensions.
Microwave Power
250 W

Pressure
0.77 mbar
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Time
33 min

5.3.3. Mechanical Characterization of the Fabricated Filters
Figure 5.13 shows SEM micrographs of the released structures for a filter with four straight suspensions
with the stress optimized suspensions. Magnified micrographs indicate complete structure release and
nearly zero curvature of the membrane and suspensions (Fig. 5.13b, c & d). A part of the Nb2O5 and SiO2
layers in the suspensions is un-compensated and can be seen curving upwards (Fig. 5.13b, c & d).

a)

b)

c)

d)

e)
Fig. 5.13: SEM micrographs of a four straight suspension filter structure with stress compensation design using
100 nm of Cr layer (a). The filter membrane (blue rectangle) is magnified in (b) showing the under-etched
membrane. Magnified filter suspensions are shown in (c & d) portraying nearly zero curvature. Filter top-electrode
and stress compensated inner circle is seen in (e). A part of the Nb2O5 layer in the suspensions is un-compensated
and can be seen curving upwards (b, c & d).
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Although, the masks used in different process steps (MAZeT 2010 top-electrode and MAZeT 2010 mesa
masks) have similar dimensions, anisotropic etching with the positive photoresist (Fig. 5.12f) produces
slightly bigger structures compared to the lift-off process with the negative photoresist (Fig. 5.11c). This
results in smaller electrode dimensions (Al/Cr/Al) compared to the Nb2O5 and SiO2 layers in the
suspension, leaving a part of the Nb2O5 and SiO2 layers (near the suspension edges) uncompensated.
Filter top-electrode and stress compensated region (outer circle) are seen in (Fig. 5.13e). Further
investigation of different filter geometries and membrane displacement is presented below.
Comparison of Filters with Different Thicknesses of the Stress Compensating Cr layer
Figure 5.14 shows WLI micrographs of two filters with different thicknesses of stress compensating Cr
layers. Table 5.13 shows the filter geometry of the fabricated filters while Table 5.14 summarizes the
membrane displacement of the filters with the same geometry but different Cr layer thicknesses. The
average displacement of the filter membranes with 50 nm of stress compensating Cr layer is 100 nm,
while the average displacement of the filter membrane with 100 nm of Cr is 250 nm.
Table 5.13: Dimensions of fabricated filters with two different thicknesses of stress compensating Cr layers.
Structure Design
Membrane diameter
Suspension dimensions

Four Straight Arms
20 μm
47 μm  8 μm

Table 5.14: Membrane displacement of fabricated filters with two different thicknesses of stress compensating Cr
layers (50 and 100 nm).
Filters with 50 nm Cr as Stress Compensating Layer
Filters
Membrane Displacement (nm)
5E1a
102
5E1c
110
5E1d
82
5E1e
105
Average
100

Filters with 100 nm Cr as Stress Compensating Layer
Filter
Membrane Displacement (nm)
5E1b
271
5E1c
269
5E1e
234
5E1f
225
Average
250

The comparative low upward bending of the filter with 50 nm of Cr as the compensating layer is
associated to the low resultant film force in the suspensions, Table 5.7. As discussed in Section 5.2, the
moment arms in the suspensions are not exactly equal resulting in a net bending moment. Recall that the
bending moment is the product of the film force and the moment arm. Therefore, a low resultant film
force generates a less pronounced net bending moment in the suspensions. However, the low upward
bending can also be attributed to errors in deposition and etching of different constituent layers during
fabrication resulting in varied moment arms.

121

a)

b)

c)

d)
Fig. 5.14: WLI micrographs of a Fabry-Pérot filter with free standing membranes having two different thicknesses
of stress compensating Cr layers, i.e. 50 nm (a) and 100 nm (b). The filters have 20 m membranes and
47 m  8 m suspensions. The suspension curvature profile measured shows a maximum upward bending of
100 nm for the filter with 50 nm of Cr (c) and 250 nm of bending for the filter with 100 nm of Cr (d). The
profiles are measured along the lines s (inset c & d), from top-left to bottom-right. The –ve curvatures measured in
the profiles are due to multiple reflections from the top-DBR edges (c) and/or misalignments (d) and can be ignored.
The top-DBR surface profile in (d) is tilted due to misalignment of the top-DBR during fabrication.
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Comparison of Filters with Different Geometries
Figure 5.15 shows WLI micrographs of different filter geometries. The filter geometries are based on the
work of Setyawati [Setyawati, 2011]. Table 5.15 shows the membrane displacement for different
fabricated filter geometries (with stress compensated suspensions) along with the filter dimensions.

a)

b)

c)

d)

Fig. 5.15: Different fabricated filter geometries. (a) Two angled arm suspensions. (b) Four bent arm suspensions.
(c) Three straight arm suspensions. (d) Four straight arm suspensions.
Table 5.15: Dimensions of the fabricated filters and their upward membrane displacement.
Filter Design
Membrane diameter (m)
Suspension dimensions (m2)
Membrane deformation (nm)

Two angled
suspensions
32
60  10
1215

Four bent
suspensions
30
70  10
450

Three straight
suspensions
20
47  8
59

Four straight
suspensions
20
47  8
102

Membrane displacement results (Table 5.15) match Finite Element Method (FEM) simulation results
reported by Vasu [Vasu, 2004] and Bui [Bui, 2012]. The relevant results by Vasu and Bui are summarized
below;
1. Straight suspensions have less displacement than angled and bent suspensions (Straight
suspensions < Bent suspensions < Angled suspensions) [Bui, 2012].
2. An increase in suspension and/or membrane area results in an increased membrane displacement
[Vasu, 2004].
3. An increased number of suspensions results in a decrease in the membrane displacement [Vasu,
2004].
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Filters with three and four straight suspensions have the smallest dimensions and hence the least
membrane displacement, Table 5.15. However, the filter membrane with three straight suspensions shows
a smaller membrane deformation compared to the four straight arm suspensions which contradicts Vasu’s
conclusion [Vasu, 2004]. This is attributed to the fact that although the number of suspensions is less for a
three straight suspension, the area of the filter also decreases compared to 4 straight suspensions resulting
in an overall decrease in membrane displacement.
Hence, filter structures having three and four straight suspension and 50 nm of Cr as stress compensating
layer show the least membrane displacement.
Mechanical Actuation of the Fabricated Filters
The displacement of the filter membrane as a function of the DC actuation bias is investigated using
White Light Interferometery (WLI), Fig. 5.16. The bias is varied from 0 to 40 V (in both polarities,
positive and negative) in 5 V steps, while measuring the membrane displacement simultaneously. Both
the measurement and the analysis method are performed automatically using specialized software
[Engenhorst, 2010] and the results are shown in Fig. 5.17.

Fig. 5.16: Cross-section of the tunable filter showing the top- and bottom-electrodes.

a)

b)

Fig. 5.17: Mechanical actuation of a four straight suspension filter with 100 nm Cr as stress compensating layer
using positive applied voltage (a) and negative applied voltage (b). A negative applied voltage leads to an increased
downward membrane displacement.
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For voltages above ±40 V, a pull in is observed. Figure 5.17 depicts a typical hysteresis loop, since during
the loading process, bending of suspensions need more energy than in the course of unloading. The extra
energy required during loading is dissipated as heat [Hopkinson & Williams, 1912]. The maximum
displacement of the filter membrane with negative bias (92 nm) is almost double the displacement of that
with positive bias (188 nm). This is attributed to the offset voltage of the multi-layer dielectric bottomDBR. Figure 5.18 shows the decay of parasitic charges reflected in the decay of the offset voltage for a
multilayer dielectric structure when the voltage is applied to the bottom electrode [Wibbeler et al., 1998].

Fig. 5.18: Decay of parasitic charges reflected in the decay of the offset voltage. Original figure from [Wibbeler et
al., 1998].

Positive parasitic charges decay faster than negative parasitic charges. Equation 5.12 shows the
correlation of the attractive force Fatt. and the offset voltage Vp. A smaller value of the offset voltage, due
to fast decay of positive parasitic charges, leads to an increased attractive force.

Fatt.





2

dC V  V p

dA
dz 
2

(5.12)

Since the bias voltage in our case is applied to the top electrode (Fig. 5.19a & b), a negative applied
voltage will result in positive parasitic charges and hence an increased attractive force.
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a)

b)

Fig. 5.19: (a) Applying positive voltage to the top-electrode results in negative charging in the bottom DBR. Vp is
the offset voltage. (b) SEM image showing the top-electrode for the application of actuation voltage.

5.3.4. Optical Characterization of the Fabricated Filters
The aperture (top-DBR diameter = 10 m) of the four straight suspension filters (Table 5.15) is too small
to gather enough light intensity to measure their transmission with the microscope measurement setup
explained in Section 3.3.2. Figure 5.20 shows the transmission of a stress compensated Fabry-Pérot filter
with three bent suspensions measured using the microscope spectrometer setup explained in Section 3.3.2.
The filter dimensions are shown in Table 5.16. The filter has a 30 m membrane and therefore has an
aperture (20 m) large enough to measure the transmission.

Fig. 5.20: Transmission of a three bent suspension Fabry-Pérot filter fabricated with the stress optimized suspension
design. The low transmission of the filter is attributed to the small aperture size of 20 m (inner small circle).

The filter shows a 40 % transmission at a wavelength of 593 nm and a FWHM of 4.2 nm. The low
transmission is attributed to the small aperture size, while the shift in the transmission line to a higher
wavelength compared to the design wavelength is attributed to the membrane displacement (Table 5.16)
and small errors in sacrificial layer coating resulting in a higher cavity thickness. OpenFilters simulation
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shows a transmission line at 593 nm for a cavity height of 328 nm (275 nm + 53 nm, where 275 nm is the
designed cavity height), Fig. 5.21.
Table 5.16: Filter dimensions and membrane deformation.
Filter Design
Membrane dimension
Aperture size
Suspension dimensions
Membrane deformation

Three bent suspensions
30 μm
20 μm
66 μm  6.67 μm
40 nm

Fig. 5.21: Recalculated filter transmission with a cavity height of 328 nm shows a transmission line at 593 nm.

The transmission is measured with a 50 objective lens to focus the light on the small aperture of the
filter, Fig. 5.20(inset). Due to the small distance formed between the 50 objective lens and the sample
under focus conditions, the contact needles for electrostatic actuation cannot be placed on the top- and
bottom-electrodes of the sample under the objective, Fig. 3.17. Therefore, transmission measurements
with filter actuation are not possible under these conditions.

5.3.5. Fabrication Issues and their Solution
Although the stress compensation design is very successful in reducing the filter membrane displacement,
the top electrode contact area rolled up to some degree in many fabricated filters (Fig. 5.22).
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a)

b)

c)

d)

e)
Fig. 5.22: SEM and microscopy images show (a) a filter with a normal top electrode, (b & c) filters with slight
deformation of the top electrode, (d & e) filters with severe deformation of the top electrode.

It is obvious from Fig. 5.22 that the top-electrode rolls up in areas where it has been freed for contact and
is not covered with a top SiO2 layer. In the absence of a balancing compressive stressed SiO2 layer, the
system has a net bending moment in the upward direction, Fig. 5.23.
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Fig. 5.23: The regions where the top SiO2 layer is removed to allow top-electrode contact have a net upward bending
moment and tend to roll up.

Modified Filter Design
To solve the above mentioned problem, an improved structure of the Fabry-Pérot filter is designed,
Fig. 5.24.

a)

b)
Fig. 5.24: Top view (a) and cross-sectional view (b) of improved filter design to avoid rolling up of the topelectrode. Small pits are introduced in the top SiO2 layer followed by coating a layer of e-beam PVD Al to allow
contact to the top-electrode, instead of removing parts of SiO2 to allow top-electrode contact.

Instead of removing parts of SiO2 to allow top-electrode contact, small pits are introduced in the top SiO2
layer followed by coating a layer of PVD Al to allow contact to the top-electrode. Since, PVD Al is only
slightly stressed (13  10 MPa), the net film force of the regions covered with PVD Al is relatively the
same as that of the stress compensated suspensions. However, Al deposition on the suspensions is
avoided to keep the moment arms unchanged.
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Recall that the Cr layer is sandwiched between two extra layers of Al to avoid exposure of Cr to the
oxygen plasma during removal of the sacrificial layer in the final Fabry-Pérot filter, Section 5.2. Since,
the Cr layer is buried under the SiO2 or Al layer at all times in the modified design, the five layer
suspension can be reduced to a tri-layer system, Fig. 5.24.
Fabrication Steps for the Modified Filter Design
Fabrication steps of the bottom-electrode, bottom-DBR, sacrificial layer coating and the first suspension
layer (Nb2O5 without additional ion bombardment) of the modified design are the same as Fig. 5.9(a  f).
Rest of the process steps are shown in Fig. 5.25.

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 5.25: Fabrication process steps 7  14 of tunable Fabry-Pérot filter with modified design: (a) deposition of the
Cr layer, (b) lift-off process to structure the top-electrode, (c) structuring a photoresist layer with a mask having
small pits for electrical contacts, (d) deposition of a single SiO 2 layer with 1300 eV of oxygen ion bombardment, (e)
lift-off process to structure the SiO2 layer, (f) structuring a photoresist layer with the MAZeT 2009 Protection Layer
Mask, (g) deposition of a single e-beam PVD Al layer, (h) lift-off process to remove e-beam PVD Al from the
suspensions.

After structuring the negative photoresist (AZnLof 2070 5:1) with MAZeT 2010 Top-Electrode Mask, a
Cr layer is deposited using e-beam PVD to serve as the top-electrode as well as the stress compensation
layer, Fig. 5.25(a). Parts of the top electrode deposited on top of the photoresist are removed using NMP
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at 80 C, Fig. 5.25(b). Next, a photoresist layer is structured using the MA4 mask aligner and a mask to
reserve small holes to contact the Cr layer, Fig. 5.25(c). The MAZeT 2010 Top-DBR Mask
(Appendix E.4) can be aligned to be used for this purpose since it has small round circles. Alternatively, a
new mask can be fabricated as in Appendix E.7. A compressively stressed 92 nm SiO2 film is coated
using D-IBSD at 1300 eV of ion bombardment (Section 5.2), as the last layer of the stress compensated
structure, Fig. 5.25(d). The parts of the SiO2, which are deposited on the photoresist, will be removed
using NMP at 80 C (Fig. 5.25e). The SiO2 layer now has small circular holes to contact the Cr layer
through it using an Al layer. To avoid Al deposition on top of the suspensions, the suspensions are
protected by structuring a photoresist layer using the MAZeT 2009 Protection Layer Mask as a substitute
mask (Section 5.3.2), see Fig. 5.25(f). Alternatively a new mask can be designed with circular patterns
slightly bigger than the trench circles defined by the suspensions (Fig. 5.7b). As a next step, an Al layer
(100 nm) is deposited using e-beam PVD, Fig. 5.25(g). Parts of the Al layer, which are deposited on the
photoresist, will be removed using NMP at 80 C to remove Al from top of the suspensions, Fig. 5.25(h).
Rest of the process steps i.e. deposition and structuring of the top-DBR are same as explained in
Fig. 5.12(a  h).

5.4. Tunable Fabry-Pérot Filters with Simplified Design of the
Stress Optimized Multi-layered Suspensions: Nb2O5/Cr/AlTh as
Suspension Layer Configuration
The modified design explained in the previous section (Section 5.3.5) further complicates the fabrication
process of the tunable MEMS filters by adding more fabrication steps besides requiring additional masks.
Therefore, a second approach is investigated for the fabrication of the tunable MEMS filters. Recall that a
tri-layer structure can be made curvature free by sandwiching a tensile stressed material between two
compressive stressed materials having equal film forces such that F2  2F1, where F1 and F2 are the film
forces of the compressive and tensile stressed films respectively (Section 5.1).The top compressive layer
in Fig. 5.4 can be replaced by compressively stressed thermally evaporated Al, hence forth referred to as
AlTh, (Fig. 4.32, Section 4.4.4), Fig. 5.26.
Recall that for a design wavelength of 550 nm, the quarter-wave Nb2O5 film without any additional ion
bombardment (used as the first layer of the stress compensated suspensions) has a film force per unit
width of 24  6 N/m, Section 5.2. This film force value can be achieved with a 131 nm thick AlTh film,
Table 5.17.
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Fig. 5.26: A tensile stressed Cr layer is sandwiched between compressive stressed Nb2O5 and AlTh layers. The trilayer system retains its original shape if the net force is equal to or greater than zero as well as the net bending
moment is zero.
Table 5.17: Nb2O5 and AlTh film parameters having equal film force.
Material Property
Residual stress (MPa)
Film thickness (nm)
Film force per unit width (N/m)

Nb2O5 (0 eV)
400  90
60
24  6

AlTh
183  143
131
24  20

Test Structures with Nb2O5/Cr/AlTh as the Stress Optimized Multi-layered Suspension
Configuration
Test structures consisting only of the suspension layer as in Fig. 5.26 are fabricated first to investigate the
validity of the design. Fig. 5.27 shows MEMS Structures with three and four straight suspensions
fabricated using AlTh as the top layer in the stress optimized suspensions. Table 5.18 shows the film
thicknesses used along with the resultant film force per unit width of the layer system.
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a)

b)

c)

d)
Fig. 5.27: 3D view of tri-layer MEMS structure with Nb2O5/Cr/AlTh stress optimized suspension layer
configuration: with four (a) and three (b) suspensions. Surface profile of the four suspension structure (c) along the
line s shows a second order buckled profile with maximum and minimum curvatures of 59 nm and 172 nm. While,
surface profile of the three suspension structure (d) along the line s also shows a second order buckled profile with
maximum and minimum curvatures of 22 nm and 1160 nm.
Table 5.18: Film thicknesses and resultant film force per unit width of the complete suspension layer system with
Nb2O5/Cr/AlTh configuration.
Material Combination
Film thickness (nm)
Resultant film force per unit width (N/m)
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Nb2O5/Cr/AlTh
60/100/131
75 ± 45

The filters are fabricated using the MAZeT 2010 Top-Electrode Mask with circular pits in the membrane
to allow quick under-etching of the membranes with the O2 plasma asher. The structure geometries are
summarized in Table 5.19.
Table 5.19: Dimensions of the MEMS test structures with four and three suspensions and Nb2O5/Cr/AlTh layer
configuration.
Structure Design
Membrane diameter (m)
Suspension dimensions (m2)
Maximum suspension bending (nm)
Minimum suspension bending (nm)

Four Straight Suspensions
70
65  6
172
59

Three Straight Suspensions
70
65  6
1160
22

The suspensions follow second order buckling profiles, which is more prominent in the structures with
four suspensions with maximum and minimum bending of 172 nm and 59 nm. Bending in the
downward direction is much less pronounced in the structures with three suspensions, i.e. 22 nm. While,
upward bending in the structures with three suspensions is 1.16 m. However, structures fabricated with
the MAZeT 2010 Mesa Mask (Appendix E.1 and Appendix E.2) having no circular holes in the
membrane show only 200 nm and 100 nm of upward suspension bending for three and four suspension
structures respectively, Fig. 5.28. The top-DBR in the final Fabry-Pérot filter exerts an extra force on the
suspensions and the final shape and curvature of the suspensions can be different.

a)

b)
Fig. 5.28: Surface profiles of MEMS test structures with four (a) and three (b) suspensions fabricated with the
MAZeT 2010 Mesa Mask having no circular holes in the membranes. The MEMS structure with four suspensions
(a) has a maximum upward suspension bending of 100 nm, while that with three suspensions (b) has a maximum
upward suspension bending of 200 nm.
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5.4.1. Filter Fabrication Process Steps
Fabrication steps of the bottom-electrode, bottom-DBR, sacrificial layer coating and the first suspension
layer (Nb2O5 without additional ion bombardment) of the simplified design are the same as Fig. 5.9(a  f).
Rest of the process steps are shown in Fig. 5.29.

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 5.29: Fabrication process steps 7  14 of tunable Fabry-Pérot filter with Nb2O5/Cr/AlTh suspension layer
configuration: (a) deposition of Cr and AlTh layers, (b) lift-off process to structure the top-electrode, (c) top-DBR
deposition, (d) structuring a photoresist layer with the MAZeT Top-Mesa Mask, (e) anisotropic etching of the topDBR, (f) anisotropic etching of the Nb2O5 film in the suspension, (g) photoresist removal, (h) isotropic etching of
the sacrificial layer.

After structuring the negative photoresist (AZnLof 2070 5:1) with the MAZeT 2010 Top-Electrode Mask,
a 100 nm Cr layer is deposited using e-beam PVD followed by a 200 nm AlTh layer to serve as the topelectrode, Fig. 5.29(a). Although only 131 nm of Al is required to have a net film force equal to that of
the Nb2O5 layer, a 200 nm layer of Al is deposited to compensate for Al thickness etched away during a
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later anisotropic etching step (Fig. 5.29e). As a next step, parts of the top-electrode deposited on top of the
photoresist are removed using NMP at 80 C, Fig. 5.29(b).
After removing the resist, a 5 period Nb2O5/SiO2 DBR is deposited (Fig. 5.29c) which acts as the topDBR along with the single Nb2O5 layer in the suspensions. The stack formation of the top-DBR along
with bombarding oxygen ion energies and quarter-wave thicknesses are as in Table 5.8 and Table 5.9.
Rest of the deposition parameters are as in Table 4.3 and are optimized for high deposition rate,
Section 4.3.
The top-DBR is structured in the form of a circular membrane using a positive photoresist AZ1518
(Appendix F.3) and a mask namely MAZeT 2010 Top-DBR Mask (Appendix E.3), Fig. 5.29(d). The unmasked area is etched using a CCP-RIE dry etching step (Appendix D.1), Fig. 5.29(e). After structuring
the top-DBR, the Nb2O5 layer in the suspensions is structured using the top Al layer as a mask,
Fig. 5.29(f). A part of the Al layer is etched away in this process and is compensated by pre-depositing
the same thickness during the Al layer deposition, Fig. 5.29(a). The etching parameters are given in
Appendix D.1. The etching rate of Nb2O5 and SiO2 as well as the etch selectivity for the AZ1518 resist
are as in Table 5.11, while the etching rate of Al is measured to be 3 nm/min. The AZ1518 resist on top
of the top-DBR is now removed using NMP at 80 C, Fig. 5.29(g).
The sacrificial layer is then removed by anisotropic etching using an oxygen plasma asher to release the
membrane and suspensions, Fig. 5.29(h). The process parameters used for the O2 plasma asher are as in
Table 5.12.

5.4.2. Mechanical Characterization of the Fabricated Filters
Figure 5.31 shows SEM micrographs of the released structures for a filter with four straight suspensions
with the simplified design. Magnified micrographs indicate complete structure release and nearly zero
curvature of the membrane and suspensions (Fig. 5.30b, c & d). Further investigation of different filter
geometries and membrane displacement is presented below.

136

a)

b)

c)

d)

Fig. 5.30: SEM micrographs of a 4 straight suspension filter structure with Nb2O5/Cr/AlTh layer configuration (a).
The filter membrane is magnified in (b) showing the under-etched membrane. Magnified filter suspensions are
shown in (c & d) portraying nearly zero curvature.

Figure 5.31 shows curvature profiles of four and three straight suspension filter structures. Both filter
suspensions show a second order buckling profiles. The membrane of the four straight suspension filter is
displaced 60 nm while that for the three straight suspension filter is 10 nm. The suspensions move
further down compared to the test structures due to the additional force exerted by the central membrane
on the suspensions.
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a)

b)
Fig. 5.31: The suspension curvature profile measured using WLI. (a) The four straight suspension filters show a
downward displacement of 60 nm and an upward membrane curvature of 100 nm. (b) While, the three straight
suspension filters show a downward displacement of only 10 nm and an upward membrane curvature of 200 nm.

The membranes are curved upwards for both four and three suspension filter designs. The residual
compressive stress in sputtered Nb2O5 and SiO2, forming the top-DBR, could not be completely
eliminated using high energy oxygen ion bombardment in Section 4.4.4. This residual stress of the
individual layers adds up for the multi-layered top-DBR and is given by Equation 5.13 [Vasu, 2004].

 equivalent 

 1t1   2t2       ntn
t1  t2      tn

(5.13)

where  is the residual stress and t represents the thickness of each layer respectively. The resultant
residual stress for the top-DBR layer stack (shown in Table 5.8) is calculated to be 280  80 MPa;
Quarter-wave thicknesses are shown in Table 5.9, while the residual stress values are shown in Fig. 4.22
and Fig. 4.23 (Section 4.4.4). This residual stress value results in the upward curvature of the filter
membranes.
The upward curvature of the top-DBR is also affected by the number of suspensions holding the
membrane in place, and is lower for membranes held by more suspensions as seen in Fig. 5.31. For the
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four straight suspension, the upward curvature is 100 nm while that for the three straight suspension
filter is 200 nm.
The structures are found to be sensitive to membrane misalignment during fabrication. Figure 5.32 shows
a tilt in the membrane in one direction caused by slight misalignment of the membrane during fabrication.

Fig. 5.32: Surface profile of the membrane curvature in two perpendicular directions. The curvature is asymmetric in
one direction due to membrane misalignment during fabrication.

5.4.3. Fabrication Issues and their Solutions
For larger misalignments, the membrane tilts completely to the base of the filter, Fig. 5.33. To reduce the
effect of membrane misalignment on the membrane tilt, smaller membranes [Tanzir, 2014; Vasu, 2004]
and/or thicker suspensions [Bui, 2012; Vasu, 2004] can be used.

a)

b)

Fig. 5.33: SEM micrograph of a four straight suspension filter with a misaligned membrane (a). Magnified
micrograph of the membrane shows the filter membrane tilted to the base of the filter (b).

Smaller membrane sizes reduce the aperture size, hence reducing the light intensity reaching the detector.
It is necessary that the membrane size is large enough to allow an acceptable light intensity through the
filter. Membranes with less than 40 m diameter (aperture size = 30 m) should be avoided,
Section 5.3.4.
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Increasing the suspension thickness increases their stiffness and provides more stability to the
suspensions. Additional e-beam PVD Al layers can be added to the suspension layer system in a
symmetric way to increase the suspension thickness without any profound effect on the net film force and
the net bending moment, as in Fig. 5.34. Moreover, the e-beam PVD Al layers can be asymmetric to
equate the moment arms.

Fig. 5.34: Additional e-beam PVD Al layers (stress  0) can be added to increase the overall thickness of the
suspensions without any profound effect on the net film force and the net bending moment.

Spikes are also formed on the surface of the filters as a result of the use of the top Al layer in the
suspensions as an etch mask to structure the Nb2O5 layer in the suspensions, Fig. 5.35. This phenomenon
is also reported by Setyawati et al. for Al etch masks [Setyawati et al., 2010] and can be avoided by using
a photoresist mask which would add an extra process step.

Fig. 5.35: Spikes are formed on the surface of the filters as a result of using top Al layer in the suspension as an etch
mask; to structure the Nb2O5 layer in the suspensions.

5.4.4. Optical Characterization of the Fabricated Filters
Figure 5.36 shows the transmission of a filter with four straight suspensions measured using the
microscope spectrometer setup, explained in Section 3.3.2. The filter shows a 65.5% filter transmission
line at a wavelength of 594 nm with a FWHM of 10.5 nm.
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Fig. 5.36: Measured transmission of a four straight suspension filter. The filter shows a 65.5% transmission line at a
wavelength of 594 nm with a FWHM of 10.5 nm.

The high FWHM value results from the curvature of the filter membrane (100 nm), Fig. 5.32. The high
transmission is attributed to the large aperture size allowing an increased light intensity to the detector.
The shift in the transmission line to a higher wavelength compared to the design wavelength is attributed
to the membrane displacement and curvature (Fig. 5.31a) and small errors in sacrificial layer coating
resulting in a higher cavity thickness. Although the filter membrane is displaced 60 nm downwards
reducing the cavity height, the curvature of the membrane itself (100 nm) results in a net cavity height of
315 nm (275 nm  60 nm + 100 nm). OpenFilters simulation shows a transmission line at 594 nm (same
as measured spectrum) for a cavity height of 316 nm, Fig. 5.37.

Fig. 5.37: Recalculated transmission of a filter with a cavity height of 316 nm shows a transmission line at 594 nm.

Mechanical actuation measurements were not possible due to damage of the bottom-electrode during
fabrication process steps.
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5.5. Fabry-Pérot Filters for the Near Infrared Range: Numerical
Model Simulations
Design and fabrication of filters for the NIR range is, essentially, similar to those for the VIS range.
Bottom- and top-DBR layer stacks of a Fabry-Pérot filter and the quarter-wave film thicknesses of the
DBRs for a design wavelength of 950 nm are given in Table 5.20 and Table 5.21.
Table 5.20: Bottom- and top-DBR stacks of the Fabry-Pérot filter for the NIR range. H and L represent the high
(Nb2O5) and low (SiO2) refractive index materials while the subscripts represent the energy of the bombarding
oxygen ions (in eV) during deposition.
DBR
Bottom-DBR
Top-DBR

Layer Stack
H750-5(L1200/H750)
H0-5(L1200/H750)

Table 5.21: Quarter wave thicknesses of different layers in the top- and bottom-DBR stacks for a design wavelength
of 950 nm.
Layer
Bombarding ion energy (eV)
Refractive index at 950 nm
Quarter wave thickness (nm)

750
2.17
109

Nb2O5

0
2.21
107

1200
1.46
162

SiO2

1300
1.42
167

ITO has a large absorption at the NIR ranges (Fig. 4.2b, Section 4.1). A quarter-wave ITO layer at the
NIR range (136 nm) is thick enough to introduce significant absorption in the filter. Therefore, ITO is not
included in the design of the quarter-wave stack. However, a smaller thickness of ITO (67.75 nm) is
included in the design which rather acts as a matching layer (Section 6.2) and serves as the bottomelectrode.
Figure 5.38 shows the theoretical transmission of the layer system shown in Table 5.20 along with a
67.75 nm ITO layer and an air-gap cavity of 475 nm. The filter has a transmission line of 86.5% with a
FWHM of 3.6 nm and a stopband width of 328 nm at the design wavelength of 950 nm. The low
transmission is attributed to the high absorption of the ITO layer at NIR range.
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Fig. 5.38: Theoretical transmission of a Fabry-Pérot filter with a design wavelength of 950 nm with 5.5 period DBRs
and a 67.75 nm ITO layer.

The suspension layer thicknesses and film forces for both stress reduced designs discussed in Section 5.3
and Section 5.4, at a design wavelength of 950 nm, are given in Table 5.22. The film thicknesses are
selected as explained in Section 5.2.
Table 5.22: Resultant film force per unit width of two different stress compensation designs as in Section 5.3 and
Section 5.4.
Material Combination
Film thickness (nm)
Resultant film force per unit width (N/m)

Nb2O5(0 eV)/Al/Cr/Al/SiO2(1300 eV)
107/50/100/50/164
45  35

Nb2O5(0 eV)/Cr/AlTh
107/100/233
40  60

Numerical Analysis on Filter Geometric Structures
To understand the membrane displacement and suspension deformation shape for both the above
mentioned suspension layer material combinations, Finite Element Method (FEM) model simulations are
performed.
FEM uses numerical method to compute or analyze a physical problem with a greater accuracy. It divides
the model into a number of small sized elements, where each element represents a simple Partial
Differential Equation (PDE) and at the end the solution recombines them into a finite number of joints
which provides the final results from a complex physical problem. The number of equation depends on
the complexity of the given geometry that needs to be analyzed. The more complex it is the more number
of elements are required to be solved; therefore sometimes it gets quite impossible for human to compute
that much amount of work. That is why, a special software Comsol Multiphysics based on FEM is used to
model the filter designs.
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Methodology
Since FEM is only a tool for approximating the real geometric shape of structural elements, hence, it is
error-prone. Therefore, proper meshing of the elements is required for accurate approximations. Structural
mechanics module within in the Comsol Multiphysics software is utilized for 3D model calculations.
In the tunable Fabry-Pérot filter structure, the bottom-DBR and bottom-electrode are fixed and only the
suspensions and the top-DBR are movable. Therefore, only the top structure including the suspensions
and the top-DBR are modeled, Fig. 5.39.

a)

b)
Fig. 5.39: Cross-section of the modelled structures containing only the top-DBR and the suspensions for the two
filter designs with (a) Nb2O5/Al/Cr/Al/SiO2 and (b) Nb2O5/Cr/AlTh suspensions. Equivalent bulk materials are used
as DBR stacks to reduce design complexity.

To reduce the complexity of the design for efficient simulations, the model is simplified by replacing the
multilayered top-DBR by a bulk equivalent material, Fig. 5.39. Equivalent bulk material properties are
calculated from the material properties of the constituting layers of the multi-layered DBR, using the
following Equations 5.13 and 5.14  5.16 [Vasu, 2004];

Yequivalent 

Y1 A1  Y2 A2      Yn An
A1  A2       An

 equivalent 
Dm.equivalent 

 1t1  2t2       ntn
t1  t2      tn

Dm1t1  Dm 2t2       Dmntn
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(5.14)

(5.15)

(5.16)

where Y, , Dm, t and A are the Young’s modulus, Poisson’s ratio, mass density, thickness and area of the
constituent materials, respectively. The calculated material properties for the bulk equivalent top-DBR are
shown in Table 5.23 along with other constituent layer properties included in the design. The layer stress
values are measured at the INA laboratories (Section 4.4.3 and Section 4.4.4). Rest of the Nb2O5 and SiO2
material properties are as in [Flaminio et al., 2010; MEMSnet Material Library, 2014] while those for Al
and Cr are as in Comsol Multiphysics material library.
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Table 5.23: Material properties for the bulk equivalent top-DBR and other constituent materials in the modelled
structures.
Material Parameter
Young’s Modulus (GPa)
Poisson’s Ratio
Density (kg/m3)
Stress (MPa)

Al
70
0.35
2700
183

Cr
279
0.21
7150
1250

Nb2O5
80
0.2
4590
400

SiO2
92
0.17
2300
260

Bulk Equivalent Material
71
0.174
3100
235

Model Verification
The validity of the design method is verified first by comparing a FEM model simulation of a Fabry-Pérot
filter similar in dimensions and layer configuration to the filter fabricated in Section 5.5. The simulation
result along with the suspension bending profile is shown in Fig. 5.40. The upward bending of the
theoretical (220 nm) and experimental (250 nm) results match closely, proving the validity of the design.

a)

b)
Fig. 5.40: (a) FEM model simulation for a filter design with Nb2O5/Al/Cr/Al/SiO2 suspensions. The filter has a
20 μm membrane diameter and 47 μm  8 μm suspensions. (b) Surface profile of the suspensions. The suspensions
have a maximum upward bending of 220 nm. The upward bending of the suspension matches closely to the
experimentally measured value.
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Results and Discussion
Figure 5.41(a & b) show Finite Element Method (FEM) model simulations for both the suspension layer
material combinations shown in Table 5.22. The filters have 70 μm membranes and 65 μm  6 μm
suspensions.

a)

b)
Fig. 5.41: FEM model simulations for two filter designs with (a) Nb2O5/Al/Cr/Al/SiO2 and (b) Nb2O5/Cr/AlTh
suspension layer combinations. Filters have 70 μm membranes and 65 μm  6 μm suspensions. The top-DBR stack
is also included in the simulations and has a diameter of 60 μm.

Filters with AlTh as the top suspension layer show comparatively less upward displacement of the
suspensions i.e. 180 nm (Fig. 5.42), which is attributed to the low resultant film force of the constituent
suspension films, Table 5.22.

146

a)

b)
Fig. 5.42: Surface profiles of the suspensions for the FEM model simulations in Fig. 5.41. (a) Surface profile of the
filter design with Nb2O5/Al/Cr/Al/SiO2 suspensions. The suspensions have a maximum upward bending of 490 nm.
(b) Surface profile of the filter design with Nb 2O5/Cr/AlTh suspensions. The suspensions in this case have a second
order buckling profile with minimum and maximum bending of 20 nm and 180 nm.

As a conclusion, filters with AlTh as the top suspension layer show comparatively less upward
displacement and are hence recommended for fabrication of filters in the NIR range.
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Chapter 6
Bandpass Filter for the Sensor Array:
Design, Fabrication, Characterization and
Optimization

A

n optical detector is required to detect the output of the optical sensor array. As discussed in
Section 1.2, typical CCD detectors are sensitive for light wavelengths in the range
300  1100 nm (Fig. 1.8). On the other hand, a Fabry-Pérot filter usually has an approximate
DBR stopband width of only 100 to 180 nm in the VIS and 140 to 330 nm in the NIR range depending on
the design wavelength and the materials used. For accurate measurements, light wavelengths outside the
stopband of the Fabry-Pérot DBRs must to be suppressed. Therefore, a bandpass filter is required to
suppress the wavelengths outside the stopband of the Fabry-Pérot DBRs.
This chapter defines the design requirements of the bandpass filter (Section 6.1). Two different design
techniques for the bandpass filter, namely quarter-wave (Section 6.2) and non-quarter-wave (Section 6.3)
based bandpass filters, are investigated. Optical characterization of the fabricated filters is also performed.

6.1. Design Requirements for the Bandpass Filter
The bandpass filter not only has to block wavelengths outside the stopband of the Fabry-Pérot DBRs, but
also has to be near 100% transmitting inside the stopband of the Fabry-Pérot DBRs, as in Fig. 1.9,
Section 1.2. Figure 1.9 is reproduced here as Fig. 6.1 for easy reference. The wavelength range where the
bandpass filter has high transmission is henceforth referred to as the “passband”, while wavelengths
outside the passband (that are blocked by the filter) are referred to as the “stopband” of the bandpass
filter. Detailed design requirements for the bandpass filter are listed below;
a) Near 100% transmission in the passband.
b) Flattop i.e. nearly zero fringes inside the passband.
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c) Zero transmission i.e. high rejection outside the passband.
d) Sharp steepness of the band edges i.e. abrupt transition between the passband and the stopband.
Besides the above mentioned requirements, the design of the bandpass filter should also fit the overall
fabrication process of the sensorarray.

Fig. 6.1: Requirements for a bandpass filter design. The bandpass filter has to block the wavelengths outside the
Fabry-Pérot stopband and transmit the wavelengths inside the Fabry-Pérot stopband.

6.2. Bandpass Filter Design based on Quarter-wave Film Stacks:
Design, Fabrication, Characterization and Optimization
Optical filters are used to restrict certain wavelengths of light while transmitting certain other
wavelengths of light. As opposed to absorption or color filters that work by selective transmission and
absorption of light, interference filters work by transmission and reflection of light. The basic interference
filter is a DBR based on a quarter-wave stack having alternative high and low refractive index materials
and works on the principle of constructive and destructive interference, Section 2.2.2. Interference filters
fall into two broad categories: edge filters and bandpass filters.
I.

Edge Filters

Edge filters transmit wavelengths on one side, and reject wavelengths on the other side of a specific
wavelength (called the edge wavelength). They are commonly referred to as longpass (LP) and shortpass
(SP) filters depending on whether the transmitted parts of light contain longer or shorter wavelengths
respectively, Fig. 6.2.
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a)

b)

Fig. 6.2: Simulated transmission spectra of two 19 period Si3N4/SiO2 DBR edge filters. (a) Longpass filter. (b)
Shortpass filter.

II.

Bandpass Filters

Bandpass filters are a type of interference filters which are designed to transmit a particular band or range
of wavelengths (passband) while all other wavelengths on either side of this particular band are reflected
(stopband). Conventionally, such filters are fabricated simply by combining two edge filters in a series
stack, Fig. 6.3.

Fig. 6.3: Simulated transmission spectra of two 19 Si3N4/SiO2 DBR edge filters combined to form a 38 period
bandpass filter.

In the quarter-wave design, where edge filters are combined to form a band pass filter, the most common
problem is the interference of the edge filters with each other causing multiple reflection peaks or fringes
at the two extremes of the transmission passband, Fig. 6.4(a). These fringes are further enhanced as the
number of periods increases, which is needed to steepen the slope of the band edges and/or extending the
stopband range, Fig. 6.4(b).
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a)

b)
Fig. 6.4: Simulated transmission spectra of two Nb2O5/SiO2 DBR edge filters combined to form a bandpass filter.
Enhanced fringes are observed as the total number of periods increases from 18.5 periods (a) to 30.5 periods (b).

To suppress these fringes, layer matching with the incident medium and the substrate, i.e. matching the
first DBR stack with the substrate and the second DBR stack with the first as well as the surrounding
medium, is required [Asghar & Khan, 2003]. Layer matching can be achieved by adjusting either the
refractive index or the thickness of the layer adjacent to the incident medium [Thelen, 1989]. The first
case requires the introduction of new material(s) into the design which is mostly undesirable. It is also
difficult to find a material with the exact required refractive index [Rancourt, 1996]. Another approach is
to add non-quarter-wave coatings (H/2 or L/2 layers) for layer matching.
Adding H/2 layers before and after the LP filter stack, results in decreased ripples inside the pass region,
Fig. 6.5(a). On the other hand, for a SP filter stack, ripples are decreased by adding L/2 layers, Fig. 6.5(b).
Where, H and L stand for quarter-wave high and low refractive index materials respectively.
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a)

b)
Fig. 6.5: Simulated (designed) and experimental (measured) spectra of two Nb2O5/SiO2 DBR edge-filters. (a) LP
filter stack: Substrate | H/2 | LP | H/2 | Air. (b) SP filter stack: Substrate | L/2 | SP | L/2 | Air.

The filters are deposited using an IBSD system, explained in Section 3.1.1. The deposition process is
optimized for fast deposition (Section 4.2) and low absorption (Section 4.3). The deposition parameters
are as in Table 4.3, Section 4.3, with the exception of O2 flow being 10 sccm in this case. The optical
constants thus obtained are used in the design of the filters. Float glass is used as the substrate.
Transmission spectrum of float glass is shown in Appendix G.1. The transmission spectrum of the
deposited filter is measured using the Lambda 900 spectrophotometer, explained in Section 3.3.2.
Figure 6.6 shows the designed and measured transmission spectra of the LP and SP filters deposited in the
form of a stack, along with half quarter-wave layers (H/2 or L/2) for layer matching, combined to form a
bandpass filter.
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Fig. 6.6: Simulated (designed) and experimental (measured) spectra of two Nb2O5/SiO2 DBR edge filters combined
in the form of a stack to form a bandpass filter: Substrate | H/2 | LP | H/2 | L/2 | SP | L/2 | Air. The attenuation at
lower wavelengths in the measured spectrum is due to the noise generated by the light source of the microscope
spectrometer setup, Section 3.3.2.

The filter has a total of 40 layers with a total thickness of 2.95 m. The layer thicknesses of the stacks are
given in Appendix H.1. The filter is designed to have a pass-band in the 500  600 nm wavelength range.
The maximum transmission inside the passband is 100%. However, the average transmission is lower due
to the fringes on either side of the passband that are still profound. The attenuation at lower wavelengths
in the measured spectrum is due to the noise generated by the light source of the microscope spectrometer
setup, Section 3.3.2. Adding a Fabry-Pérot filter between the LP and SP filter stacks shows a measured
transmission line of 53%, Fig. 6.7. The low transmission line peak compared to the theoretical result is
caused by the shift in the transmission line position to lower wavelengths due to process instabilities
and/or errors in deposition rate measurement, as is clear from the transmission comparison between
725 nm and 800 nm (Fig. 6.7). The shift causes the transmission line to be suppressed by the fringe
reflection peak, Fig. 6.6. The transmission outside the passband is very low, as intended.

Fig. 6.7: Simulated (designed) and experimental (measured) transmission of a filter stack with a SiO2 cavity FabryPérot filter along with a LP and SP filter: Glass | LP | FP | SP | Air.
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Surface micromachining requires that the Fabry-Pérot filter is on top of the stack for further processing.
Adding a Fabry-Pérot filter on top of the LP and SP filter stacks shows an improved experimental
transmission line of 80% (Fig. 6.8), compared to the filter stack shown in Fig. 6.7, owing to the position
of transmission line in the low fringe reflection region (Fig. 6.6). The peaks inside the stopband region are
partly due to misalignment of the Fabry-Pérot filter inside the pass region and partly due to the
interference of different stacks.

Fig. 6.8: Measured transmission of a filter stack with a Fabry-Pérot filter having a SiO2 cavity along with a LP and
SP filter: Glass | LP | SP | FP | Air.

To block the complete detector sensitivity range with quarter wave stacks (Fig. 6.1), two approaches can
be used;
A commercial bandpass filter can be combined with custom designed LP and SP filters to block all the
wavelengths outside the Fabry-Pérot stopband, Fig. 6.9. The advantage of using such a filter, is that it can
be replaced with the glass substrate and the filter can be fabricated right on top of it.

Fig. 6.9: Measured transmission spectra of a commercial bandpass filter from OPTIDA and a Fabry-Pérot (FP) filter
transmission along with custom designed LP and SP filters in the form of a stack.
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The second approach is to combine further DBR stacks to extend the stopband range. This will further
deteriorate the transmission inside the passband by enhancing the fringes inside transmission passband
[Mahdi, 2009]. Therefore, a different approach is required to achieve the square like bandpass filter shape
defined in Fig. 6.1, with flat transmission in the passband, steep slopes of the band edges and an extended
stopband width. One such approach is to use non-quarter-wave layers for the bandpass design, which is
discussed in detail in the following section.

6.3. Bandpass Filter Design based on Non-quarter-wave Films:
Design, Fabrication, Characterization and Optimization
Using state of the art computer aided design techniques, it is now possible to design thin film multilayer
filters with almost any desired optical spectra. Figure 6.10 shows a 61-layered Nb2O5/SiO2 filter with the
theoretical reflectance spectra resembling the silhouette of the Taj Mahal monument in Agra, India
[Dobrowolski, 1988; Sullivan et al., 1998].

a)

b)

c)
Fig. 6.10: (a) Target reflectance curve based on the silhouette of the Taj Mahal together with the calculated design
curve for a 61-layer filter. (b) Comparison of the measured reflectance curve of a filter deposited on the automated
deposition system along with the design curve. (c) Refractive index profile of the Taj Mahal filter design. Original
figure from [Sullivan et al., 1998].
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Although, real life applications require much simpler reflectance spectra than the one shown in Fig. 6.10,
the design can still consist of tens of hundreds of layers with different 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 PECVD) or e-beam and thermal evaporation. However, materials deposited with these technologies
have poor optical quality. Evaporated films are generally porous resulting in filters with poor humidity
[Asghar et al., 2008]. 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. Figure 6.11 shows the measured spectra of PECVD silicon nitride (Si3N4) and SiO2 based
bandpass filter. The filter consists of two LP filters and a HP filter along with half quarter-wave matching
layers deposited on a substrate in the form of a stack. Deposition parameters are given in Appendix I. The
difference between the designed and measured spectra is evident and, as discussed, is attributed to the
difference in layer thicknesses and stoichiometry between the designed and measured filters caused by the
lack of in-situ deposition rate measurement and control in PECVD systems.

Fig. 6.11: Theoretical (designed) and experimental (measured) spectra of three PECVD Si3N4/SiO2 DBR edge filters
combined in the form of a stack to form a bandpass filter: Substrate | H/2 | LP1 | LP2 |H/2 | L/2 | SP | L/2 | Air.
Difference between designed and measured spectra is attributed to the difference in layer thicknesses and
stoichiometry caused by the lack of in-situ deposition rate measurement and control in PECVD systems. The
attenuation at lower wavelengths in the measured spectrum is due to the noise generated by the light source of the
microscope spectrometer setup, Section 3.3.2.

IBSD provides a high control on deposition rates and film stoichiometry resulting in very accurate
thickness high quality films, Section 4.2.
A number of different design techniques can be employed to simulate the required spectrum. These
methods can broadly be categorized as; refinement and synthesis methods. In refinement a starting design
is provided which has a spectrum that is a close approximation of the desired spectrum, where as in
synthesis no such design is defined. Given a suitable starting design, refinement method gradually
modifies the construction parameters to minimize a merit function defining the quality of the design
[Larouche & Martinu, 2008]. 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 make the
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need of a suitable initial design all the more critical. It is not only challenging to guess 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 synthesis design methods are explained below.
I.

Fourier Transform Synthesis Method:

In this method, the refractive indices of the layers are varied to alter the amplitude relationship among the
reflected waves during the optimization process. This method generates coatings with 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 [Dobrowolski & Lowe, 1978].
II.

Needle Synthesis Method:

In this 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 [Larouche & Martinu,
2008].

6.3.1. Filter Design
A comprehensive design technique comprising of manual, synthesis and refinement methods is employed
in this work. 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). Open-source software, OpenFilters, is used in this work to design and optimize the
required bandpass filter. Nb2O5 and SiO2 are chosen as the high and low refractive index materials,
respectively. IBSD is selected as the preferred deposition technique for its high deposition accuracy and
superior optical quality coatings. To obtain the optical constants for design and optimization, the
deposition parameters are optimized first; for high deposition rate (Section 4.2) and low absorption
(Section 4.3). The measured ellipsometric data is fitted using the Tauc-Lorentz model for Nb2O5 and the
Cauchy model for SiO2. The initial fit parameters for Nb2O5 and SiO2 are given in Appendix B.1 and
Appendix B.3. The calculated optical constants for Nb2O5 and SiO2 in the design wavelength are shown
in Appendix J.
The design targets for this filter are shown in Table 6.1. The filter is required to have 90% transmission in
the 475  610 nm wavelength range. This wavelength range is carefully selected to achieve one mode
transmission while tuning a Fabry-Pérot filter with a design wavelength of 525 nm. An initial design is
synthesized manually combining one LP and three SP filters using the design rules explained in
Section 6.2. The fringes inside the passband are minimized using half quarter-wave matching layers,
Section 6.2. 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. The transmission spectrum of the optimized filter is shown in Fig. 6.12, while
the optimized thicknesses of the filter materials are given in Appendix H.2.
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Table 6.1: Design targets for the bandpass filter.
Wavelength Range (nm)
300  470
475  610
615  1100

Transmission (%)
0
90
0

Tolerance
0.001
0.001
0.001

Fig. 6.12: Theoretical transmission spectrum of the designed filter after optimization.

The filter has a total of 79 layers with a total thickness of 8.437 m. Figure 6.13 shows the refractive
index change along the depth of the filter.

Fig. 6.13: Change in refractive index along the depth of the bandpass filter with non-quarter-wave design.
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6.3.2. Filter Fabrication and characterization
The filter is deposited using an IBSD system, explained in Section 3.1.1. Borosilicate glass is used as the
substrate. Appendix G.2 shows the transmission spectrum of borosilicate glass.
The transmission spectrum of the deposited filter is shown in Fig. 6.14. The transmission is measured
using the OSA setup, explained in Section 3.3.2, at a resolution of 0.1 nm. The average transmission in
the passband is 88% with a maximum and minimum transmission of 96% and 71%, respectively
(Fig. 6.15a). The maximum transmission outside the passband is less than 1.6%, Fig. 6.15(b).

Fig. 6.14: Measured transmission spectrum of the deposited/fabricated bandpass filter with non-quarter-wave design.

a)

b)

Fig. 6.15: Measured transmission of the bandpass filter with the non-quarter-wave design. (a) The average
transmission inside the passband is 88%. (a) Maximum transmission outside the passband is a mere 1.6% (b).

A shift in the measured spectrum is observed compared to the designed spectrum with increasing
wavelength, Fig. 6.16. The error in the spectrum increases with increasing wavelengths, indicating error
in the calculated refractive indices at higher wavelengths. The Cauchy model for SiO2, which flattens at
longer wavelengths, cannot fit the near infrared index correctly. The Sellmeier model is a better
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alternative to the Cauchy model, since it accounts not only for electronic oscillations at smaller
wavelengths but also for atomic oscillations at higher wavelengths, Section 3.3.2.

Fig. 6.16: Comparison of the designed and measured spectra of the bandpass filter with non-quarter-wave design.

The measured transmission spectrum shows a fringe at the higher wavelength extreme of the passband,
contrary to the designed spectrum. This fringe appears due to the fact that filter optimization is performed
by including the substrate/air interface reflections into account. However in practice, due to the substrate
surface roughness, reflections from the substrate/air interface are minimized to zero and do not take part
in interference. These reflections hence must 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, Fig. 6.17. Hence, the filter design must be optimized without including the
substrate/air interface reflections to achieve optimum results.

Fig. 6.17: Transmission spectrum of the designed (non-quarter-wave) filter excluding the substrate reflections.
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Figure 6.18 shows the combined spectrum of the bandpass filter with the 64 distinct cavity height FabryPérot filter array shown in Fig. 4.29, Section 4.4.3. The loss in transmission is very low except for the
transmission lines near the higher wavelength passband edge (600 nm) of the bandpass filter, Fig. 6.14.

Fig. 6.18: Experimental transmission spectra of a 64 distinct cavity height Fabry-Pérot filter array and its combined
spectra with the non-quarter-wave bandpass filter.

6.4. Outlook
The non-quarter-wave bandpass filter design has better transmission inside the passband and a broader
stopband, and is hence a better design technique for the tunable optical sensor array. However, deposition
of large number of layers (required to block the entire CCD sensitivity range) with IBSD process is time
consuming. Furthermore, the final sensor array design will contain multiple Fabry-Pérot filters to cover a
broader wavelength range (Fig. 1.6, Section 1.2) and hence multiple bandpass filters, further increasing
the fabrication time. Therefore, faster deposition techniques should be employed. As shown earlier
(Fig. 6.11), although CVD techniques such as PECVD have higher deposition rates, they 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. PVD processes, on the other hand, can attain both
constant deposition rates and reproducible film stoichiometry and can be employed for precise deposition
of large number of layers [Asghar et al., 2008]. However, most PVD systems lack cryogenic pumps and
moisture can be incorporated into the films during deposition [Ding et al., 2010; Asghar et al., 2008]. An
extra post deposition thermal annealing step can be employed in such cases [Asghar et al., 2008].
Furthermore, since the final sensor array design will contain multiple Fabry-Pérot filters to cover a
broader wavelength range (Fig. 1.6, Section 1.2), multiple bandpass filters (with distinct passbands) can
be fabricated in parallel on top of a commercial or purpose built bandpass filter with wider pass and
stopbands. In this way, the total number of layers required for the individual bandpass filter designs can
be reduced.
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Chapter 7
Summary and Conclusions

W

ithin this work miniaturized Tunable Optical Sensor Arrays (TOSA) based on Fabry-Pérot
(FP) filters, for high quality spectroscopic applications in the visible (VIS) and near-infrared
(NIR) spectral range are investigated. Niobium pentoxide (Nb2O5) and silicon dioxide (SiO2)
Distributed Bragg Reflectors (DBR) based tunable FP filters with air-gap cavities are fabricated using
surface micromachining. The filters are tuned using an Indium Tin Oxide (ITO) bottom-electrode and a
metal top-electrode.
In the past, the performance of the filter array has been significantly restricted by the adverse effects
of the residual stress in the constituent films [Tarraf et al., 2004; Setyawati, 2011]. High film stresses
result not only in poor adhesion and debonding of the films [Albrecht, 2012], but can also significantly
distort the multilayer DBR coatings resulting in curved surfaces; that can lead to considerable distortion
in the filter transmission line. In the tunable FP filter design, where the top-DBR is suspended freely by
the filter suspensions, the high stress in the constituent films results in an increased cavity height due to
upward curvature of the stressed suspensions [Setyawati, 2011]. The increase in cavity height, in turn,
increases the bias voltage required for filter actuation. Usually, stress induced membrane displacement is
much higher resulting in higher mode filter operation; which adversely affecting the optical resolution of
the filter (Section 1.3). Therefore, the mechanical and optical performance of these filters is investigated
and improved. Complementary bandpass filters are also investigated as an integral part of the sensor
arrays.

Nb2O5 and SiO2 dielectric films are used for the multilayered DBRs due to their high refractive index
contrast; resulting in high reflectivity for only a few periods (alternating high and low refractive index
material pairs). Dual Ion Beam Sputter Deposition (D-IBSD) is chosen as the coating method for its
ability to produce high optical films. However, IBSD is a slow deposition rate process and can cause
stoichiometric problems resulting in sub-oxide films and even metals with high absorption. Furthermore,
IBSD films are highly stressed resulting poor filter performance (see above). Therefore, the deposition
parameters are optimized for high deposition rate (Section 4.2), low optical absorption (Section 4.3) and
low mechanical stress (Section 4.4), and are discussed below.
The deposition rate of Nb2O5 and SiO2 is maximized by varying the sputtering ion energy, target
incidence angle, substrate position with respect to the target, substrate tilt angle and sputtering ion flux
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inside the deposition chamber (Section 4.2). Deposition rates as high as 7.2 nm/min for SiO2 and
2.4 nm/min for Nb2O5 are achieved (Section 4.2.4, Page 82).
Nb2O5 and SiO2 films with near zero absorption are achieved by optimizing the oxygen flow during
deposition (Section 4.3, Page 85 and Page 87). Simulated 5.5 period DBRs with optimized Nb2O5 and
SiO2 film properties demonstrate high optical performance in the VIS and NIR ranges, i.e. a high
reflectance of 98.2% and 97.8% and a broad stopband width (high reflection region) of 182 nm and
316 nm respectively (Section 4.4.3, Page 102).
The stress of IBSD Nb2O5 and SiO2 films is reduced using high energy ion bombardment (oxygen and
argon ion mixture) during film growth (Section 4.4.4). During sputter deposition, meta-stable atoms are
trapped a few nanometers below the film surface, hence increasing the film density and resulting in
compressively stressed films. High energy additional ion bombardment during film growth results in
localized heating, thereby transferring energy to the meta-stable atoms. The atoms, after obtaining a
certain threshold energy, travel to the film surface and stress relaxation occurs [Davis, 1993]. Utilizing
this technique, the compressive stress of Nb2O5 is reduced by 43% to a mere 170  40 MPa, using
750 eV of bombarding ion energy (Section 4.4.2, Page 96). Similarly, the compressive stress of SiO2 is
reduced by 40% to a mere 240  60 MPa, using 1500 eV of bombarding ion energy (Section 4.4.2,
Page 96). The measured curves of stress versus bombarding ion energy follow the theoretical prediction
of Davis closely. Simulated DBRs with stress-reduced film properties demonstrate high optical
performance. DBRs with a mere 5.5 periods of Nb2O5 and SiO2 in the VIS and NIR range demonstrate a
high reflectance of 97.9% and 97% and a broad stopband width of 175 nm and 305 nm respectively
(Section 4.4.3, Page 102). Additionally, the stress of PVD metal films is also characterized in this work
(Section 4.4.6), for their use as top-electrode and stress compensation layers. It is found that e-beam
evaporated chromium (Cr), titanium (Ti) and aluminium (Al) films have a tensile stress of
1250  150 MPa, 540  210 MPa and 13  10 MPa respectively, while thermal evaporated aluminium
(AlTh) films have a compressive stress of 180  140 MPa (Section 4.4.4, Page 106). The measured stress
values for both dielectric and metal films is compared to various reported literature values and found to be
in close resemblance (Section 4.4.2, Page 98 and Section 4.4.4, Page 106).
To minimize the upward curvature of the filter suspensions, a next generation MEMS (Micro Electro
Mechanical System) tunable FP filter design with stress optimized suspensions is presented (Chapter 5).
A material with a tensile film force is sandwiched between two materials with equal compressive film
forces, such that the suspension layer system has an overall tensile film force and a net bending moment
of zero (Section 5.1, Page 112). Two different layer combinations are investigated and are discussed
below.
The first design has a tensile stressed Cr layer sandwiched between compressively stressed Nb2O5 and
SiO2 films (Section 5.3). The film force of the SiO2 film is engineered in this case to be equal to that of
the Nb2O5 film using high energy ion bombardment during deposition. Tunable FP filters with 20 μm
diameter membranes and 47 μm  8 μm suspensions are fabricated. Released filter structures with three
and four straight suspensions show 60 nm and 100 nm of initial upward membrane displacement
(Section 5.3.3, Page 128). Filters show a transmission line of 40%, a Full Width at Half Maximum
(FWHM) of 4.2 nm and a stopband width of 170 nm at a wavelength of 593 nm (Section 5.3.4, Page 131).
The low filter transmission is attributed to the small aperture size for light transmission. Mechanical
actuation results show 188 nm of displacement for an applied voltage of 40 V (Section 5.3.3, Page 129).
The high bias voltage required for actuation is attributed to the stiffness of the suspensions which tend to
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retain their shape. To further reduce the actuation voltage, the net film force of the suspensions should
further be reduced. One way to achieve this is to use a thinner Cr layer as the tensile force component.
However, the structures are too small to be tuned by the transmission measurement setup (explained in
Section 3.3.2), mainly due to less than usual top-electrode contact area. Larger structures are not
fabricated due to mask constraints for this design. A typical problem observed during fabrication is the
upward rolling of the top-electrode contacts (Section 5.3.5, Page 133). In the stress optimized suspension
design (with Nb2O5/Cr/SiO2 suspensions), contacts are made by selectively removing parts of the SiO2
layer, resulting in a net upward moment in those regions. This results in upward bending of the top
electrode contacts. To resolve this fabrication issue, an improved design for this layer combination is
proposed (Section 5.3.5, Page 134). However, the proposed design further increases the processing steps
involved in the fabrication of the filters.
To reduce the number of processing steps, a second design is investigated. The above mentioned
design is altered by replacing the SiO2 film in the suspensions with an AlTh film of equal compressive film
force (Section 5.4). Another advantage of this design is larger contact areas for the top-electrode. Tunable
FP filters with 70 μm diameter membranes and 65 μm  6 μm suspensions are fabricated. Filters show a
transmission line of 65.5%, a FWHM of 10.5 nm and a stopband width of 170 nm at a measured output
wavelength of 594 nm. Released filter structures with 3 and 4 straight suspensions show 10 nm and 60 nm
of initial downward membrane displacement (Section 5.4.2, Page 143). The bottom-electrode was
damaged during fabrication and mechanical actuation results were not possible. Filters fabricated with
this design show second order buckling profiles of the suspensions (Section 5.4.2, Page 143). To
eliminate the second order buckling in the suspensions, smaller membrane diameters and thicker
suspensions are proposed. However, the membrane diameter should be large enough (aperture
size  30 μm) to allow acceptable light intensity through the filter. Thicker suspensions can be achieved
by adding e-beam evaporated Al films (which have approximately zero stress) to the suspension layer
system in a symmetric fashion without altering the net film force and the net moment of the suspension
layer system (Section 5.4.3, Fig. 5.34).
Multiple test structures consisting of only the suspension layer system (excluding the top- and
bottom-DBRs) are fabricated, proving the mechanical reproducibility of both designs (Section 5.2,
Page 116 and Section 5.4, Page 138 and Page 139).
Numerical simulation designs for filters in the NIR range (membrane diameter = 70 μm, suspension
length = 65 μm  6 μm) show that filters with Nb2O5/Cr/AlTh suspensions result in comparatively less
upward membrane displacement, 180 nm (Section 5.5, Page 151); and are, therefore, proposed for
further fabrication.
A test structure is also simulated and compared to a fabricated filter with similar dimensions. The
simulated and experimentally measured initial upward bending match closely, proving the validity of the
simulations (Section 5.5, Page 152).
Two bandpass filter designs are presented to block the transmitted light outside the DBR stopband of the
FP filter, since Charged Couple Device (CCD) detectors have a wider sensitivity range (usually
3001100 nm) compared to the filter stopband width.
The first bandpass filter design is based on quarter-wave film stacks (Section 6.2). It combines a
longpass (LP) and a shortpass (SP) filter in the form of a stack on top of a glass substrate. To suppress the
fringes inside the passband (high transmission band) of the filter, half quarter-wave layers (matching
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layers) are used to match the LP and SP filters with the surrounding media. A 40 layered (total
thickness = 2.95 μm) Nb2O5/SiO2 bandpass filter is designed and fabricated (Section 6.2, Page 160). The
filter has negligible transmission in the stopband (high reflection band), i.e. 400500 nm and
600750 nm. The transmission inside the passband (500600 nm) varies between a maxiumum of 100%
and a minimum of 60%, showing profound transmission fringes inside the filter passband even though
layer matching is utilized during filter design. The stopband of the filter is limited to 750 nm in the higher
wavelength range. A commercial bandpass filter can be combined with the fabricated bandpass filter to
block the rest of the CCD sensitivity range (Section 6.2, Page 161). The designed bandpass filter can be
fabricated directly on top of the commercial bandpass filter. However, addition of a commercial bandpass
filter can further deteriorate the transmission inside the passband.
The second bandpass filter design is based on non-quarter-wave films (Section 6.3). A comprehensive
design technique comprising of manual and computer aided design methods is employed for this purpose
(Section 6.3.1). The needle optimization technique is also utilized in the filter design among others. A
79 layered (total thickness = 8.437 μm) Nb2O5/SiO2 filter is designed and fabricated (Section 6.3.2,
Page 166). The filter has a passband of 135 nm (i.e. 475 to 610 nm) and a stopband of over 650 nm (i.e.
300475 nm and 6101100 nm). The filter has a high average transmission of 88% inside the passband
(with a maximum and minium transmission of 96% and 71%), while the transmission outside the
passband is very low (less than 1.6%). The transmission inside the passband can further be improved by
ignoring the reflections from the substrate/air interface, since light is scattered from this interface due to
surface roughness of the glass substrate and does not contribute to light interference.
The non-quarter-wave bandpass filter design has better transmission inside the passband and a broader
stopband, and is hence a better design technique for TOSA. However, deposition of large number of
layers (required to block the entire CCD sensitivity range) with IBSD process is time consuming.
Furthermore, the final sensor array design will contain multiple FP filters to cover a broader wavelength
range (Section 1.2, Page 5) and hence multiple bandpass filters, further increasing the fabrication time.
Therefore, faster deposition techniques should be employed. PVD dielectric films are proposed for the
fabrication of bandpass filters due to their ability to attain both constant deposition rates and film
stoichiometry, and hence can be employed for precise deposition of large number of layers [Asghar et al.,
2008], see Section 6.3.2, Page 168. To further reduce the fabrication time, multiple bandpass filters with
distinct passbands, fulfilling the requirements of the individual FP filters (mentioned above), can be
fabricated in parallel on top of a commercial or purpose built bandpass filter with wider pass and
stopbands. In this way, the total number of layers required for the individual bandpass filter designs can
be reduced.
Both the mechanical and optical properties of a tunable FP filter and a bandpass filter, as integral parts of
a TOSA, are optimized successfully in this work. Smaller membrane geometries and thicker suspensions
for the FP filters and faster deposition techniques for the bandpass filters are proposed as future research.
Furthermore, to reduce the required actuation voltage, thinner Cr layers are proposed for the tensile force
component in the stress optimized suspension design.
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Appendix A
Spin Coating Processes of Photoresists and Polymers
A.1 Spin Coating Process for Patterning the Positive Photoresist
AZ1518 with Optical Photolithography
Table A.1: Process flow of patterning the AZ1518 photoresist.
Dry H2O
Coating TI-Prime
Coating AZ1518
Soft-bake
Exposure
Development
O2 Plasma

120 C hot-plate
4000 rpm
4000 rpm
90 C hot-plate
Mask aligner
0.8% KOH
50 W

10 min
40 s
40 s
5 min
6.6 s
30 s
3 min

A.2 Spin Coating Process for Patterning the Positive Photoresist
AZnLof 2070 (5:1) with Optical Photolithography
Table A.2: Process flow of patterning the AZnLof 2070 (5:1) photoresist.
Dry H2O
Coating TI-Prime
Coating AZnLof 2070 (5:1)
Soft-bake
Exposure
Pre-bake
Development
Hard-bake

120 C hot-plate
3000 rpm
3000 rpm
100 C hot-plate
Mask aligner
110 C hot-plate
AZ826 MIF
120 C hot-plate

10 min
40 s
40 s
11 min
14.5 s
1 min
2 min
3 min

A.3 Spin Coating Process for Patterning the UV-Curable Organic
Polymer mr-UVCur06
Table A.3: Process flow of patterning a 275 nm thick mr-UVCur06 layer.
Dry H2O
Coating TI-Prime
Coating mr-UVCur06
Soft-bake
Exposure

150 C hot-plate
3000 rpm
2850 rpm
80 C hot-plate
UV lamp
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30 min
30 s
60 s
60 s
>5 min

Appendix B
Starting Fit Parameters for Different Dispersion Models
B.1 Starting Parameters of Tauc-Lorentz Oscillator for Nb2O5
films
Table B.1: Starting parameters of Tauc-Lorentz oscillator model for Nb2O5 films.
Nb2O5 Tauc-Lorentz Starting Parameters
Ec
4.6 eV
Amp.
208
Eg
3.4 eV
E-offset
1.9 eV
C
2.1

B.2 Starting Parameters of Lorentz Oscillator for SiO2 films
Table B.2: Starting parameters of Lorentz oscillator model for SiO2 films.
SiO2 Lorentz Starting Parameters
Ec
15 eV
Amp.
1441
Br
0.012

B.3 Starting Parameters of Cauchy Equation for SiO2 films
Table B.3: Starting parameters of Cauchy model for SiO2 films.
SiO2 Cauchy Starting Parameters
An
1.4
Bn
0
Cn
0
k Amplitude
0
Exponent
1.5
Band edge
400 nm
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Appendix C
Substrate Holder Design for Fixed Positioning of Samples

a)

b)
Fig. C.1: Comparison of the substrate holders to fix the samples in place for surface profile measurements with the
Ambios XP-100 profilomter. (a) Substrate holder used in previous work is made of plastic material. The plastic
material tends to bend leading to erroneous measurements. Also shown is the (1) stylus, (2) profilmeter base, (3)
sample, (4) substrate holder, (5) Grooves for fixing the holder to the base and (6) the laser used for alignment
(Schilde, 2010). (b) Substrate holder designed and used for this work is made of a block of Al to avoid bending
(Gutermuth, 2012). The holder has small grooves at the back side as part of the assembly to fix to the profilometer
base.
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Appendix D
Etch Parameters for the Reactive Ion Etching Process
D.1 Etch Parameters for Isotropic Etching of Nb2O5/SiO2 DBRs and
films using a RIE Process
Gas flows (Ar/SF6/CHF3)
DC-Bias
Temperature
Pressure
Applied Power
Measured Power/ Reflected Power

5.1/0.4/3.0 sccm
186 V
12 C
0.025 mbar
50 Watt
49/0 Watt

Table D.1: Etch parameters for isotropic etching of Nb2O5/SiO2 DBRs and films using a RIE process.
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Appendix E
Structures of the Photomasks
E.1 The MAZeT 2010 Mesa Photomask

Fig. E.1: The MAZeT 2010 Mesa Photomask showing the different filter structures on the mask.
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E.2 Magnified Nomenclature of the MAZeT 2010 Mesa Photomask

Fig. E.2: Magnified nomenclature of the MAZeT 2010 Mesa Photomask.

E.3 Nomenclature of the MAZeT 2010 Top-Electrode Photomask

Fig. E.3: Magnified nomenclature of the MAZeT 2010 Top-Electrode Photomask.
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E.4 Nomenclature of the MAZeT 2010 Top-DBR Photomask

Fig. E.4: Magnified nomenclature of the MAZeT 2010 Top-DBR Photomask.

E.5 Nomenclature of the MAZeT 2010 Bonding Photomask

Fig. E.5: Magnified nomenclature of the MAZeT 2010 Bonding Photomask.
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E.6 Nomenclature of the MAZeT 2009 Protection Layer Photomask

Fig. E.6: Magnified nomenclature of the MAZeT 2010 Protection Layer Photomask.

E.7 Nomenclature of the Proposed Top-Electrode Contact Mask

Fig. E.7: Nomenclature of a photomask designed to contact the top-electrode. The blue circles indicate the covered
area. The proposed diameters of the circular structures is also shown.
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Appendix F
Spin Coating Processes of Photoresists and Polymers
F.1 Spin Coating Process for Patterning the Positive Photoresist
AZnLof 2070 (5:1) with Optical Photolithography
Table F.1: Process flow of patterning the AZnLof 2070 (5:1) photoresist.
Dry H2O
Coating TI-Prime
Coating AZnLof 2070 (5:1)
Soft-bake
Exposure
Pre-bake
Development
Hard-bake

120 C hot-plate
3000 rpm
3000 rpm
100 C hot-plate
Mask aligner
110 C hot-plate
AZ826 MIF
120 C hot-plate

10 min
40 s
40 s
11 min
14.5 s
1 min
2 min
3 min

F.2 Spin Coating Process for Patterning the UV-Curable Organic
Polymer mr-UVCur06
Table F.2: Process flow of patterning a 275 nm thick mr-UVCur06 layer.
Dry H2O
Coating TI-Prime
Coating mr-UVCur06
Soft-bake
Exposure

150 C hot-plate
3000 rpm
2850 rpm
80 C hot-plate
UV lamp

30 min
30 s
60 s
60 s
>5 min

F.3 Spin Coating Process for Patterning the Positive Photoresist AZ1518
with Optical Photolithography
Table F.3: Process flow of patterning the AZ1518 photoresist.
Dry H2O
Coating TI-Prime
Coating AZ1518
Soft-bake
Exposure
Development
O2 Plasma

120 C hot-plate
4000 rpm
4000 rpm
90 C hot-plate
Mask aligner
0.8% KOH
50 W
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10 min
40 s
40 s
5 min
6.6 s
30 s
3 min

Appendix G
Transmission of Different Glass Substrates
G.1 Float Glass Transmission

Fig. G.1: Measured transmission of a float glass substrate with the Optical Spectrum Analyzer setup (Section 3.3.2).

G.2 Borosilicate Glass Transmission

Fig. G.2: Measured transmission of a borosilicate glass substrate with the Optical Spectrum Analyzer setup
(Section 3.3.2).
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Appendix H
Material Thicknesses of the Designed Bandpass Filters
H.1 Material Thicknesses of the Quarter-wave Bandpass Filter
Design
Table H.1: Material thicknesses of the quarter-wave bandpass filter design.
Layer No.

Material

Thickness (nm)

1

Nb2O5

23.1

2

SiO2

3
4

Layer No.

Material

Thickness (nm)

21

Nb2O5

23.1

70.9

22

SiO2

115.1

Nb2O5

46.2

23

Nb2O5

75

SiO2

70.9

24

SiO2

115.1

5

Nb2O5

46.2

25

Nb2O5

75

6

SiO2

70.9

26

SiO2

115.1

7

Nb2O5

46.2

27

Nb2O5

75

8

SiO2

70.9

28

SiO2

115.1

9

Nb2O5

46.2

29

Nb2O5

75

10

SiO2

70.9

30

SiO2

115.1

11

Nb2O5

46.2

31

Nb2O5

75

12

SiO2

70.9

32

SiO2

115.1

13

Nb2O5

46.2

33

Nb2O5

75

14

SiO2

70.9

34

SiO2

115.1

15

Nb2O5

46.2

35

Nb2O5

75

16

SiO2

70.9

36

SiO2

115.1

17

Nb2O5

46.2

37

Nb2O5

75

18

SiO2

70.9

38

SiO2

115.1

19

Nb2O5

46.2

39

Nb2O5

75

20

SiO2

70.9

40

SiO2

57.6
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H.2 Material Thicknesses of the Optimized Non-Quarter-Wave
Bandpass Filter
Table H.2: Material thicknesses of the optimized non-quarter-wave bandpass filter design.
Layer No.

Material

Thickness (nm)

1

Nb2O5

10.462

2

SiO2

3

Nb2O5

Layer No.

Material

Thickness (nm)

36

SiO2

129.184

238.59

37

Nb2O5

71.917

33.828

38

SiO2

116.383

4

SiO2

84.57

39

Nb2O5

98.996

5

Nb2O5

24.122

40

SiO2

137.696

6

SiO2

64.676

41

Nb2O5

112.306

7

Nb2O5

43.474

42

SiO2

114.155

8

SiO2

87.481

43

Nb2O5

89.133

9

Nb2O5

41.974

44

SiO2

141.88

10

SiO2

53.416

45

Nb2O5

70.261

11

Nb2O5

34.059

46

SiO2

191.276

12

SiO2

83.454

47

Nb2O5

116.291

13

Nb2O5

44.996

48

SiO2

155.257

14

SiO2

81.242

49

Nb2O5

48.976

15

Nb2O5

33.47

50

SiO2

179.321

16

SiO2

60.564

51

Nb2O5

65.077

17

Nb2O5

40.271

52

SiO2

185.424

18

SiO2

84.245

53

Nb2O5

89.292

19

Nb2O5

36.44

54

SiO2

165.6

20

SiO2

69.95

55

Nb2O5

57.576

21

Nb2O5

128.564

56

SiO2

148.995

22

SiO2

95.919

57

Nb2O5

97.387

23

Nb2O5

62.676

58

SiO2

191.803

24

SiO2

147.812

59

Nb2O5

103.001

25

Nb2O5

80.105

60

SiO2

142.205

26

SiO2

97.247

61

Nb2O5

118.03

27

Nb2O5

66.971

62

SiO2

180.397

28

SiO2

149.557

63

Nb2O5

94.127

29

Nb2O5

68.995

64

SiO2

188.542

30

SiO2

101.521

65

Nb2O5

122.482

31

Nb2O5

76.32

66

SiO2

148.019

32

SiO2

142.618

67

Nb2O5

116.591

33

Nb2O5

64.972

68

SiO2

197.865

34

SiO2

105.618

69

Nb2O5

99.245

35

Nb2O5

83.752

70

SiO2

140.124
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Layer No.

Material

Thickness (nm)

71

Nb2O5

103.198

72

SiO2

73
74
75

Layer No.

Material

Thickness (nm)

76

SiO2

199.007

196.721

77

Nb2O5

125.087

Nb2O5

95.1

78

SiO2

143.738

SiO2

165.52

79

Nb2O5

109.043

Nb2O5

150.71

179

Appendix I
PECVD Deposition Parameters for a Si3N4/SiO2
Bandpass Filter
I.1

Deposition Parameters of PECVD Si3N4 Films

Table I.1: Deposition parameters of PECVD Si3N4 films.
Gas source 1 flow
Gas source 2 flow
RF generator 1
RF generator 2
Pressure
Temperature

I.2

2% silane (SiH4) in N2
Ammonia (NH3)
13.56 MHz/ pulsed mode
130 kHz/ pulsed

1000 sccm
20 sccm
20 Watt/ 19 sec
20 Watt/ 6 sec
0.65 Torr
120 C

Deposition Parameters of PECVD SiO2 Films

Table I.2: Deposition parameters of PECVD SiO2 films.
Gas source 1 flow
Gas source 2 flow
RF generator 1
RF generator 2
Pressure
Temperature

2% silane (SiH4) in N2
Ammonia (NH3)
13.56 MHz/ continuous mode
130 kHz

180

430 sccm
710 sccm
20 Watt
1 Torr
120 C

Appendix J
Calculated Optical Properties of IBSD Nb2O5 and SiO2
J.1 Calculated Optical Properties of Sputtered Nb2O5 with the
Tauc-Lorentz Dispersion Model

Fig. J.1: Calculated optical properties of sputtered Nb2O5 with the Tauc-Lorentz dispersion model.

J.2 Calculated Optical Properties of Sputtered SiO2 with the
Cauchy Dispersion Model

Fig. J.1: Calculated optical properties of sputtered SiO2 with the Cauchy dispersion model.
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Rapid Thermal Annealing
Scanning Electron Microscope
Finite Element Method
Alternating Current
Direct Current

209

Materials
Ar
Xe
N2
O2
H2
Cl2
CHF3
SF6
Si
Cr
Ti
Ag
Al
AlTh
SiO2
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Nb2O5
Ta2O5
TiO2
HfO2
Si3N4
GaAs
InP
AlAs
ITO
NMP

Argon
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Aluminium arsenide
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dc
d
t
tf
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ɛ
A
Dm
F
f
FE
FR
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Vpi
zpi
dpi
V


t
I
M
D
w
l
Es
Y

Refractive index
Complex refractive index
Extinction coefficient
Imaginary unit or unit imaginary number
Speed of light
Phase velocity
Reflection coefficient
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Transmission
Phase delay
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Stopband width
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Cavity thickness
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Film force per unit width
Electrostatic Attractive Force
Restoring force
Effective structural stiffness
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Ỹ
B



Rc
Va
Vb

~

ε′
ε″
S


E, EIon
EIon2
Eo
D
J
T
Tm
TD
TM


x, y, z
z
Vp

Plate modulus
Biaxial modulus
Poisson’s ratio
Subtended angle of the neutral axis
Radius of Curvature
Acceleration voltage
Beam voltage
Complex dielectric function
Real part of the dielectric function
Complex part of the dielectric function
Standard deviation
Complex reflection coefficient ratio
Ion energy
Bombarding ion energy of the second ion source
Average escape energy
Deposition flux
Bombarding flux
Temperature
Homologous temperature
Deposition temperature
Measurement temperature
Coefficient of thermal expansion
Cartesian coordinates
Membrane displacement in the z-direction
Offset voltage
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m
Å
A
N

/
nmkMG-
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