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Abstract
Tunable Fabry Pérot filter arrays in a visible spectral range for the implementation in a nano-
spectrometer are investigated. The aim of this work is to fabricate tunable filter arrays using low
cost technologies. Materials and technological processes which are adequate for the filter arrays
fabrication are evaluated. In addition, a numerical model simulation to select the optimal design
of filter structures is presented, wherein an investigation on the displacement of the filter mem-
branes due to the stress in the materials is performed. Multilayers of dielectric DBRs and UV-NIL
polymers as filters cavity material are introduced. Lateral structuring of the DBRs in RIE process,
and underetching of the polymers in an oxidation plasma to obtain the filter’s air gap cavity, are
attained. The tunable Si3N4/SiO2 DBRs-based filter arrays are succesfully fabricated. Optimiza-
tion on structuring of high index contrast of TiO2/SiO2 DBRs-based filters are accomplished.
Keywords: spectrometer, Fabry Pérot, tunable optical filter, MEMS, dry etching.
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Zusammenfassung
Im Rahmen dieser Arbeit, werden durchstimmbare Fabry Pérot Filter-Arrays im sichtbaren Spek-
tralbereich für die Umsetzung als Nano-Spektrometer untersucht. Das Ziel dieser Arbeit ist, durch-
stimmbare Filter-Arrays mit kostengünstigen Technologien herzustellen. Materialien und tech-
nologische Prozesse, die für die Filter-Array-Herstellung benötigt werden, wurden untersucht.
Darüber hinaus wurde ein Modell der numerischer Simulation vorgestellt, um das optimale ge-
ometrischen Design der Filterstrukturen zu erhalten, wobei sich das Hauptaugenmerk der Un-
tersuchung auf die Durchbiegung der Filtermembranen aufgrund der mechanischen Dünnschicht-
Spannungen richtet. Multischichten von den dielektrischen DBR-Spiegeln und UV-NIL-Polymere
als Kavitätsmaterial wurden eingeführt. Lateralstrukturierung der DBR-Spiegel im RIE-Prozess,
und der Unterätz-Prozesse der Polymere im Sauerstoffplasma um den Filter mit der Luftkavität zu
erstellen, wurden durchgeführt. Die durchstimmbaren Si3N4/SiO2 DBR-basierende Filter-Arrays
wurden erfolgreich hergestellt. Optimierung bei der Strukturierung von hoher Brechungsindex-
Kontrast der TiO2/SiO2 DBR-basierende Filter konnten erzielt werden. Die Ergebnisse dieser
Arbeit ermöglichen die Realisierung eines breiten Spektralbereichs der Filter-Arrays im Nano-
Spektrometer.
Stichwörter: Spektrometer, Fabry Pérot, durchstimmbare optische Filter, MEMS, Ätz-Prozess.
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Nomenclature

Al Aluminum
Ar Argon
BK7 bor-crown glass, high quality glass
Cr Chrome
CCD Charge-Coupled Device
CCP Capacitively Coupling Plasma
CHF3 Trifluoromethane
CMOS Complementary Metal Oxide Semiconductor
DBR Distributed Bragg Reflector
FEM Finite Element Method
FP Fabry Pérot
FSR Free Spectral Range
FT Fourier Transform
FWHM Full Width at Half Maximum
HfO2 Hafnium Oxide
IBSD Ion Beam Sputter Deposition
ICP Inductively Coupling Plasma
IR Infrared
ITO Indium Tin Oxide
MEMS Micro-Electro-Mechanical-System
MFC Mass Flow Controller
NIR Near-IR
NMP N-Methyl-Pyrollidone
PECVD Plasma Enhanced Chemical Vapor Deposition
PSG Phosphosilicate glass
PZT Piezoelectric Transducer
RF Radio Frequency
RIBSD Reactive IBSD
RIE Reactive Ion Etching
RTA Rapid Thermal Annealing
sccm Standard Cubic Centimeters per Minute
SCIL Substrate Conformal Imprint Lithography
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SEM Scanning Electron Microscope
SF6 Sulfurhexafloride
Si Silicon
Si3N4 Silicon Nitride
SiO2 Silicon Oxide
TiO2 Titanium Oxide
UV-NIL Ultraviolet Nanoimprint Lithography
WLI White Light Interferometer
A(ϕ) Airy function
A membrane area
αm slope angle of the mask
α slope angle of the structure
c speed of light in vacuum
d cavity length, ∆d the changes in the cavity (cavity range)
ε0 permittivity of free space
e
′ energy from an energized particles

EF etch rate of thin film
EPR etch rate of the mask
Et amplitude of transmitted beam
f frequency, ∆f frequency bandwidth
Fnet total force
Fs finesse
gPI cavity gap at pull-in condition
It intensity of transmitted beam
IT energy transmission coefficient
k spring constant
K integer (plasma etch step)
λ wavelength, ∆λ wavelength range
m integer (mode)
n effective refractive index
nH high refractive index
nL low refractive index
N number of grating slits
r reflection
R reflection coefficient
Rs resolution
S etch selectivity
t transmission
T transmission coefficient
θ angle of incident beam
ϕ phase lag
ε correction for phase change
VP I pull in voltage
ηt tuning efficiency
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and Harmut Hillmer, “Characterization of Dry Etching of TiO2/SiO2 Distributed Bragg
Reflectors for Tunable Optical Sensor Arrays”, SPIE Journal of Micro/Nanolithography,
MEMS, and MOEMS, Vol. 9, Issue 4, Article 041110, p. 041110 (1-6), Dec 28, 2010. doi:
10.1117/1.3524828.

3. O. Setyawati, M. Engenhorst, S. Wittzack, F. Köhler, C. Woidt, T. Woit, V. Daneker,
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Chapter 1

Introduction

DETECTING and analysing spectra by means of an optical spectrometer, have nowadays
attained significant attention, for instance, in the study of the composition of a sam-

ple liquid by measuring the fluorescence and bioluminescence spectrum [1, 2], and for
determination of the chemical bonds [3]. It is also ulitized for examining of chlorophyll
fluorescence at tree canopy levels for water stress monitoring [4].
The spectrometers become well-known instruments for several applications in life scien-
ces, manufacturing, engineering, and health care due to their high selectivity and high
sensitivity along with their contactless-type measurement. However, they are generally
cumbersome and sometimes more costly in maintenance and installation than the instru-
ment itself [5]. In addition, they are normally designed only for specific tasks.

Micro-Electro-Mechanical-System (MEMS) technology appears over the last decade to
fullfil the needs of having compact, light-weight, reliable, and high precision portable
devices. MEMS-based minispectrometers are the instruments which are considered as
disruptive technology [6]. The compact, less power-consumed, and portable devices will
raise the productivity of some traditional applications, where the miniaturized spectro-
meters now can be taken to the sample, in contrast to bring the sample to the devices.
Their small sizes occasionally evince lower cost products compared to the conventional
spectrometers, hence, they can lead to new applications those beyond the laboratories.

Miniaturized Fabry-Pérot (FP) filters are very attractive devices for optical communica-
tion and “smart personal environments“, including health-care applications. They bring
out a potential solution to reduce the entire production cost of component manufacture.
Using low-cost technologies in the fabrication of the filters should be considered, to in-
fluence significantly the economical aspect of the devices [7]. An array of several static
(non-tunable) FP filters have been developed at the institute, with the nanoimprint tech-
nology to fabricate the different filter cavities in one step process by means of a stamp
or template nanostructure [8, 9]. Nanoimprint is well known as a low cost technology for
batch production [10,11]. This technology will benefit the nano-spectrometer production
in creating different cavity thicknesses of the filter arrays. The filter arrays will be inte-
grated into the detector array to create a compact device which can lead to a handheld and
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portable spectrometer.
The tunable filters for spectroscopic applications need a large tuning range, and since
they operate in a low-order mode, multiple filters are required to obtain a broad wave-
length range. The reasons, why the tunable optical filters in visible range are required for
different applications, will be reviewed here. Visible range-spectrometers derive a benefit
from the CCD-detector, wherein its low cost-product and technical progress have been
supported by consumer needs [6]. And compared to the visible one, the cost of detectors
for the infrared (IR) spectrometers are relatively higher. The aforementioned static FP fil-
ter arrays-based spectrometer ensures the parallelism of the mirrors that formed the filters.
However, many detectors will contribute for analysing the signal, hence, under the ideal
condition only a fraction of the light intensity is available for each filter and the optical
power dissipation occurs. Despite the complexity in fabrication of an air gap cavity for a
tunable filter, it gives benefit, i.e. the air gap cavity is a way to avoid the rising absorption
of the materials for the Distributed Bragg Reflectors (DBRs).

The objective of this work is to fabricate tunable FP filter arrays for the visible spectral
range applications using low cost technologies. The filter arrays are designed accordingly
to the detectors (courtesy of MAZeT GmbH) for the implementation of a high-precision
colour sensor. In order to fabricate the tunable filter arrays, several experiments have
been performed to obtain the optimal and compatible fabrication process concerning the
utilized material and the design. The experiments focus on structuring and characterizing
the filters. The preliminary results gained from this work are necessary for the fabrication
of the FP filter arrays in the visible spectral range, and afterward for the ones which will
be operated in the IR/NIR (near-IR) range.
Dielectric-based filters are very attractive due to the trade-off between the transmission
peak and mirror reflectivity inherited by metal-based filters [12]. In this work, two DBR
material systems, Si3N4/SiO2 and TiO2/SiO2, are investigated. The etching processes for
patterning the DBRs are introduced and evaluated under different etch masks.
The application of UV-NIL (Ultra Violet NanoImprint Lithography) polymers as post
structures and sacrificial layers are described. In this work, spin coating process was used
for applying the polymer as filter’s cavity layer. Underetching of the UV-NIL polymers,
characterization of the filters and some optimization processes regarding the filter fabri-
cation are also presented. Since the photomask that is used for the fabrication contains
different filter geometric structures, a simplified model simulation has been made to in-
vestigate the displacement (or deflection) of the filter membrane, regarding different filter
geometries, i.e. the membrane diameter and the suspensions.

Chapter outline of this thesis is given in the following.

• Chapter 1 introduces the motivation and research objective of this work.

• Chapter 2 presents the state of the art, including Micro/ Nano-spectrometer bases
upon the grating- and interference-type, and addresses the filter arrays-based spec-
trometer as the focus of this work.

• Chapter 3 contains basics of Fabry-Pérot filter, starts with theory of Fabry-Pérot



3

etalon, followed by the DBRs as main component of the filter and electrostatic
tuning mechanism. Overview on MEMS-based filters, technological processes, i.e.
the deposition and dry etching tools, the materials utilized in the fabrication, and
the characterization methods are also described.

• Design of the filter arrays for the sensor applications will be introduced along with
their technological fabrication in Chapter 4. In addition, the simplified model si-
mulation using FEMLAB software for investigating membrane displacements due
to the stress in the materials is described. The simulation is performed concerning
the type of DBRs and different filter geometries. Significant simulation results are
presented.

• Experiments and results regarding the tunable Si3N4/SiO2-air gap filters are de-
scribed in Chapter 5. Dry etching of the DBRs, underetching process of the poly-
mers, and the contact electrodes are explained. The characterization on the mecha-
nical and optical properties of the filters are documented and discussed.

• Chapter 6 explains the experimental fabrication of TiO2/SiO2- based filters, and
focuses on the optimization of lateral structuring of the DBRs using reactive ion
etching (RIE) process. Investigation on the adhesion between the polymers and the
TiO2/SiO2 dielectric materials is also described. Results of the fabricated filters are
presented.
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Chapter 2

State of the Art

IN this chapter a review of microspectrometers that have been fabricated by silicon mi-
cromachining process, and by other methods such as surface micromachining and

LIGA1 technique wherein metal, plastic or glass are used, will be presented. The mile-
stones are focused on the grating- and filter-type spectrometers and the comparison of
their spectral resolution. Review on filter arrays-based micro/nano-spectrometers will
close this chapter. The review gives the relevance of this research work.

Miniature Spectrometer: Cost and benefit

Minispectrometers have been developed since the past two decades. MEMS technology
emerges to create compact, light-weight and portable devices, and it allows the portable
spectrometer to be taken to the sample being measured, instead of taking the sample to
the device. It grows potential productivity of some conventional applications, hence, the
bulky spectrometers has been replaced now with the miniature ones [13–16]. MEMS-
based spectrometers are considered as the instruments with a disruptive technology [6].
Featuring miniaturization, multiplicity and microelectronics within this technology, batch
and low-cost productions can also be attained, hence, device applications can be extended
to those beyond the laboratory [17].
Important things that are needed to be considered when miniaturizing the spectrometers,
that is it leads to the decreasing of system throughput and signal-to-noise ratio, and in turn,
it will reduce also the device resolution [18]. To recompense these shortcomings, many
results have been published with different kind of solutions, for instance in producing
the wavelength dispersive elements and the integrated or tunable detectors as part of the
research interest [19–22].
Microspectrometers that are fabricated compatible with the silicon process, that is, they
can be integrated toward silicon devices are reported by Wolffenbuttel [12]. Other spec-
trometers that are fabricated by the surface micromachining and LIGA technology also
reviewed in [23]. These technologies are not directly compatible to the silicon process,
meanwhile the bulk silicon micromachining process can be categorized as the compati-

1LIGA is a German acronym for Lithograpie (lithography), Galvanoformung (electroplating), Abfor-
mung (molding), the technology for production of high aspect ratio structures
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ble one. Microspectrometers based upon grating and interference (filter) principles are
recently widely used in many applications, and since the prism based spectrometer is im-
proper for the miniaturization, only these two types of the dispersion elements will be
presented in the following.

Grating-based Microspectrometers

A grating-based spectrometer fabricated in silicon using bulk-micromachining techniques
was reported by Kwa et al. The microspectrometer was integrated with the photodiode
array [24, 25], it is shown in Fig. 2.1. The spectrometer was designed for 380 - 720 nm
spectral range. It composed of two silicon p-type wafers which were bonded, and an op-
tical path of about 4mm was created with an n-type epilayer, on which electrochemically
controlled etching was applied. The dispersive element was made of 32-slits diffraction
grating.

Figure 2.1: A grating-based integrated spectrometer with photodiode array fabricated in silicon
[24] .

Figure 2.2: The scheme of an IR grating-based microspectrometer with two wafer approach [26].
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Another spectrometer based on planar waveguide grating coupler in combination with a
plano convex lens has been demonstrated by Chaganti et al. Within wavelength range
of 480 - 640 nm, the spectral linewidth (Full-Width of Half Maximum/FWHM) varies
from 0.3 to 4.6 nm. The uniform grating was made of HfO2 on BK7 glass substrate with
SiO2 as the cladding layer. Two beam interference lithography was used for patterning
the waveguide gratings with 401.5 nm in periods and 70 nm in depth [27].
IR grating-based microspectrometer fabricated using two wafers approach by bulk silicon
micromachining was also presented by Kong et al. [26]. The optical path and slit gratings
were made of bulk silicon and aluminium, respectively. Figure 2.2 shows the schematic
view of the IR microspectrometer. The grating is formed by 30 or 60 slits with a range
of grating constant from 4 to 20 µm. The measured spectral of the spectrometer at 6 µm
grating constant revealed FWHM of 0.5 µm at λ of 5 µm.
The microspectrometer manufactured by microParts using LIGA technology is shown in
Fig. 2.3 [18]. This technology generally involves polymeric and metal molding process.
The devices designed for the UV and NIR range are based upon a monolithic spectrometer
chip, comprised of all components i.e. an entrance slit, self-focusing diffraction grating,
and deflection mirror, on a single injection-molded part. The near-IR spectrometer has
a size of 61x42x16 mm3, equipped with InGaAs array detector and it covers a range of
1000 - 1700 nm with resolution of less than 16 nm.

Filter-based Microspectrometers

Interference-based spectrometers can be distinguished into three groups, i.e. Michelson-,
Mach-Zender-, and Fabry Pérot filter-based interferometer. Filter-based interferometers
are more favorable, since it is not easy to situate the beam-splitter in the other type of
interferometers. Moreover, the filter-based spectrometer has relatively higher resolution,
and can be tailored for many different wavelength specifications. The Fourier Transform
(FT)-based type is actually a variation of the filter type, where the movable detector works
to scan the wavelengths [23]. FT-based spectrometers for widely applications in mid- and
near-IR range are described in detail in the articles written by Crocombe [6, 15].

A microspectrometer for IR and visible range based on tunable filter fabricated using a
new porous silicon batch was reported in [28]. Porous silicon2 was formed by electro-
chemical etch process, using silicon nitride mask in hydrofluoric acid. The filters were
actuated by a thermal bimorph up to 2 V, and the wavelengths in the visible range were
selected with a resolution of approximately 25 nm.
Tunable FP filter fabricated using bulk silicon micromachining was reported by Correia et
al. in [29] designed for the visible range application. This tunable filter-based microspec-
trometer consisted of two parallel silver mirrors, with silicon nitride as a supporting post
structure, forming a cavity of 1.2 µm. By applying electrostatic actuation only one mirror
was tuned on a movable silicon frame. The filter revealed a finesse of >30 and a FWHM
of <3 nm with silver thickness of 50 nm, and at a voltage of 21 V the displacement of

2Electrochemically etched silicon, with pore size in order of nm to µm. Discovered in 1956 by Arthur
Uhlir at Bell Labs
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Figure 2.3: A monolithic ’slab-waveguide’ spectrometer manufactured by LIGA process, courtesy
of Boehringer Ingelheim microParts [18] (later INSION).

Figure 2.4: Illustration of the grating-based spectrometer produced by Carl-Zeiss. The increase
in the number of grating slits influences the resolution.

450 nm was obtained.
Two wafers approach to build a tunable FP filter-based spectrometer fabricated by bulk
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micromachining, was reported by Raley in [30]. The dielectric mirrors formed the tunable
filter. Membrane displacement of 250 nm was measured under 100 V of actuation voltage.

Spectral Resolution of the Grating- and Filter-based Spectrometer

The following Fig. 2.4 shows the typical grating-type spectrometer manufactured by
Carl-Zeiss. The illustration shows that the spectral resolution is getting increased as the
number of grating slits N increases, hence, the size of the spectrometer increased as well.
If the first mode is applied then resolution Rs of the grating-type can be defined as Rs

= N , where N is the number of the grating slits. This condition applied by assuming
Fraunhofer diffraction is existing [32]. Larger N leads to higher resolution, which can
be accomplished by increasing the optical path length between detector and grating ele-
ment [23]. In FP filter-based microspectrometers, the spectral resolution can be defined as
Rs = m.Fs, where Fs is the finesse of the filter. If the spectrometer works in the first order
mode, that is m = 1, then the finesse, which is described as π

√
R/(1-R), will determine

the resolution. R is the reflectivity of the mirrors that formed the FP filter. Therefore, the
high reflectance of the mirrors leads to the high resolution.
Selected materials for the filter is an important key in the fabrication since they can in-
fluence the effective finesse of the filter, e.g. roughness of the mirror and the reflec-
tivity. Tradeoff between peak transmission and reflectivity is needed to be considered
when metal-based filter is used. The stack layers of dielectric mirrors can provide high
reflectance, low absorption, and its fabrication can be performed generally with surface
micromachining.

Filter Arrays-based Microspectrometer

In the following, the static filter arrays-based spectrometers with relatively high optical
transmission are presented. In these kind of filter arrays, no moving part components are
included, hence, the imperfect parallelism mirrors can be avoided.
The microspectrometer with an array of 4x4 FP-etalon integrated into a single-chip CMOS
had been fabricated by Correia et al.; the chip is shown in Fig. 2.5. The wavelength is
tuned by having different resonance cavities. To obtain 2K different thicknesses of SiO2

layer, K plasma etch steps are required [33]. However, to accomplish a mass production
of such spectrometers is infeasible with a customary lithography process.
A high spectral resolution (Rs = λ/∆λ) of 210 up to 470 of the filter array-based spec-
trometer, whose size smaller than 1 cm3 was reported by Wang et al. This spectrometer
has 8x16-channel integrated filter array without any moving parts, and a CCD that selects
a spectrum in a range of 722 - 880 nm. The different filter cavity thicknesses (SiO2) were
fabricated by 9 deposition steps [34, 35], as shown in Fig. 2.6.

Applying Nanoimprint for the Fabrication of the Arrays of Filter Cavities

The aforementioned previous works generally used silicon substrates and the technolo-
gies which were considered to be expensive, for instance the bulk micromachining using
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Figure 2.5: The filter array-type spectrometer where 4x4 FP-etalon were integrated into a single-
chip CMOS. Different thicknesses of SiO2 layer (as the filter cavities) tune the passed wavelengths
[33].

Figure 2.6: The deposition process to fabricate the filter arrays with different cavities. SiO2 film
was used as cavity material and deposited by 9 steps [34].

two wafer approach, the electron beam lithography, and the LIGA method.
This work focuses on using low cost technologies for the filter arrays production. Arrays
of several static (non-tunable) FP filters have been developed at the institute, with the
nanoimprint technology [8]. Nanoimprint technique emerges to provide low cost, uncom-
plicated and relatively fast process fabrication for the static FP filter arrays. Compared
to the utilized fabrication process for the arrays of the aforementioned filters, this imprint
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technology enables to attain batch production of the spectrometers. Creating of the dif-
ferent filter cavities in one step process can be obtained by means of a stamp/template
nanostructure. Mechanism and fabrication of the stamps required for the imprint process
has been patented in [36].
Implementation of the nanoimprint for the tunable filters is a potential low cost technology
for mass production of spectrometers. Hence, in this work the compatibility of the UV-
NIL polymers to the whole fabrication steps, and the process to remove the cross-linked
polymers to obtain the air gap cavity are investigated. Moreover, other low cost technolo-
gies, e.g. PECVD and optical lithography, and utilizing of low cost glass substrates are
considered for the filter’s production.
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Chapter 3

Basics of the Optical Filter, Materials
and Methods

THE first interferometer developed by Charles Fabry and Alfred Pérot in 1897 consisted
of two flat glass plates coated with silver films on their parallel facing surfaces [37].

The incoming light hit on the outer surface of the first plate, and going through the silver
coating, the beam was reflected back and forth between the silvered layers for a large
number of times. A fraction of the incident light passed through the surface of the second
plate for each reflection. At the end, a bundle of parallel light beams emerged at the same
angle, as the incident angle of the beams which hit the first plate, and could be converged
by a lens.

The principle of a Fabry-Pérot filter will be reviewed in this chapter, and the important pa-
rameters such as filter linewidth, free-spectral-range (FSR), and finesse will be described.
MEMS-based filters fabricated by surface micromachining are reviewed in the second
section, followed by the technological processes and materials which were involved in
the filter’s fabrication described in this work. The characterization methods are presented
in the last section.

3.1 Fabry-Pérot Filter and its Optical Properties
A Fabry-Pérot filter comprises of two mirrors parallel to each other and separated by a
distance d, forming an optical resonance cavity. Basically there are two types; it is called
an interferometer if d is variable, and an etalon if d is fixed. The filter is characterized by
constructive and destructive interference of waves in the resonance cavity.
The constructive interference happens when there is a standing wave between the two
mirrors, wherein the optical distance between them must equal to an integral number of
half wavelengths of the incoming beam. When the cavity is on resonance, this condition
allows basically 100% of the beam passes through the filter, and when it is off resonance,
almost all the incoming beams will be reflected [38].

Considering that the plane waves reflected between two parallel surfaces P1 and P2 in Fig.
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Figure 3.1: Multiple reflection of plane waves between two plane P1 and P2 parallel surfaces.
The amplitude coefficients of the reflected set of beams denote as a, b, c and the transmitted beams
as α, β, γ [39].

3.1 with the distance d, and n is the effective refractive index of the interspace. Angle θ
denotes the angle of incident beam on the surface. Label * is used for the complex reflec-
tion and transmission amplitude coefficients from the incident beam that travels from left
to right, and label ’ for those from the beam which comes right to left.
The output light beams have a phase difference due to distinct path lengths for each beam.
This phase lag ϕ is defined as [39]:

ϕ =
4πnd cos θ

λ
(3.1)

The amplitude Et(m) of the transmitted lights is given by these relations:

Et(m) = t∗1t
∗
2[1 + r

′
1r

∗
2e

iϕ + ...+ (r
′
1r

∗
2)

m−1ei(m−1)ϕ]

= t∗1t
∗
2[1− (r

′
1r

∗
2)

meimϕ/(1− r
′
1r

∗
2e

iϕ)] (3.2a)

And for infinite number of beams where m →∞ the equation becomes

Et → Et(∞) = t∗1t
∗
2/(1− r

′
1r

∗
2e

iϕ) (3.3)

It as the corresponding transmitted intensity can be described as:

It = |t∗1t∗2|2 /(1 +
∣∣∣r′1r∗2∣∣∣2 − 2

∣∣∣r′1r∗2∣∣∣ cosψ) (3.4)
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where
ψ = ϕ+ ε (3.5)

ε is the correction for phase change. For a single surface, we have R and T as the surface
intensity reflection and transmission coefficients, respectively, where:

t∗t
′
= T ; r∗ = −r′ ; r∗2 = r

′2
= R; R + T = 1 (3.6)

For the ideal dielectrics ε = 0, and t∗2 = t
′
1 and r∗2 = r

′
1, hence, for the pair of plane

surfaces the energy transmission coefficient can be defined as:

IT = T 2/(1 +R2 − 2Rcosϕ) (3.7a)
= T 2/[(1−R2) + 4Rsin2(ϕ/2)] (3.7b)

=
T 2

(1−R)2

(
1

1 + [4R/(1−R)2]sin2(ϕ/2)

)
(3.7c)

= [T/(1−R)]2[1 +G sin2(ϕ/2)]−1 (3.7d)
= [T/(1−R)]2A(ϕ) (3.7e)

where G is equal to 4R/(1-R)2. Equation 3.7e is known as basic Airy formulas for trans-
mission, and A(ϕ) is the Airy shape function [39]. The energy reflection coefficient is
given by:

IR = G sin2(ϕ/2)[1 +G sin2(ϕ/2)]−1 (3.8)

For the case R+T = 1 with no surface absorption, the energy transmission and reflection
coefficients are complementary and equal to one:

IT + IR = [T 2/(1−R)2 +G sin2(ϕ/2)]/[1 +G sin2(ϕ/2)]−1 (3.9)

The maxima in transmission will emerge when ϕ is equal to 2mπ

ϕ =
4πndcosθ

λ
= 2mπ (3.10)

This maxima or transmission peak can be expressed in frequency domain as:

fm = m(
c

2ndcosθ
) (3.11a)

= m (FSR) (3.11b)

where FSR is the free spectral range, that is the distance between two adjacent transmis-
sion peaks. If the light incidents normal to the etalon, the FSR depends only on the optical
path length nd.
For the normal incidence light and an air gap cavity (n=1), the FSR in the frequency
domain is defined as:

FSR = c/2d (3.12)

where d is the distance between two mirrors, m is an integer, λ represents the resonant
wavelength in the interferometer, and c is the speed of light in a vacuum. Important to
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notice that the FSR is constant in the frequency domain [38].

If the cavity length d is increased, the FSR is reduced and ideally the FWHM becomes
narrower, as illustrated in Fig. 3.2. The cavity materials used in the simulation by Open-
Filter1 [40], are the mr-UVCur06 polymer and air. The choice of cavity material and
length determines the peak transmission and the FSR. The maximum transmission is oc-
cured if the optical path length nd is equal to mλ/2.

By increasing the reflectivity, the transmission linewidth or fringe will become sharper,
and this can be expressed as the ratio of the separation of successive linewidths, which is
known as FSR, to the width of the fringe, known as full-width at half-maximum (FHWM).
This ratio is called as finesse, and it is given by:

Fs = FSR/FWHM (3.13a)

= π/ϕ1/2 = (π/2)
√
G = π

√
R/(1−R) (3.13b)

where the FWHM in frequency domain can be obtained by dividing the FSR by the finesse
[41]:

FWHM = f1 − f2 =
c(1−R)

2πnd
√
R

(3.14a)

= (1/Fs)(c/2nd) (3.14b)

hence, finesse Fs represents a figure of merit of the filter. It gives information about the
filter’s ability in transmitting several channels without crosstalk or interferences between
them. As shown by the equation 3.14b, higher reflectivity leads to higher quality of the
filter or narrower transmission peak.
High-reflective mirrors that are used to implement the FP filter based on the thin film
multilayer structures. In the following the mirrors viz. DBRs will be reviewed.

3.1.1 Distributed Bragg Reflectors (DBRs)
Basically, the DBRs consist of stacked mirrors, which is known as a quarter wave stack
mirror. It is composed of layers of dielectric materials with different refractive indices i.e
high and low, wherein each layer has a quarter wavelength optical thickness. The beam
reflected within the low-refractive-index layer has a phase shift of 180◦, while the one
reflected within high-refractive-index layer experiences no phase shift. Therefore, all the
incident beams which are reflected at successive boundary layers, reappear all in phase at
the front surface and they contribute constructively [42].

High refractive index contrast leads to a broad bandwidth of DBRs, it is stated by the
equation in the following.

∆f =
4λ

π
arcsin(

nH − nL

nH + nL

) (3.15)

1an open source software. With this software, the optical properties of a filter can be simulated based on
data of the thin films or other material measured by an ellipsometer.
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Figure 3.2: Open-Filter’s simulation results of the transmission linewidths. By in-
creasing the length of cavity, the FSR will decrease.

Figure 3.3: Transmission of two type DBRs-based filters, simulated by OpenFil-
ter, with the central wavelengths at 650 nm. TiO2/SiO2 DBRs-based filter exhibits
broader bandwidth with fewer pairs of DBRs, due to the higher index contrast com-
pared to Si3N4/SiO2 DBRs-based filter.
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where ∆f is frequency bandwidth, λ is the central wavelength, nH and nL represents the
layer with high and low refractive index, respectively. Due to its higher refractive index
contrast, the TiO2/SiO2 DBRs-based filter displayed a broader bandwidth with only fewer
pairs of DBRs, compared to the one resulted from Si3N4/SiO2 DBRs-based filter.
Figure 3.3 shows the transmission of the two types of DBRs-based filters, one consists of
9.5 pairs of Si3N4/SiO2 and the other has 5.5 pairs of TiO2/SiO2 DBRs, whose refractive
index contrast is approximately 0.4 and 0.9, respectively.

3.1.2 Electrostatic Actuation
In this work, electrostatic actuation will be applied for tuning the filter transmission peak.
Contact electrodes are deposited underneath the bottom DBRs and on the top DBRs. In a
Fabry-Pérot interferometer with an air gap cavity (n = 1), for the normal incidence light
beam, the following relationship can be stated

d = mλ/2 (3.16)

Therefore, changes in the cavity length d, will tune the transmitted wavelength λ of the
interferometer.
The illustration in Fig. 3.5-top shows the change of air-gap cavity layer due to the ac-
tuation. A voltage V is applied in the two membranes, induces an electric field E = V/L
in the gap, and an electrostatic force emerges between the mirrors. Due to this, the fil-
ter membranes are displaced or deflected. Another force, that is the mechanical (spring)
force, will counteract the displacement caused by the electrostatic force. Hence, the total
force at the voltage V and the gap g is given as [43]

Fnet =
−ε0AV 2

2d2
+ k(d− g) (3.17)

where ε0 is permittivity of free space, A is the membrane area, kis the spring constant, d
is the gap, or cavity length, at zero spring extension and no applied voltage.
With small pertubation the total force will vary, and can be defined as

δFnet = (
ε0AV

2

g3
− k)δg (3.18)

To obtain g as a stable equilibrium point, hence, k should be defined as

k >
ε0AV

2

g3
(3.19)

By increasing the voltage, the equilibrium gap is decreased, and at a certain voltage,
called pull-in voltage VP I , the equilibrium will suffer. At pull-in, we have these two
conditions [43]:

Fnet = 0 and k =
ε0AVPI

2

gPI
3

(3.20)
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and pull-in occurs at:

gPI =
2

3
d (3.21)

Hence, the pull-in voltage VP I is given as:

VPI =

√
8kd3

27ε0A
(3.22)

How to visualize pull-in phenomenon by plotting the normalized gap as a function of nor-
malized voltage (V/VPI) is presented also by Senturia [43]. The graph in Fig. 3.4 shows
that stable displacement of the membrane happens for normalized gaps (g/d) greater than
2/3.
Another parameter that we review here is the tuning efficiency, which is defined by a ratio
of wavelength tuning range to the changes in the cavity length [44]. The illustration for
expressing a tuning efficiency ηt of 0.6, simulated with OpenFilter, is shown in Fig. 3.5.
ηt can be defined as

ηt =
∆λ

∆d
(3.23)

The cavity of a half-wavelength is selected for the mr-UVCur06, between the 9.5 pairs of
DBRs, corresponded to 212 nm in thickness. The changes in cavity of ±50 nm, leads to
the change in wavelength to 620 nm and 680 nm.

3.2 MEMS Surface Micromachining: the Promise
MEMS surface micromachining gives more promising technology to obtain low cost
devices. With this technology, automated, reproducible, and batch production, can be
accomplished. Bulk micromachining for filters fabrication emerged as well, however,
concerning the materials and the technology, it leads to relatively expensive processes
[24, 29, 46].
Tunable filter fabricated by surface micromachining technology in silicon, which was de-
signed for 780 nm centre wavelength, was reported by Aratani et al, wherein the filter with
thinned suspensions resulted in less voltages required for the tuning mechanism. The mir-
ror consisted of polysilicon, silicon oxide and silicon nitride layers, deposited on top of a
Si (silicon) substrate. Oxidized polysilicon and PSG (phosphosilicate glass) as sacrificial
layers were investigated [47]. Another surface micromachined tunable filter fabricated
on Si substrate was reported by Tran [48], it reveals 5 nm transmission linewidth within
tuning range of 60 nm. The mirrors were composed of Si-SiO2 layers and polyimide as
sacrificial layer, designed for 1.517 µm centre wavelength.
A torsional tunable filter with continuous tuning range from 1500 to 1600 nm, had been
developed by Mateus [49]. DBR pairs made of Al0.1Ga0.9As/Al0.85Ga0.15As, and GaAs
as the sacrificial layer were used in the fabrication. With this torsional MEMS structure,
the discharge problem can be avoided which may happened when the structures collapse
onto the substrate. Fabrication of Si3N4/SiO2 DBRs using low cost PECVD process, for
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Figure 3.4: Graph of the normalized gap as a function of normalized voltage to show the
stable and unstable displacements for the electrostatic actuator [43].

550 600 650 700 750 800

0

20

40

60

80

100
L+50nm

T
ra

n
s
m

it
ta

n
c
e

 [
a

.u
.]

Wavelength (nm)

 ~162 nm

 ~212 nm

 ~262 nm

0.5λL-50nm

Figure 3.5: Schematic sideview of the filter during electrostatic actuation, the top DBRs
are moved towards the bottom ones. The actuation changes the cavity layer of the filter
by applying bias voltage, and a different wavelength passes through (top). Illustration for
expressing a tuning efficiency ηt of 0.6, simulated by OpenFilter (bottom).
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a micromachined tunable filter with a photoresist sacrificial layer and silicon as the sub-
strate was reported by Tarraf et al. The filter demonstrated a tuning ability of 15 nm/mA
at a micro-heater resistance of 2 kΩ under thermal actuation [50].

For the implementation of the filter in this work, the UV-NIL polymers sacrificial layer
and glass substrates were used. Materials and methods used in the fabrication of the filters
are presented in the following.

3.3 Deposition Methods
The two deposition methods implemented for the dieletric DBRs are briefly described in
the following subsections.

3.3.1 Plasma Enhanced Chemical Vapour Deposition (PECVD)
In the presence of the plasma, thin films deposition by means of PECVD can be obtained
at low temperatures. Typically the substrate’s temperature varies from 100◦C up to 400◦C.
Meanwhile the temperatures required for thin film deposition by means of CVD (Chem-
ical Vapour Deposition) and LPCVD (Low Pressure CVD) are relatively high, 500 up to
850◦C [43]. The plasma is ignited by a strong electric field between the two electrodes,
the lower electrode on ground potential (where the substrate is located) and top electrode
that is driven by a radio-frequency (RF).
Amorphous layers of silicon, as well as silicon oxide can be fabricated by reaction of
silane/SiH4 with N2O.
Silicon nitride can be produced by reaction of SiH4 with ammonia (NH3). In this work,
PECVD plant from Oxford was used for fabrication of the Si3N4/SiO2 -DBRs. Deposi-
tion rate and thickness of the DBRs were evaluated according to the central wavelength
designed for the filters. Stress properties on the layers can be controlled by adjusting pro-
cess parameters i.e. the silane proportion, process temperature and excitation frequency
of the plasma [65].

3.3.2 Ion Beam Sputtering Deposition (IBSD)
Sputter deposition is a physical vapor method of depositing thin films on the substrate
(sample) by sputtering material from the target (source). This sputtering is conducted
due to the bombardment of the target by energetic particles (ions). Very smooth films
with high packing density and good adhesion can be obtained due to high kinetic energy
and mobility of sputtered particle (particle energies of 5-50 eV). The separation of the
plasma generation and deposition area leads to low damage density and reduction in con-
tamination on the thin films. The most important component of the Ion Beam Sputtering
Deposition (IBSD) arrangement is the ion beam sources. The first source is an argon-
or xenon-ion beam, and the second one is oxygen- or nitrogen-plasma. A reactive IBSD
(RIBSD) plant, IonSys 1000 from company Roth and Rau was used for fabricating of
the dielectric TiO2/SiO2 DBRs and ITO films. The absorption coefficient and refractive
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index can be tuned by varying the oxygen flow. This RISBD use metallic target for the
deposition of oxides and nitrides, by using molecular reactive gas or assisted by ion beam.

3.4 UV-NanoImprint Lithography (UV-NIL) polymer
UV-NIL (ultraviolet-Nanoimprint lithography) polymer used as filter cavity layer works
as post-structures and also as sacrificial layers, which means it will be removed to obtain
an air gap cavity between the DBRs. The determination of the polymer thickness had
been performed by test coating on Si-substrate and measured by means of ellipsometry.
To fabricate the air gap cavity, adequate materials must fulfill requirements, that is, with-
standing the structuring process steps and acting as a sacrificial layer among others. Dif-
ferent types of acrylates-based polymer, i.e. mr-UVCur06, mr-UVCur21 and PAK-01,
which are UV-curable polymers were investigated in this work. UV nanoimprint tech-
nique has significant benefit over the thermal imprint due to its ability to be processed at
room temperature, low pressure, and no thermal-cycle is required during the imprinting
process. The crosslinking of these polymers can be performed under UV light exposure
in nitrogen ambient.
PAK-01 polymer developed by Toyo-Gosei Co., Ltd, Japan [66], has relatively higher
viscosity compared to other polymers. This resin was developed for wide application
area. Its mechanical and thermal properties has been analyzed by Hirasawa et al. [68],
and investigation on the polymer pattern in etching and electroplating environment has
been reported by Fukuhara et al. [69]. Technical data of the three polymers are shown
in Table 3.1. The processes regarding spin-coating of these polymers are given in the
appendix (B.4).

3.5 Dry Etching Process: Tools Overview
Structuring of the dielectric mirrors requires an anisotropic etch process which is most
effectively performed by plasma etching. Deep plasma etching for MEMS applications
using RIE process is widely used nowadays [70–73].
This type of dry etching process, and the two reactive ion etching (RIE) machines used for
lateral structuring of the DBRs, are described in the following. The barrel plasma etcher
used for etching of the polymer will also be briefly reviewed.

Processes involved in the dry etching consist of generation of gas particles, transporting
these particles to the target substrate, etching and removal of etch byproducts [75]. Two
components, i.e. chemical and physical bombardment, can be performed in RIE, to obtain
anisotropic plasma etching process. Chemical etching is held by these fluorine radicals
and neutrals of the plasma. Physical etching is performed by ion bombardment. The
illustration in Fig. 3.6 shows isotropic and anistropic profiles yielded by dry etching
process, with this process we can tune the profile. The isotropic profile is where etch rate
is independent of the direction; it is found generally in wet etching process.
Inert gas Ar (Argon) is used in the process representing the physical etching or ion assisted
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Table 3.1: Technical data of mr-UVCur06 and mr-UVCur21 [courtesy of micro-resist-technology
GmbH], and PAK-01 [courtesy of Toyo-Gosei Co.,Ltd]

UV-Curable Polymer mr-UVCur06 mr-UVCur21 PAK-01
Refractive index 1.54@500 nm 1.494@500 nm 1.518@589 nm

Coating method spin coating spin coating spin coating

Curing process 320-420 nm 320-420 nm 300-370 nm
in vacuum in vacuum in vacuum

Smaller feature size
(resolution)

sub-50 nm(≤30 nm) < 30 nm 20 nm

Viscosity 14 mPas 2.2 mPas 60 mPas
(54.30 cSt)

Ready-to-use solutions
for various film thick-
nesses (3000 rpm)

240 nm 300 nm 3690 nm

Adhesion promoter mr-APS1 mr-APS1 TI-Prime∗

Diluter mr-T 1070 mr-T 1070 Ether∗

∗ investigated in this work

etching reaction [76]. Sulfur hexafluoride SF6 as a gas source of F (fluorine) atoms is used
for etching oxide films. The gas can be utilized for dry etching of silicon nitride. Another
source of F atoms is provided by a fluorocarbon gas CHF3, hence, the CHF3 is also
involved in the structuring of the DBRs. Some reactions in the following may happened
in plasma etching of the DBRs [77, 78]:

CHF3 + e
′ → CHF2 + F + e

′

SF6 + e
′ → SF5 + F + e

′

SiO2 + 2CHF2 → 2CO +H2 + SiF4

Si3N4 + 12F → 3SiF4 + 2N2

SiO2 + SF6 → SiF4 +O2 + SF2

T iO2 + SF6 → T iF4 +O2 + SF2 (3.24a)

CO2, COF2, SOx, SOxFx or TOxFx are etch byproducts that can be produced by the pro-
cess. They are volatile, and some of them can also induce polymerization on the wafer
surface or on the chamber wall. However, they can be removed easily by pumping or by
means of ion bombardments. The readers who are interested in the reactions of dissosia-
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tion and excitation for SF6 and Ar gas flow rates can refer to [79].

Figure 3.6: Scheme of typical anisotropic and isotropic etch.

Figure 3.7: Scheme for determination of the material thicknesses to calculate the etch rate and
etch selectivity.

Determination of the etch rate and etch selectivity
The determination of the etch rate and etch selectivity is accomplished by measuring the
thickness of the structure after etching process, with and without the etch masks on it. The
mechanical profilemeters, DEKTAK IIA and Ambios, are used for this task. Etch profiles
are observed under a scanning electron microscope (SEM) and an optical microscope.
Surface roughness can also be measured using a white light interferometer (WLI). The
equations below show the calculation for the etch rate and etch selectivity, and the image
in Fig. 3.7 illustrates the scheme. The thickness of the etch mask is noted as tPR, and
thickness of the sample after etching process as tE . Thin film material’s thickness after
removing the etch mask is tF . Hence, EF represents etch rate of the thin film and etch
selectivity S is defined as EF over the EPR i.e. etch rate of the mask.

EF = tF/etch time (3.25a)
EPR = (tPR − (tE − tF ))/etch time (3.25b)
S = EF/EPR (3.25c)

Several etch phenomena that can be detected in the etching process are illustrated in Fig.
3.8. Purely chemical etching is isotropic and very selective, it is caused by neutrals or
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Figure 3.8: Several processes in plasma
etch (redraw after [80]). (1) Chemical
etch; (2) Ion enhanced etch; (3) Physical
etch; (4) Trenching; (5) Sidewall pasiva-
tion; (6) Mask erosion.

radicals only. Ion enhanced etching involves neutrals and ions. The ion energy stimu-
lates the chemical reaction, or it can remove the polymer (polymerization) caused by etch
byproduct. This process is anisotropic and selective. Physical etching is performed by
ions, hence, it is anisotropic and non-selective. Trenching effect can probably happen due
to ion deflection from the sidewalls, or affected by electric field of charged mask. Side-
wall passivation can be caused by deposition of non-volatile materials, e.g. etch mask and
etch byproduct. The passivation is enhanced by ion bombardment. Moreover, ion bom-
bardment can also effect erosion of the etch mask, and induces surface roughness [80].
Sidewall geometries in anisotropic etching process can be defined as given in the follow-
ing. The slope angle α of the etch film which is directly proportional to the etch rate ratio
(EF /EPR), which is known also as the selectivity of etching process, is given as [78]:

tanα = (EF/EPR). tanαm (3.26)

The equation shows that slope angle of the etch mask αm influence the slope angle of
the etched structure profile (the film material), however, if etch selectivity in the etching
process is high, it can help to increase the slope angle of the etched profile.
To achieve sufficient etch depths and smooth surface profiles of the mirror structures,
the etching process can be controlled by evaluating the etch rate and etch selectivity.
Therefore, in this work these two parameters are investigated.

3.5.1 Capacitively Coupling Plasma - Reactive Ion Etching
Some of the etching processes were performed in the Capacitively Coupling Plasma
(CCP) - RIE provided by Castor-Pollux. This parallel-plate etcher has medium plasma
density (ion 109 and 1010 cm−3), with pressure of 10−3 until 10−1 Torr.
The gases are fed into the chamber through mass-flow-controllers (MFCs). Plasma cham-
ber wall is grounded, while the radio frequency (RF) generator (with frequency of 13.56
MHz) via a blocking capacitor is connected to the substrate table’s electrode. The target
sample is placed on the RF driven electrode. Electrons are accumulated at the chamber
wall, hence, the wall charges up negatively with respect to the plasma potential. Since
the area of the substrate table is much smaller compared to the chamber wall, it charges
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up more negatively, therefore, it refers as cathode. The potential at the cathode and the
chamber wall (anode) follows this equation:

Va
Vc

= (
Ac

Aa

)y (3.27)

where a and c represent anode and cathode, respectively, with their voltage V and area A.
The exponent y is between 1 and 4, that depends on the applied theory and condition of
plasma [78]. The difference Vc - Va is called dc bias voltage, which is always negative,
hence, the negative sign is sometimes omitted when declaring the values. This voltage can
estimate the difference potential between the plasma and the cathode (since the chamber
wall’s potential is close to the plasma potential), that is the accelerating voltage for the
ions impinging onto the cathode [81]. Scheme of a typical parallel plate RIE reactor is
illustrated in Fig. 3.9.

3.5.2 Inductively Coupling Plasma - Reactive Ion Etching
Low and medium plasma densities can be created by a capacitive coupling, meanwhile an
inductively coupling plasma (ICP) type provides high plasma densities. Compared to the
CCP type wherein high energy ion bombardment is generated, lower ion bombardment
energy can be produced in the ICP. In the CCP reactor the ion energy and ion density
cannot be controlled separately.

The etching experiments in an inductively coupled plasma-reactive ion etcher (ICP-RIE)
are performed in the Oxford Plasmalab 100 equipped with an ICP 180 system. The plant
has separate RF generators for the ICP and electrode/cathode, therefore, enables an in-
dependent control of ion density and ion energy. Maximum coil power (ICP) of 3000 W
and maximum RF power of 300 W are available for the process. High density plasma
of 1011 up to 1012 cm−3 can be generated in this plant. Scheme of an ICP-RIE plant
is shown in Fig. 3.10, with a frequency of 13.56 MHz drives the parallel plate reactors
on cathode where the sample is located, and another one for the inductive coupler (coil
or ICP power). The lower electrode bias adjusts the ion bombardment, while the ICP
power generates and excites the plasma, hence, it adjusts the plasma density. The load-
lock wafer entry for loading of the sample is provided, allowing permanent vacuum in the
chamber [81].
For a certain purpose, an etching process can also be run in the so called RIE-mode, that
is an etch condition without using the ICP power. Some experimental results regarding
this etch condition will also be presented, that is for structuring of Si3N4/SiO2 DBRs in
the ICP plant.

3.5.3 Barrel Plasma Etcher: Oxygen Plasma
The process in a barrel plasma reactor is mostly pure chemical and isotropic, and gene-
rally required for removing remnants of photoresist and polymer. This reactor type is
categorized as a low density plasma reactor, with pressure around 10−1 to 1 Torr, and no
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Figure 3.9: Scheme of a typical paralel-plate CCP-RIE reactor (redraw after [78, 82]).

Figure 3.10: Scheme of an ICP-RIE plant [81].
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temperature control. RF bias source is used and coil or electrodes are arranged outside
the vessel. In these experiments, the oxygen plasma process in this reactor is used for
underetching of the polymer sacrificial layer, de-scum or stripping of photoresist, and for
cleaning of the substrate.

3.6 Filters Characterization Methods
The two instruments which were used for characterizing of filter’s optical and mechanical
properties are briefly presented in this section.

3.6.1 Microscope-Spectrometer’s Set-up Measurement
A microscope-based spectrometer is used for measuring the optical properties of the fil-
ters. The system has a short inspection time, the capability to measure an area of several
µm, and is able to show a real image of the observed structure. The measurement set-up
is depicted in Fig. 3.11.
Two halogen lamps serve as the white light sources, covering spectral range from 400 up
to 900 nm. The microscope objective lens with three different magnifications are used
to focus the incident light onto the sample surface, and to observe the filter structure. A
translation stage where the sample is placed, can be moved to x, y and z direction for scan-
ning of the sample. A transmitted light is selected, and coupled to the fiber connected to
the spectrometer by a decoupling device that is equipped with an adjustable diaphragm. A
recorded light is evaluated by HR2000 spectrometer (from Ocean Optics), subsequently
the transmission and/or reflection spectra are plotted on the monitor by means of its soft-
ware OOIBase32. An image of the sample or the observed structure is captured by a CCD
camera and displayed as well [89]. Calibration of the set up is performed by measuring
the reflection beam before the measurement of the filter properties. Aluminum of 100
nm in thickness deposited on a gass substrate is used as the reference. With this refer-
ence signal, the transmission and reflection spectra can be calculated automatically by
the OOIBase32 software. For the tuning purpose, two needle probe kits are provided, to
connect the top electrodes on the top mirrors, and the bottom electrodes located on the
glass substrate. The needles are connected to the voltage supply, where the voltage bias
can be adjusted manually.

3.6.2 White-Light Interferometer
The mechanical properties of the filter are measured under a white light interferometer
(WLI) using Zygo NewView 5000 equipped with an analyzing software MetroPro. WLI
is a well-known reliable profiling method for analyzing three dimensional structures, e.g.
step heights and surface roughness, in engineering or MEMS applications [91, 92]. The
work principle of the scanning WLI is illustrated in Fig. 3.12 and described as the follow-
ing. The incident light from microscope is split into two beams, one goes to a reference
surface and the other beam hits the target sample. Both of light beams are then reflected
and directed onto the camera. Interferences between the two lights basically perform an
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Figure 3.11: Microscope-spectrometer: system set-up for optical properties measurement (re-
draw after [89]).

Figure 3.12: A scheme of the WLI
Zygo NewView 5000 [90].

image of dark and light lines, named fringes, that represent structure of the sample surface
being measured. Scanning of the sample is done by vertically moving the interferometric
objective with a piezoelectric transducer (PZT), while a video system catches the intensi-
ties at each camera pixel. MetroPro software modifies the intensities into images. Lateral
detections (in plane of the structure surface) are performed by defining the pixel size
from the objective’s field of view, and vertical detections (perpendicular to the structure
surface) are performed interferometrically [90].
Using an application provided by MetroPro, an automatic analysis of the obtained data is
enable, that is by comparing two surfaces, the ´mask´ (or mesa structure) and the reference
surface which is unchanged with the applied voltages. The values represent the height
difference between these surfaces are sequentially stored, and they can be evaluated. The
concept and the program which was made for this automatic measurement was reported
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detail in [93].



Chapter 4

Filter Structure Design

DESIGN and the fabrication process of MEMS-based Fabry-Pérot filters will be pre-
sented in this chapter. The fabrication depends on some fundamental processes, e.g.

film deposition, lithography, and structuring of the Distributed Bragg Reflectors (DBRs).
The design of the filter arrays for the color sensor or spectrometer applications are de-
scribed in the second section. Numerical analysis on the filter membrane displacements
in order to find the optimal filter geometric structures, together with the results are pre-
sented in the last section.

4.1 Filters Technological Fabrication
Surface micromachined Fabry-Pérot filters in this work utilize low-cost materials and
technology processes. The illustration in Fig. 4.1 shows the filter’s fabrication process.

(a) A glass substrate, with thickness of 0.7mm, is prepared with the bottom electrode,
and subsequently the bottom DBRs are deposited on top of it. Afterwards, UV-NIL
polymer as the cavity layer is coated over the bottom DBRs, and then the top DBRs
is deposited on the polymer (Fig. 4.1-a).

(b) The patterning of the etch mask is brought by an optical lithography, if a photoresist
etch mask is used, as shown in Fig. 4.1-b. This lithography step is followed by a
lift-off or wet etching process if a hard etch mask is used in the dry etching process
of the DBRs.

(c) Anisotropic lateral structuring of the top DBRs is performed using RIE process (Fig.
4.1-c) in the CCP- or ICP-RIE.

(d) Removing of the etch mask, it can be performed completely in a solvent, in an oxygen
plasma, or in an etchant solution (Fig. 4.1-d).

(e) Oxygen plasma is used to remove the polymer sacrificial layer, to perform an air-gap
cavity and release the filter membrane (Fig. 4.1-e). The membrane displacement can
be estimated with a model simulation.
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(f) The top electrodes are deposited on the top of the DBRs (Fig. 4.1-f). The filter is
actuated electrostatically by applying bias voltages.

Figure 4.1: Overview of the filter fabrication process.

The filters consisted of the top and bottom mirrors made of dieletric materials, and a
cavity layer. The center wavelength for the transmission linewidth was chosen between
550 to 650 nm. The optical thickness of each DBRs-pair is a half-wavelength, and a
quarter-wavelength for each dielectric layer. One pair, or one period of DBRs consisted of
the alternated Si3N4/SiO2 or TiO2/SiO2 layers, that were deposited by Plasma Enhanced
Chemical Vapour Deposition (PECVD) or by Ion Beam Sputtering Deposition (IBSD),
respectively. Designing 9.5 pairs of Si3N4/SiO2 was the optimal choice, concerning high
reflectivity of the mirrors and filter transmission linewidth. Approximately 125 nm of
stopband was achieved. This choice based on the simulation and measurement results, as
shown in the Fig. 4.2. From the simulation results, the filter that consisted of 23.5 pairs
of DBRs showed the sharpest linewidth of transmission, however, the measurement result
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showed that higher mirror pairs resulted in high absorption, hence no spectral transmis-
sion was observed.
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Figure 4.2: Simulation of the filters with different pairs of Si3N4/SiO2 DBRs (top). Measurement
results of the 23.5 and 9.5 pairs of DBRs-based filters, where the mr-UVCur06 was used as the
cavity layer material (bottom).

TiO2/SiO2 DBRs-based filters were fabricated as well in this work. Since these TiO2/SiO2

DBRs have higher index contrast materials, they lead to broader filter stopbands than
the ones from Si3N4/SiO2 DBRs with only fewer number of layers (Fig. 4.3). UV-NIL
polymers were used as filters cavity layer material, as mentioned in the previous chapter,
they worked as sacrificial layer and supporting post structures. The detail of spin coating
process of the polymers are given in the appendix. The adhesion to the DBRs, and the
underetching process of the polymers are described in Chapter 5 and 6.
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Figure 4.3: Measured transmission
bandwidths of 5.5 pairs of TiO2/SiO2

DBRs and 9.5 pairs of Si3N4/SiO2

DBRs. Since TiO2/SiO2 has higher
index contrast, only few number of
pairs of DBRs are required to ob-
tain broader bandwidth, and higher
reflectivity.
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Figure 4.4: A micrograph of one filter element (left) and its cross section (right). The filter was
formed by top and bottom DBRs with air gap as the resonance cavity.

4.2 Filter Arrays for the Sensor Application

Filter structures design in the IMA3-photomask were used for the initial experiments in
this work, to investigate the properties and the whole process flow and materials that
are suitable for the fabrication. Only one photomask i.e. for patterning filter structure,
called mesa which consists of membrane with the suspensions and the supporting post,
was required in the first design. The bottom and top electrodes were not structured. The
illustration of this first design is shown in Fig. 4.4, a filter structure with four suspensions
and its cross section are presented. The air gap cavity will be obtained after the removing
of the polymer sacrificial layer. The fabrication process flow for the first design is shown
in Fig. 4.1.

The second design for tunable optical filter array uses two photomasks, i.e. top electrode
and mesa photomasks. In this work, top electrode photomask is used for patterning Al
top electrode. Microscopic top view of the filter membranes with three suspensions can
be seen in Fig. 4.5, small holes in the middle of each membrane are not covered by a
reflective material film, therefore, the optical properties of filters can still be measured by
observing the transparent membrane centre. A mesa photomask is used for lateral struc-
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turing of the top DBRs, wherein the filter structures are designed in arrays, and according
to the post structures around the filters, they can be actuated separately or simultaneously.

Figure 4.5: Microscope images of the filter arrays, where each filter membrane has three bent
suspensions, and the post structures connected together. These three filters can be actuated simul-
taneously (left). Separated actuation (right) for each filter can be made also for these designs.

Figure 4.6: An Illustration of filter arrays with three stopbands arranged in series, hence, a broad
tuning range can be achieved.

Three stopband photomasks and a bonding photomask (for patterning of the bottom elec-
trodes), are later produced for the third design, wherein the filters are ready to be in-
tegrated to the detector (CCD or pin diode) array for the color sensor implementation.
Experimental results regarding the third design will not be reported in this work. The
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three stopbands are designed for the arrays, regarding the filters which composed of three
elements. Three filters with different central wavelength are assembled in an array accord-
ing to the structure of detector array which is designed for the color sensor. As illustrated
in Fig. 4.6, broad tuning range and higher spectral resolution can be attained with these
stopbands, and applying nanoimprint technology to obtain different thicknesses of the
filter cavities will benefit the production. The template fabrication and the imprint tech-
nology will not be discussed here. The experimental results that will be reported in the
next chapters are the preliminary ones, concerning the first and the second design, that
can be used further for spectrometer applications.

4.3 Numerical Analysis on Filter Geometric Structures
In this section, a model simulation presents to examine the displacement or bending of the
filter membrane due to the stress in the dielectric materials. The purpose of this simulation
is to investigate the geometric shape and size of the DBRs-based filters that influences the
displacement of the filter membrane, since various structures are introduced in the filter-
arrays design. Simulation on the Si3N4/SiO2 and TiO2/SiO2 DBRs material system are
presented.
A numerical modeling tool, FEMLAB (later Comsol Multiphysics)1 is used for this task.
With this software, conventional models concerning one branch of physics can be ex-
tend to multiphysics models that address multiple branches of science and engineering.
The software applies Finite Element Method (FEM) to solve the equations that describe
a model. FEM theory in the structural analysis uses the virtual work principle approach
for solving the displacement formulation [43]. Review on basic theories regarding the
model simulation such as theory of the thin plate, the elastic energy and the virtual work
principle, are given in the appendix.
Since the FEM is only a tool for approximating the real geometric shape of structural el-
ements, hence, it is error-prone. Accuracy of the FEM solutions depend on the capability
to accurately perform the meshing of the elements, and accurately approximate influence
functions, that is boundary elements method for the displacements and stress [94].
Solid-stress-strain application mode as one of the modes for analyzing structural mecha-
nics provided by FEMLAB, is selected to evaluate the displacement of the top mirrors
viz. the filter membrane. How to define the material properties, sources and boundary
conditions used for the model will be presented in the following.

4.3.1 Membrane Displacement due to the Stress

In this subsection, filter geometric structures that are used in the model are described.
Some structures are depicted in the following. The metal layers as contact electrodes
are omitted in the model simulation, only multilayer of the dielectric materials will be
considered. Filters with membrane diameter of 20 µm up to 70 µm and a number of

1FEMLAB/Comsol Multiphysic is the software engineering tool that performs partial differential equa-
tion (PDE)-based multiphysics modeling to solve many kinds of science and engineering problems.
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suspensions with different lengths and widths, are introduced. Filter structures with var-
ied three suspensions are illustrated in Fig. 4.7, we can see that larger ’trench’ diameter
leads to longer suspensions. The suspension sizes are considered in the model simulation,
meanwhile the supporting post structures will not be included, and the edge of suspen-
sions will be fixed as declared in the boundary settings.

Figure 4.7: Three mesa filter structures with three suspensions which have different geometric
shapes: straight (left), bent (middle) and curl-bent (right) suspensions.

Multilayer DBRs: Equivalent Material Parameters
The model considers only the top DBRs that consists of a certain pairs of Si3N4/SiO2 lay-
ers deposited by PECVD, or the TiO2/SiO2 layers deposited by IBSD process. Material
properties required for the model are Young’s Modulus, Poisson ratio, density and ther-
mal expansion coefficient. Treating one material layer in the simulation leads to a very
efficient computation time and reduce the complexity, hence, bulk equivalent materials
system calculated by MATLAB2 will be employed representing the multilayer dielectric
materials. These equivalent materials system had been investigated by Vasu [95] to obtain
the material properties that represent the pairs of DBRs being used.

Si3N4/SiO2 DBRs
The 9.5 pairs of Si3N4/SiO2 DBRs are selected for the filters due to their optimal band-
width and high reflectivity. The first and second column shown in Table 4.1 are the Si3N4

and SiO2 material data, respectively, where the parameters were selected from [96]. The
third column shows parameters of the bulk equivalent material representing 9.5 pairs of
the DBRs.

TiO2/SiO2 DBRs
The 5.5 pairs of the TiO2/SiO2 DBRs is selected for the model, based also on the optimal
optical properties of the filter, for instance its broad bandwidth and high reflectivity. Since
index contrast of those dielectric materials is relatively high, their physical thicknesses are
less compared to the Si3N4/SiO2 DBRs.

2MATrix LABoratory, a high level technical computing software.
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Table 4.1: Parameters of the DBRs used in the model I: Si3N4, SiO2 and the bulk equivalent
material (of 9.5 pairs of Si3N4/SiO2).

Parameter Si3N4 SiO2 Bulk equivalent material
Young Modulus 3.23e5 MPa 7e4 MPa 1.86e5 MPa
Poisson ration 0.25 0.17 0.2067
Density 3100 (kg/m3) 2300 (kg/m3) 2670 (kg/m3)
Thermal expansion coeff. 2.8e-6 (/K) 3.5e-7 (/K) 2.3e-6 (/K)

Table 4.2: Parameters of the DBRs used in the model II: TiO2, SiO2, and the bulk equivalent
material (of 5.5 pairs of TiO2/SiO2 DBRs).

Parameter TiO2 SiO2 Bulk equivalent material
Young Modulus 145 GPa 92 GPa 60.77 GPa
Poisson ration 0.2 0.17 0.1826
Density 3800 (kg/m3) 2300 (kg/m3) 2928.7 (kg/m3)
Thermal expansion coeff. 9e-6 (/K) 3.8e-7 (/K) 4.9667e-6 (/K)

The utilized parameters for the model are presented in the Table 4.2. The data for each
dielectric TiO2 and SiO2 were selected from [97, 98].

Subdomain and Boundary Settings
The aforementioned bulk equivalent materials that represented the multilayers of the mir-
rors, were used to define the structures in the subdomain. Subdomain settings define the
physics on the main model, in our case the material properties and the initial stress were
described. The suspension and membrane of the filter had the same physical thicknesses.
The thickness of the structure was given as the meshed two-dimensional (2D)-structure,
using triangular mesh elements, being extruded to three-dimensional (3D)-structure. For
the Si3N4/SiO2 DBRs, it was extruded from 0 to 1 µm then followed by 1 to 2 µm, hence,
totally 2 µm of the thickness was obtained. The same quantity of initial stress, compres-
sive and tensile, are applied on each 1 µm layer. No forces were applied, that is the load
was equal to zero. The TiO2/SiO2 DBRs had a total thickness of 1 µm which was formed
by two 500 nm layers, hence, the same initial stress was applied on each layer of 500
nm. The interface between the model structure and the neighborhood areas is specified
by boundary conditions. Constraint in boundary setting was performed by choosing fixed
boundaries located at the edge of the suspensions.

4.3.2 Simulation Results and Discussion
According to the measurement of the stress that resulted from the PECVD process [101],
the total stress in the Si3N4/SiO2 DBRs-based filter was approximately -70MPa in maxi-
mum. A range of stress between 0 up to -0.1 GPa was selected as the values in the solver
parameters for this type of filter, where parametric analysis was used to solve the model.
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Figure 4.8: The displacement at z-axis by applying the stress; the graph was depicted by cross-
section post-processing step performed in FEMLAB. The x-axis represented the diameter of the
filter membrane. The legend shows the increment of stress [Pa] induced in the Si3N4/SiO2 layers.

Figure 4.8 shows the stress led to a displacement at z-axis direction, viz. the filter mem-
brane bent away, after removing of the sacrificial layer. The displacement profile showed
strong deformation at the center and smaller deformation at the edges of the membrane.
The picture was directly plotted using cross section post processing step, facilitated by
FEMLAB, where the x-axis represented the membrane that is 30 µm in diameter. The
result was taken from a filter structure with three curl-bent suspensions which had a dis-
placement of 110 nm. The figure also shows that the increment of stress in the layers
(legend) leads to higher displacement.
Simulation results regarding the filter with two suspensions are shown in Fig. 4.9. The
straight suspension with width of 8 µm yielded larger membrane displacement than the
one with the width of 10 µm. The graphs also showed that longer bent suspensions led to
higher displacement for the filter with membrane diameters bigger than 40 µm. Hence,
longer and narrower suspensions both led to larger displacements of the membranes. If
the filters had curl-bent suspensions, they produced lower displacements compared to
the ones with straight and bent suspensions. Membranes diameter influenced also the
displacements, it is shown that 10 µm increasing in diameter led to displacement of ap-
proximately 75 up to 100 nm.



40 Filter Structure Design

15 20 25 30 35 40 45 50 55

0

50

100

150

200

250

300

350

������� ���	
��� ������
D

is
p
a
lc

e
m

e
n
t 

[n
m

]

��������� �
������� ����

� �������	
� ������	���	�� ����
�� �����
� ��	
� ������	���	�� ����
�� ����� � � ��	�
��������
� ��	
� ������	���	�� ����
�� ������� ��	�
� �����
� !
�"���
� ������	���	�� ����
�� #���
� !
�"���
� ������	���	�� ����
�� �����

Figure 4.9: Graph mirror displacement as a function of Si3N4/SiO2 membrane diameter, with
stress of 0.1 GPa, for the structures with two suspensions: straight, bent and curl-bent.
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Figure 4.10: Graph of mirror displacements as a function of Si3N4/SiO2 membrane diameter
with stress of -0.1 GPa, for the structures with three and four straight suspensions. The longer the
suspensions or the bigger the membrane area, the membrane bends more.
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Figure 4.10 depicts the simulation results of the displacement of the membranes formed
by Si3N4/SiO2 layers, with three and four straight suspensions. For these filter types,
each 10 µm increasing in membrane diameter led to approximately 150 nm in displace-
ment height. These results showed that filter structures with three or four suspensions
which had the same sizes, led to the same displacements. This graph also showed that
the narrower suspension widths and the longer suspension lengths led to higher displace-
ments of the membrane.

Displacement of the filter membrane with three bent and curl-bent suspensions are de-
picted in Fig. 4.11. It showed also that suspension length effected the displacement. The
width of the suspensions had less effect to the displacement magnitude, however, shorter
suspensions helped strongly to reduce membrane displacements. The graph in Fig. 4.11-
bottom, shows the displacement profiles of the filter membranes with applied stress of
-0.1 GPa, wherein the one with curl-bent type suspension exhibited less amount of dis-
placement than the other with bent suspension. Both of the filter membranes had diameter
of 30 µm.
Simulation on one pair of Si3N4/SiO2-DBRs produced slightly higher displacements com-
pared to the 9.5 pairs of the DBRs.

The profiles in Fig. 4.12 show the different amount of displacement of the membrane
made of multilayers of TiO2/SiO2 with four straight and bent suspensions, under the
same applied stress of -1 GPa. It also shows that the filter membrane with curl-bent
suspensions led to less displacement than the one with straight suspensions. An image of
post-processing simulation of a structure with four curl-bent suspensions is shown in Fig.
4.13. It exhibited a displacement of approximately 1.6 µm.

In Fig. 4.14, comparison of membrane displacement of two types of DBRs with applied
stress of -1 GPa is shown. The filter structures with three and four straight suspensions
were evaluated.
The figure shows that the displacement step of TiO2/SiO2 membranes with increasing dia-
meter of 10 µm was 250 nm. For these TiO2/SiO2 DBRs, the filter with four suspensions
had higher displacement than the one with three suspensions, and these differences in the
displacement tended to increase as the size of the membrane were expanded. For instance,
with a membrane diameter of 40 µm the filter with four suspensions bent 200 nm higher
than the other with three suspensions. And with 70 µm of membrane diameter, the four
suspensions had a displacement of nearly 350 nm higher than the three suspensions.
This phenomena was not found in the Si3N4/SiO2 DBRs as -0.1 GPa of the stress was
applied. However, as -1 GPa was utilized in the model, it was observed that they had
slightly differences in the displacement. The four suspensions displaced orders of tens of
nanometer higher than the three suspensions, with filter membrane diameter of 70 µm.

Conclusion
Using this model simulation several filter designs were evaluated regarding the behaviour
of the membrane displacements. The simulations showed that the size of the filter mem-
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 3-bent suspensions

 3-curl bent suspensions
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Figure 4.11: Graph of mirror displacement as a function of membrane diameter, for the structures
with three bent and curl-bent suspensions (top). Displacement profiles of the structures with three
suspensions, where the x-axis represents the cross section of the membrane (bottom). The mem-
branes are made of multilayers of Si3N4/SiO2, and both have diameter of 30 µm. The filter with
bent suspensions led to higher membrane displacement than the one with curl-bent suspensions.

brane influenced the displacement magnitude. Moreover, the geometric shape and size
of the suspensions are crucial, since their influences resulted in different membrane dis-
placements.
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Figure 4.12: Displacement profiles of the filter membranes, made of TiO2/SiO2, with four sus-
pensions. The x-axis represents the cross section of the membrane. The type of suspensions differs
the displacement magnitude; the filter (membrane d=30 µm) with straight suspensions bent more
than the one (membrane d=25 µm) with curl-bent suspensions.

Figure 4.13: Post-processing image of the structure with four curl-bent suspensions, the line
shown on the membrane represents the cross section in x-axis plotted in Fig. 4.12, that is the
membrane diameter.
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Figure 4.14: Comparing the displacement of the mirrors (Si3N4/SiO2 and TiO2/SiO2) as a func-
tion of membrane diameter. The applied stress of -1 GPa is given for the structures with three and
four suspensions.

Longer and narrower suspensions led to higher displacements of the membranes. Bigger
membranes led to higher displacements than the smaller ones. At higher applied stress
(≥1GPa), the filter with three straight suspensions resulted in less displacements than the
one with four straight suspensions. The differences in the displacements had tendency
to increase as the size of membranes expanded. Curl-bent suspensions lead to the least
displacements, compared to bent and straight suspensions.
Material properties of thin films depend strongly on the process conditions, and since
approximation was made for the aforementioned dielectric mirrors, the selected data ma-
terial has important influence on the simulation results. The results are compared to the
fabricated structure, and it showed good agreements in terms of the geometric design
that influences the membrane displacements. However, the differences in values of the
displacements were detected, after comparing the displacements of membrane resulted
from the experiments. This shortcoming cannot be avoided since the reference data, i.e
materials system and thin films stress, that were used for the model, were varied from
the one obtained from the fabrication process. The model considered that the membrane
started to deform (displace) as the sacrificial layer is removed completely, however, in the
fabrication step the removing of the sacrificial layer occured not instantaneously. This
phenomenon also effected the results.



Chapter 5

Tunable Si3N4/SiO2 DBRs-based Filters

DETAIL experimental fabrication processes for SiO2/Si3N4 DBRs-based tunable filter,
regarding lateral structuring of the top DBRs, spin coating of the cavity layer and

underetching process to release the filter membrane are documented in this chapter. Two
types of contact electrodes used in the fabrication will be reported as well. The filters were
characterized by means of a microscope-spectrometer and a white-light interferometer to
study their optical and mechanical properties, respectively. The results and discussion
will conclude this chapter.

5.1 Lateral Structuring of the DBRs
The top DBRs, Si3N4/SiO2, were structured in a reactive ion etcher, using photoresists and
Al as etch masks. Optical lithography was applied for patterning the photoresist mask,
and wet etching was performed for patterning Al mask. Details regarding the lithography
steps are given in the appendices. In the following the etching process in the CCP- and the
ICP-RIE are presented. The processes in the ICP defined into two part, the first one was
the process which utilized both the ICP and the RF power. The second etching process
in the ICP used only the RF power, this is called as RIE-mode process. The parameters
used in the etch conditions were selected based on the references [7, 77] and adjusted to
achieved the optimal results.

5.1.1 Etching Process in the Capacitively Coupling Plasma - RIE
This subsection presents the etching processes to structure the Si3N4/SiO2 DBRs which
were held in the CCP-RIE using AZ1518 photoresist mask. The processes are shown in
tabular form (Table 5.1). At the beginning, the two dielectric films, Si3N4 and SiO2, were
etched. The etch condition was using 50 W RF power, with a pressure of 18.75 mTorr,
and a mixture of Ar/CHF3/SF6 gas flow rate of 5.1/3/2 sccm at the temperature of 12.5◦C.
The etch rate of approximately 38 nm/min and 22 nm/min were obtained, for the Si3N4

and SiO2 films, respectively. After that, the etching process of the Si3N4/SiO2 DBRs was
performed in the same condition. The etch rate and etch selectivity of the DBRs over the
etch mask can be calculated with the relations given by Eq. 3.25c.
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Table 5.1: Etch experiments for structuring of Si3N4, SiO2, and the DBRs.

Material Etch condition Etch rate (nm/min)
SiO2 Ar/CHF3/SF6 22
Si3N4 5.1/3/2 sccm 38
Si3N4/SiO2 50W,18.75mTorr,12.5◦C ∼=32-35

Figure 5.1: Etch rates and
selectivities of Si3N4/SiO2 as
a function of SF6 flow rate
(left). Etch experiments were
performed in the CCP-RIE (re-
draw after [102]).
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Figure 5.1 shows the etch rates and selectivities as a function of the variation of SF6 flow
rate. By increasing the chemical component that is required for oxide etch mechanism,
the etch rate increased and the selectivity decreased. The processes with different etch
time were also performed, using a mixture of Ar/CHF3 of 5.1/3 sccm and Ar/CHF3/SF6

of 5.1/3/2 sccm. The results in Fig. 5.2 show relatively stable etch rates. The selectivity
decreased for the etch condition using the SF6 gas, as the time increased (Fig. 5.2-inset).
Hence, the presence of SF6 gas had increased the etch rate of the photoresist mask. At
SF6 of 2 sccm, we observed that the selectivity depicted in Fig. 5.1 was around 3, mean-
while in Fig. 5.2-inset the seectivity was only 1.5. The reason that caused different etch
selectivity can be described in the following. The samples used for the process in Fig. 5.1
have a size of one square inches (1 mm2), and the samples used for the experiment with
different etch time (Fig. 5.2) were smaller than those ones, i.e. approximately a quarter
of to one-eight of one square inches. Since an increment of an etch rate can be obtained if
the target area to be etched is decreased, it leads to higher etch rates in lateral direction if
the target material has been etched completely, hence, higher etch rates of the photoresist
mask resulted in less etch selectivities (Fig. 5.2).

Figure 5.3 shows SEM graphs of the excellent etch profile of 9.5 pairs of DBRs. Vertical
slope angle of the sidewalls, and clean structure surface were observed.
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Figure 5.2: Etch rates and selectivities of Si3N4/SiO2 as a function of the etch time, with and
without applying the SF6 gas. Etch experiments were performed in the CCP-RIE.

Figure 5.3: SEM graphs show the etch profile of the 9.5 pairs top DBRs (approximately 1.85 µm
in thickness) after lateral structuring in the CCP-RIE, the mask was removed (left), the close up
of the structure sidewall (right). Etch condition: Ar/CHF3/SF6: 5.1/3/2 sccm, 50W of RF power,
18.75 mTorr at 12.5◦C; etch time was 68 min.

5.1.2 Etching Process in the Inductively Coupling Plasma- RIE

In this subsection, the results of the DBRs that were structured in the ICP-RIE using
different etch conditions, with Al and AZ1518 photoresist mask are presented. The ex-
periments are summarized in Table 5.2, they were performed with an expectation that
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Table 5.2: Etching process in the ICP for structuring of the Si3N4/SiO2 DBRs.

Etch mask Etch condition Etch rate (nm/min)
Al SF6/Ar:10/15 sccm,10mTorr,20◦C 80

500W ICP/300W RF
CHF3/Ar/SF6:10/40/5 sccm,10mTorr,20◦C 40
750W ICP/175W RF

Photoresist CHF3/Ar/SF6:10/40/5 sccm,10mTorr,20◦C 54
100W ICP/175W RF

higher etch rates could be achieved by dry etching process in the ICP.

Figure 5.4: SEM graphs of etch profile mirror, with Al mask. Etching without the CHF3 flow rate,
in an etch condition of SF6/Ar=10/15 sccm, 500W ICP/300W RF, 10 mTorr and 20◦C for 10 min.
Al mask exhibited grassy surface (left). The structure result after process in an etch condition of
CHF3/Ar/SF6=10/40/5 sccm, 750W ICP/175W RF power, 10 mTorr and 20◦C for 10 min (right).

The implementation of Al mask for dry etching of the DBRs are presented here. The first
test using the etch condition of 500 W ICP/300 W RF and a mixed of SF6/Ar flow rates
of 10/15 sccm, at 10 mTorr and 20◦C, with an etch time of 10 min. The results in Fig.
5.4-left show pits resulted on the structure surface and on the Al mask itself. These pits
were possibly caused by high Ar flow rates or ion bombardment, while higher RF power
actually can lead to good qualities of the sidewall and the surface. The depth structure
of around 800 nm was measured, hence, a relatively high etch rate of approximately 80
nm/min was achieved. The second test was held in an etch condition of 750 W ICP/175
W RF power, mixed of CHF3/Ar/SF6=10/40/5 sccm, at a pressure of 10 mTorr and 20◦C.
The polymer formation contributed by CHF3 reduced the etch rate. And for this test,
higher ICP power (750 W) was utilized which also resulted in lower etch rate than the
first result. The depth of 400 nm was obtained as the structure was etched for 10 min. An
SEM graph with Al mask on the structure is shown in Fig. 5.4-right, the Al mask looked
smooth, however the roughness of the mirror surface caused by the high ICP power, was
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observed.

Etching of the DBRs using the photoresist mask was performed in an etch condition of
100 W ICP/175 W RF power, a mixture of CHF3/Ar/SF6 of 10/40/5 sccm, at 10 mTorr
and 20◦C. The etch rate of approximately 54 nm/min and selectivity of 1 were obtained.
The micrograph in Fig. 5.5-left shows the structure after the etching process, with the
photoresist mask was still on it. Removing of the mask can be performed directly in the
ICP by using 10 sccm of O2 at 2000 W ICP/200 W RF power, with a pressure of 6 mTorr
and a temperature of 20◦C. Another sample which was etched and subsequently its mask
was removed in the ICP, is shown in Fig. 5.5-right. Removal of photoresist mask took
5 min. The surface profile was not completely clean, however, compared to Fig. 5.4 it
showed smoother etched profile. In this process, oxygen helped to remove the residue and
less coil power, of 100 W, led to less surface roughness.

Figure 5.5: SEM graphs of etch profile mirror, with the photoresist etch mask still on the mirror
(left), after process with oxigen the photoresist was removed (right). Etch condition in the ICP:
CHF3/Ar/SF6=10/40/5 sccm, 100W ICP/175W RF, 10 mTorr, 20◦C, 10min.

5.1.3 RIE-mode in the Inductively Coupling Plasma - RIE
This part presents an RIE-mode process in the ICP-RIE. The process utilized the RF power
during the etching while the ICP power was set to zero. The purpose was to obtain higher
etch rates by increasing the RF power and varying the process pressure, and to investigate
the etch profile.
Two positive photoresist, AZ1518 and AZ1505, and a negative photoresist AZnLoF2070
diluted 5:1, were used as the etch masks in these experiments, at the condition of 250 W
RF power, and temperature of 20◦C. Etch behaviour at different process pressures under
AZ1518 mask is depicted in Fig. 5.6, these results were obtained with Ar/CHF3/SF6 flow
rates of 5.1/3/2 sccm. It was observed that at a low pressure, 6 mTorr, a relatively high
etch rate of was obtained. Within low pressure, the collisions in plasma were relatively
small, in that way, ions with high energy reached the target surface. The etch rates and
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Figure 5.6: Etch rates and se-
lectivities as a function of the
varied process pressure. In-
creasing the pressure decreased
both etch rates and selectivi-
ties. Etch experiments were per-
formed with AZ1518 photoresist
masks in the ICP using RIE-
mode.
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selectivities tended to decrease as the pressure increased. This high pressure condition led
to higher particle densities, wherein many collisions happened and the ions had shorter
free path, hence, the ion energies were low.
This phenomenon was also observed as SF6 flow rate of 4 sccm in the etch experiments
with AZnLoF2070 5:1 mask was performed, an etch rate of approximately 85 nm/min
was achieved as shown in Fig. 5.7. However, a minor deviation was observed at 2sccm of
SF6, a slightly increment of the etch rate occured at pressure of 11 mTorr. This deviation
might be happened due to the inhomogeinity of the film deposition of the sample used in
the experiments.
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Figure 5.7: Etch rates and selectivities as a function of process pressure. Increasing SF6 flow
rate increased the etch rates. Etch experiments were performed with AZnLoF2070 5:1 photoresist
mask in the ICP using RIE-mode.
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A thin photoresist, the AZ1505 of approximately 500 nm in thickness, was also used
as etch mask. An etch rate of approximately 40 nm/min and etch selectivity of 2:1 for
the mirror over the mask were achieved. However, compared to etch profile under the
AZ1518 mask, the result showed lower quality of the sidewall, i.e. polymerization or
sidewall passivation and gradual sidewalls were observed, as shown in SEM graphs of the
etch profile of the DBRs, after the RIE-mode etching process with AZ1518 and AZ1505
masks (Fig. 5.8). Removing photoresist etch masks after these processes can be easily
performed using NMP (N-methyl-pyrollidone) based solvent that is heated on a hotplate
at temperature of 70-80◦C.

Figure 5.8: SEM graphs of the etched mirrors. The AZ1518 mask was used (1a and 1b) in the
process, resulted in an etch rate of 30 nm/min and selectivity of 1.9; the etch time was 25 min.
The AZ1505 mask was used (2a and 2b) in the process, resulted in an etch rate of 40 nm/min and
selectivity of 2; the etch time was 15 min. The etch condition was Ar/CHF3/SF6 of 5.1/3/2 sccm at
19 mTorr, 20◦C, and 250 W of RF power.

Table 5.3 summarized the processes performed for the structuring of the Si3N4/SiO2

DBRs. AZ1518 photoresist was found to be a good candidate as the etch mask for the
processes in the CCP- and ICP-RIE. Low power should be utilized in the ICP, 100 W
ICP/175 W RF, to achieve relatively good qualities of the etched profiles. At 10 mTorr,
54 nm/min of etch rate was obtained, and removing of the photoresist mask was accom-
plished subsequently in the ICP using O2 gas. A good etched profile was also observed
as the process held in the RIE mode, where an etch rate of 30 nm/min was achieved at
19 mTorr with applied RF power of 250 W. However, compared to these results, a better
quality of the etched structure profile was yielded from the process in the CCP (Fig. 5.3).
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Table 5.3: Etch experiments for structuring of the Si3N4/SiO2 DBRs.

Process in the CCP-RIE in the ICP-RIE
Power RF (50W) ICP and RF RF (250W RIE-mode)
Etch mask AZ1518 photoresist Al, AZ1518 photoresist photoresists: AZ1518,

AZnLoF2070,AZ1505
Etch rate 32 nm/min 40 - 54 nm/min 30 - 85 nm/min
Etch profile ++ + +

+ expresses good qualities of the structure’s sidewall and surface

5.2 UV-NIL Polymers as the Cavity Layers
In this work, three UV-NIL polymers, i.e. the mr-UVCur06, mr-UVCur21 and PAK-01,
as the filters cavity layer materials were investigated. They worked as sacrificial layer
and supporting post structures. The polymers were applied by spin coating process, with
the speed correspondent to the required thickness. A half-wavelength cavity thickness
required by the filter design was obtained by adjusting the rpm. In the first and the second
subsection, the polymer’s coating processes are described. And in the third subsection,
the underetching process of these polymers will be presented.

5.2.1 mr-UVCur06 and mr-UVCur21 Polymers
The polymers are coated on the top of bottom DBRs, that is the Si3N4 layer which has
hydrophilic surface. Applying adhesion promoter can improve the polymer adhesion. For
this purpose, adhesion promoter mr-APS1 was used. Before applying the mr-APS1, the
substrate was baked for 20 up to 30 min on a hotplate at 150◦C for desorption of water.
The mr-APS1 was spun at 5000 rpm for 60s and baked at 150◦C for 30-40s. Subsequently,
the polymer was coated and baked at 80◦C for 1 min and exposed under UV light for 5
min in nitrogen ambient, to avoid oxygen that could prevent the crosslinking process of
the polymer. These polymers withstood the process steps utilized in the filters fabrication,
such as wet etching (in Al or ITO etchant solution) and soaking into a solvent (acetone or
NMP).
Thicknesses of approximately 275 nm and 325 nm were delivered as the filter cavity la-
yers with the reference wavelengths of 550 and 650 nm, respectively. Figure 5.9 shows
transmission linewidths of the filters. Good adhesion of these polymers to the Si3N4/SiO2

DBRs was achieved.

As mentioned in previous chapter, determination of polymer thickness was performed by
an ellipsometer following a test coating of polymer on a Si wafer. An attempt to determine
the thickness by using a white light interferometer (WLI) was performed, however, this
method was not quite adequate for this purpose, since it was inefficient in time and mate-
rials. Before the measurement by the WLI took place, a reflective thin film (e.g. Al) was
required to be deposited on the polymer and then structured. Subsequently, the polymer
had to be underetched, to remove some parts which were not covered by Al film, after that
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Figure 5.9: Spectral transmis-
sion of the filters, with mr-
UVCur06 and mr-UVCur21 as
the cavity layers. Measurement
were taken before underetching
process.

the WLI measurement could be applied. Hence, patterning of Al film and underetching
of the polymer were necessary before the WLI measurement took place. Evidently, an
effective way to determine the polymer thickness was by means of an ellipsometer, since
it required only the coated polymer on a silicon substrate.

5.2.2 PAK-01 Polymer
As shown in Table 3.1, the PAK-01 has high viscosity, therefore, it was diluted to obtain
the required thickness of the filter cavity. Diluting the PAK-01 into 20wt% up to 25wt%
with ether (Ethylen-glycol-monomethylether, C3H8O2

1) was performed to obtain poly-
mer thicknesses between 300 nm up to 500 nm. The diluted solution was filtered before
it was used in the spin coating process. This coating process used low spin speed at the
beginning and ramping speed upwards to the final spin speed [66]. Hence, in these ex-
periments, spin speed of 350 rpm (or 500 rpm) for 5s, then 1000 rpm for 5s, and finally
the speed regarding to the required thickness for 20s, were applied. The ramp spin speed
leads to homogeneous coating results. The polymer thicknesses as a function of the spin
speed are depicted in Fig. 5.10. The curves were fitted to exponential model function, the
data regarding the exponential model are given in the appendix.

An adhesion promoter to obtain a good adhesion between the polymer and the bottom
DBRs is required. The adhesion promoter TI-Prime was finally selected after the inves-
tigation on other promoters and experiments using varied treatments. As an adhesion
promoter TI-Prime can change the Si3N4 surface to hydrophobic. Hence the adhesion of
the polymer can be improved. Experiments with the promoter mr-APS1 and TI-Prime,
treatment without any promoter, and treatment using an oxygen plasma were applied on
the samples before applying the polymer. Relatively homogeneous polymer surface was
detected as the TI-Prime as the adhesion promoter was utilized. The comparison to the
sample with the mr-APS1 is shown in Fig. 5.11. Unhomogeneous surface revealed by the

1its chemical and physical data are given in appendix
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Figure 5.10: Spin curve of PAK-01 polymers; represents undiluted PAK-01 [courtesy of Toyo-
Gosei] and diluted PAK-01 (4:1 with ether). The measurement was taken after softbake and sub-
sequent exposure. Higher spin speeds lead to thinner polymer layers.

polymer that used the adhesion promoter mr-APS1 (Fig. 5.11-right).

Figure 5.11: Coating process of PAK-01 polymer, the surface looked homogeneous with adhesion
promoter TI-Prime (left), and with mr-APS1 (right) where the inhomogeneity of the surface showed
different colors.

After the deposition of the top Si3N4/SiO2 DBRs on the polymer, the sample was observed
under the optical microscope. The surface profile was quite homogeneous, and the spec-
tral transmission measured by the microscope-spectrometer showed a sharp transmission
peak. However, the filter linewidth was slightly shifted, as shown in Fig. 5.12, probably
due to the thickness of the cavity layer was not exactly fit to a half-wavelength, or the
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fabrication parameters of the mirrors and contamination in the chamber during deposition
process caused the shifting in the center-wavelength (650 nm) of the filter.

5.2.3 Underetching Process in the Oxygen Plasma

(a) Underetch time 170min (b) Underetch time 15min

Figure 5.13: SEM micrographs of the star-structure for varied underetching time. (a) The poly-
mer was treated without nitrogen during the exposure, the structure was not completely released
for 170 min. (b) Nitrogen was applied during the UV-exposure, the structure was released in only
15 min underetching time.

The underetching process concerns of removing of the polymer sacrificial layer under-
neath the filter membrane and suspensions. Nitrogen ambient is required for the polymers
crosslinking process, then the crosslinked polymer can be removed in an oxygen plasma.
This process was performed in a plasma asher Tepla 200-G at process pressure of 0.60 up
to 0.70 mBarr and power of 250 W. The following SEM graphs (Fig. 5.13 show compari-
son of underetching time applied on the samples whose polymers were treated differently
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during the exposure. In Fig. 5.13)-a, the exposure of the polymer was not performed in
nitrogen ambient, and since there was no crosslinked-polymers obtained, the underetch-
ing process could not attack or removed the polymers. The sample in Fig. 5.13-b, where
the released of cantilevers of a star structure were shown, was treated in nitrogen ambient
during the UV exposure. Therefore, the crosslinked-polymers were established, and the
underetching step in the oxygen plasma was able to remove it completely only in 15 min.

Cantilever structure as shown in Fig. 5.14 worked as an indicator element of underetching
process. The structure consisted of different cantilever width (varied from 10 µm up to 60
µm) and the same length (310 µm and 100 µm). For instance, Fig. 5.14 shows that releas-
ing 10 microns cantilever was completely done in 10 min underetching process, hence the
estimated rate was 1 µm. Beside those cantilevers, an investigation on the star structure
(Fig. 5.15) gives also an important information for determination of the underetch rate.
After 10 min underetching process, the polymer underneath the star was removed 8 µm
to 10 µm, and the rest of polymers underneath the suspensions were still left. And after
20 min underetching, an approximately 18 µm of the polymer was underetched. By in-
vestigating those structures the underetching process can be controlled, and the rate can
be estimated. The time required for underetching of a structure depended not only on
the structure size but also on the opening space or area nearby the structures, where the
oxygen plasma could easily reach the polymer. These estimated results were compared
to determine the average underetch rate of the polymer, hence, the underetch rate of mr-
UVCur06, mr-UVCur21 and PAK-01 4:1 are approximately 1 µm, 850 nm and 900 nm,
respectively.

The filter membrane shown in Fig. 5.16 was released by removing the mr-UVCur06 sa-
crificial layer in the oxygen plasma for 15 min. To avoid undercutting of the polymer post
structures during the underetching process, a presence of the protection layer is necessary.
However, experiments regarding the protection layers together with the optimization of
the process, will not be discussed in this report.

5.3 Contact Electrodes
Two compositions of the electrodes for the filters were examined, and in this section they
are presented. In the first design, transparent Indium-Tin-Oxide (ITO) thin films were
selected as the bottom and top electrodes. The second design used the ITO layer as the
bottom electrodes and aluminum (Al) layer as the top electrodes.

5.3.1 Indium-Tin-Oxide as the Bottom and Top Electrodes
ITO film is well known as transparent conducting oxides. The simulation results in Fig.
5.17 show different thicknesses of ITO film and its reflection. Regarding its conductivity
and optical transparency, a compromise in the deposition process should be made. Thicker
film leads to higher material’s conductivity, however, its optical transparency decreases.
In these experiments, borosilicate glass substrates coated with ITO films, were used as
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Figure 5.14: An image (taken by Leica microscope) of the cantilever structure for estimat-
ing the underetch rate. The image shows the result after underetching of PAK-01 diluted
4:1 for 10 min, cantilever with width of 10 µm was completely released.

(a) Underetch for 10 min (b) Underetch for 20 min

Figure 5.15: Images were taken by Leica microscope of the star structure (diameter 50
µm, the cantilever 65 µmx10 µm) was taken from two samples (9.5 pairs of top and bottom
DBRs with PAK-01 4:1 as cavity), after underetching for 10 min (a), and underetching for
20 min (b).
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Figure 5.16: SEM graphs of the filter membrane that was released after the underetch process
for 15 min. The sample has ITO top electrodes which was deposited after the underetch process.

the substrates for several tests for filters fabrication. The deposited ITO film on these
substrates has 23 nm in thickness which represents 0.07λ (where λ= 650 nm). Since these
ITO thicknesses unfit to a quarter-wavelength of the mirror layer design, some absorption
emerged decreasing the spectral transmission peak. Therefore, a quarter-wavelength or
λ/4 which is equal to approximately 83 nm of ITO film thickness was selected to fulfill
the optical requirement, and the film was prepared by the IBSD. In addition, a rapid-
thermal-annealing (RTA) process, to reduce ITO’s sheet resistance, was performed after
the sputtering step for the bottom electrodes.
The deposition of ITO as top electrodes was performed after the underetching process
applied, hence, the top electrodes was deposited all over the samples. This might be the
reason which caused a short-cut that could happen during the electrostatic actuation. One
way to avoid that is by separating each block of the filter structures before the deposi-
tion of the top electrodes, or by structuring the top electrodes. Structuring of ITO top
electrodes can only be obtained before the underetching process. However, the oxygen
plasma that was required for the underetching process, led to an increment in ITO resis-
tances. Hence, higher ITO resistances caused high applied voltages for the electrostatic
actuation of the filters. Investigation on the sheet resistance of the ITO film was reported
in [93], the resistance was raised to several MΩ due to the oxygen plasma process which
was held for hours. The RTA that was used for ITO films reduced this effect, therefore,
the resistance could be reduced. However, handling of ITO top electrodes in the RTA
process might effect the polymer layers. Therefore, another conductive material, Al thin
film, was investigated as the top electrodes.

5.3.2 Aluminum as the Top Electrode

The choice of Al films as top electrode is made in terms of its low cost and easy fabri-
cation. The material films also withstand in the oxygen plasma process, compared to Cr
film which can be etched away in the process. Deposition of Al film on the top DBRs was
performed by the electron-beam evaporation. Evaporation was performed at pressure of
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Figure 5.17: Simulation OpenFilter on different thicknesses of ITO as electrodes for the filter,
which uses Si3N4/SiO2 DBRs and mr-UVCur06 cavity material. Thicker film of ITO reduced the
optical tranparency. Film thickness of 20, 50 and 90 nm are simulated using ITO material data
with refractive index n = 1.88. Close-up image of filter linewidth is shown (bottom). 83 nm is an
optimized thickness of ITO that fits to a quarter-wavelength, with refractive index of approximately
2.

less than 10x10−6 mbar and a rate of 0.3 nm/s. A film thickness of 50 nm was chosen
since at this thickness Al film has sufficiently high reflectivity (98%) and less stress in its
layer. After the evaporation, a lithography process of AZ1518 photoresist to pattern the
Al film was performed. Subsequently, the Al film was structured by wet etching process.
The utilized structure design is set accordingly to the filter mesa design (i.e. membrane,
suspensions and post structure), it means that the Al layer covers the filter structures, and
only a small circle on each of the membrane center (as shown in Fig. 4.5 page35) is left
uncovered. With this design, the optical properties of the filter still can be measured by
focusing the light onto the circle.
Relatively lower actuation voltages were recorded for the tuning mechanism of the filter
with Al top electrodes than the one with ITO top electrodes. These results are presented
in the following section.

5.4 Results and Discussion

The filter transmission linewidths were observed by evaluating their optical properties un-
der the microscope-spectrometer. Meanwhile, an investigation on their mechanical prop-
erties was performed by a WLI. In the following, the measurement results representing
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the tunable filters properties are presented.
The measured filter as shown in Fig. 5.18, with ITO as the contact electrodes, has a 25
µm membrane diameter held by four suspensions with the width of 8 µm and length of 30
µm (Fig. 5.18-inset). The white square on the membrane center was the local active area
which was illuminated and measured. However, the measured transmittance was only ap-
proximately 60%, this was possibly due to the absorption in ITO bottom electrode whose
only 23 nm in thickness.
This tunable filter had 125 nm stopband and range of tuning wavelength was 75 nm by
varying the voltage between 0 V and 30 V. The filter linewidth or the FWHM of less than
4 nm was observed.
The displacement of the top mirror as a function of the actuation voltage were investigated
under the WLI, the results are shown in Fig. 5.19. Both of the measurement and ana-
lysis methods could be performed automatically using the WLI, to obtain the mechanical
properties of the filters.
The measurement was performed on the filter with membrane diameter of 25 µm and
three suspensions whose width of 8 µm (Fig. 5.19-left). A step width of 5 V was used
and an applied voltage was given for every 33s. The membrane was attracted to both
voltage polarities, negative and positive polarities. It revealed a tuning range of approxi-
mately 75 nm for the actuation voltages between 0 V - 30 V.
As can be seen from the simulation results (Chapter 4 page40) that by applying the same
stress value, the filter membranes with three or four suspensions exhibited nearly the same
deformation. Hence, this filter structure can be compared to the structure whose four sus-
pensions, that was examined under the microscope-spectrometer. The filter observed by
WLI has 3.5 pairs of DBRs which actually could deflect more than the filter observed by
the microscope-spectrometer (whose 9.5 pairs of DBRs), however, it has smaller mem-
brane area which in turn could compensate it.
The structure with membrane diameter of 10 µm and three suspensions (width of 6 µm)
exhibited tuning range of approximately 50 nm, it was an expected result coming from
the smaller membrane. The actuation curve is shown in Fig. 5.19-right. For this sample
a step width of 2 V was used, and the voltage was applied for every 35s. However, a
slight asymmetric curve, that is the membrane attracted more to negative polarity, was
observed. And the displacement height of the filter at 0 V was changed after a reverse
tuning. This was possibly due to charging effect in the dielectric film during the forward
tuning actuation.

In the following, measurement results from the tunable filter arrays are presented. The
filter arrays as shown in Fig. 5.20-inset, which have ITO as the bottom electrode and Al
as the top electrode, revealed a tuning range of approximately 70 nm by varying voltage
between 0 V up to 13 V. Figure 5.20-inset shows three filters a, b and c, with the membrane
diameter of 30 µm and suspensions width of 10 µm. An array consist of three filters can
be actuated simultaneously, however, the investigation of the transmission linewidth can
only be performed for one filter at a time. The residual stress due to the actuation on
the first membrane (filter-a) affected the displacement or deflection of the second one
(filter-b) and also the third one (filter-c). This probably the reason why each of the filter
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Figure 5.18: Spectral transmission of one filter element, during the electrostatic actuation. Filter
tuning range was approximately 75 nm, with FWHM of less than 4 nm.

Figure 5.19: Mechanical properties of the filters: membrane displacement as a function of tuning
voltage (redraw after [93]). Measurements were taken for the membrane with diameter of 25 µm
(left), and membrane with diameter of 10 µm (right).

membrane had a different initial position at 0 V.
The spectral transmission of the filter-a is shown in Fig. 5.21. The measured filter
linewidth is approximately 8 nm. The spectra revealed by the filter-b and filter-c were
quite the same as the filter-a, as swhon in Fig. 5.22. However, the transmission peak at
0 V experienced a blue-shift due to the electrostatic charge in the materials. A borosili-
cate glass with ITO film as bottom electrodes was used as the substrate for this sample,
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Figure 5.20: The tuning spectral range of the filter arrays, consisted of three filters a, b and c.
The filter structure is shown in (inset).

wherein the ITO film thickness was equal to 0.07λ. And it had no RTA treatment as com-
pared to the sample shown in Fig. 5.18. Hence, less transmission peak was obtained due
to the absorption in the ITO film. It might also depend on the deposited dieletric layers
since only a fair control on the deposition process could be attained, hence, their optical
properties might lead to a shift in wavelength or reduce the transmission peak.
Another sample of filter array structures was characterized, and the results are given in
the following. The sample has the ITO bottom electrode of 83 nm in thickness, which
was treated in RTA before the deposition of the DBRs. After the structuring of the top
DBRs, that is before the underetching took place, the filter linewidth was measured, and
it is shown in Fig. 5.23. The filter showed approximately 70% of transmittance with a
FWHM of 4 nm.
After the filter membrane was released, the actuation was performed. Spectral transmis-
sion as a function of tuning voltage of one of the filter was depicted in Fig. 5.24. Rela-
tively higher peak transmission was observed, compared to the filter in Fig. 5.21. Tuning
range of approximately 55 nm for the actuation between 0 V to 22 V was achieved. How-
ever, the filter linewidth was getting broader as it shifted to shorter wavelengths range,
FWHM of approximately 4 nm shifted to 7 nm. In addition to that, the other two fil-
ters, which were in arrays, revealed two linewidths instead of only one transmission peak.
These altered spectra might be resulted from unsimultaneously measurement that was
performed under the microscope-spectrometer, hence, electrostatic charge which was ex-
perienced by one filter in arrays might be higher than the others.
The mechanical properties of these arrays were recorded as shown in the following (Fig.
5.25). The different heights were observed as the forward and reverse tuning being ap-
plied. Half-parabolic curves in this figure show that the filters worked in stable operation
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Figure 5.21: Spectral transmission of one of the filter array during the electrostatic actuation.
The tuning range was approximately 70 nm.
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Figure 5.22: Spectral transmission of the filter-b and filter-c in one array structure (the structure
in Fig.5.20-inset) during the electrostatic actuation. The transmission peak at 0 V was shifted due
to the electrostatic charge.

range [43,103]. The filter arrays revealed 100 up to 120 nm displacement during the actu-
ation. The measured filters have four curl-bent suspension, their geometric structures and
the hysteresis curve of the first-step actuation data are shown in Fig. 5.25-bottom.
Comparing these results to the measured displacement of the filters with bent suspensions,
as shown in Fig. 5.20-inset (page62). Those filters exhibited larger displacement as the
measurement took place several weeks after the fabrication. The displacement was ap-
proximately 300 nm within actuation voltage of 0 V to 80 V. Those filters with curl-bent
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Figure 5.23: Filter linewidth of a
sample (9.5 pairs of DBRs and mr-
UVCur06 cavity) after lateral structur-
ing of the top DBRs, before the under-
etching process.
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Figure 5.24: Spectral transmission of one of the filter arrays as a function of actuation voltage,
with tuning range of approximately 55 nm for the actuation between 0 V to 22 V. The membrane
had a diameter of 30 µm and three bent suspensions with width of 10 µm.

suspensions displaced less than those with the bent suspensions.

Conclusion
The Si3N4/SiO2 DBRs-based tunable filter arrays with the aforementioned layer design
have been successfully fabricated. The DBRs were fabricated by means of a PECVD
method as a low cost deposition technology. The filter sacrificial layer, which later was
removed to obtain an air gap cavity, was made of the UV-NIL polymers. Excellent etch
profiles, i.e. steep sidewalls and smooth surface, of the mirror structures can be obtained
in the CCP-RIE using AZ1518 photoresist as the etch mask, in the etch condition of
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Figure 5.25: Mechanical properties of the filter arrays: Membrane displacement of approxi-
mately 120 nm was observed for the actuation voltage between 0 V to 20 V, where the third-step
measured data was captured (top), the first-step measured data showed a hysteresis curve and
the filter geometry that was characterized (bottom). The measurement was performed using the
WLI [measured by M. Mondragon-Marquez], and analyzing the displacement of filters could be
accomplished simultaneously .
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Ar/CHF3/SF6: 5.1/3/2 sccm, 50 W of RF power, with a process pressure of 18.75 mTorr
at 12.5◦C. An etch rate of approximately 30 nm/min was achieved from this etching pro-
cess. The ICP-RIE can also be used as an alternatif for structuring of the mirrors to save
the process time, since the obtained etch rate was relatively higher, 54 nm/min, with a
photoresist mask. However, the etch profile resulted from the CCP process shows better
quality than the one resulted from the ICP.
Compatibility of the acrylate based polymers, the mr-UVCur06, mr-UVCur21 and PAK-
01, to these dielectric mirrors and to the whole filter fabrication process had been exam-
ined as well. The homogeneity of the polymer after spin coating process determines the
parallel plane of the two DBRs.
Optimization on the ITO bottom electrodes was required to match the DBRs layer design,
and its treatment in the RTA would also help to improve the filter transmission peak. Me-
chanical properties of the filters measured by a WLI showed that the displacement of the
membrane also depends on the filter geometric structures. The structure with the curl-bent
suspensions exhibited less displacement than the one with bent or straight suspensions.
Due to the residual stress, the tilting of the filter membrane may lead to the change in
filters transmission linewidths. To prevent this effect, a new design in structuring of the
filter has been proposed, for instance, thinning of the suspensions to reduce the actuation
voltage and to select the filter geometric structure that brings out less membrane displace-
ments. These information will take into consideration for the new filter arrays design.



Chapter 6

TiO2/SiO2 DBRs-based Filters

EXPERIMENTS regarding the fabrication of the TiO2/SiO2 DBRs-based filters will be
presented in this chapter, focusing on the characterization of dry etching process for

the lateral structuring of the DBRs in the ICP- and CCP-RIE. The process concerning the
UV-NIL polymers as sacrificial layers and the characterization of the filter properties will
be described as well.

6.1 Lateral Structuring of the DBRs

For the etching experiments in this work, the TiO2/SiO2 DBRs with varied number of
pairs were prepared. They were deposited using the IBSD method on a silicon wafer
and glass substrates. The deposition on the Si- substrate was required to enable a refer-
ence measurement by the ellipsometry, for determination of the optical properties of each
dielectric film. The data can be used in the model simulation by OpenFilter. The film
deposition on the glass substrates was intended for the implementation of the filters.
The following subsections describe the etching process with hard etch masks in the ICP-
RIE, and the processes with photoresist masks which were performed in the CCP- and
also in the ICP-RIE. The utilized parameters for the process were selected from [70, 77,
104–107] and optimized to achieve excellent etched profiles.

6.1.1 Etch process in the ICP-RIE: using hard etch masks

At the beginning, an investigation on the etch behaviours of the DBRs in the ICP-RIE was
performed through three attempts mentioned in the following.

(1) Gas chopping-1. The gas chopping technique was reported in detail by Volland in-
cluding its model simulation for silicon in [81]. This technique comprises of repeated
steps of etching, polymerization and sputtering, which leads to the structures with
high aspect ratios. In this work, the etching step, the polymerization and the sput-
tering (for removing of the polymer) were accomplished using SF6, C4F8, and O2/Ar
gases, respectively.
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(2) Gas chopping-2. Within the second technique, the etching and sputtering steps were
performed by using SF6/Ar gases, and the polymerization by C4F8 gas.

(3) Etching. The third technique encountered only an etching step using SF6 and Ar
gases.

Better qualities of the structure sidewalls and surfaces, i.e. less sidewall passivation and
smooth surfaces observed under an SEM, were obtained from the experiment wherein the
third technique was utilized. Therefore, the following experiments were examined using
only the combinations of SF6/Ar gas flow rates, by varying the process pressure, power
and temperature. In this part, three hard etch masks, i.e Al, Cr and ITO that were used in
the experiments are presented.

6.1.1.1 Aluminum and Chrome etch masks

The Al and Cr films were evaporated on the top mirrors by electron-beam evaporation
method. The thickness of 150 nm of each film was prepared. They were patterned as etch
masks by wet etching and/or a lift-off process after the optical lithography step.

Figure 6.1: SEM graphs show the mirror after the etching process, using Al mask (left), and Cr
mask (right).

The process in the ICP was executed for 15 min in a mixture of Ar/SF6 gas flow rate:15/10
sccm, using 150 W RF/1500 W ICP power, at temperature of 20◦C and a pressure of 10
mTorr. An etch rate of approximately 47 nm/min was obtained. At the same condition the
results after the process using different masks are compared, as shown in Fig. 6.1. Plasma-
induced damage or pits were observed for the structure using Al mask, meanwhile the
structure using Cr mask showed a smoother surface. An etch selectivity of approximately
30 was calculated for the mirror over the Cr mask. However, lower quality of the sidewalls
were still observed. This appearance was possibly caused by a high ICP power which
induced the roughness. Adding more chemical components and controlling the applied
power would be useful to obtain an excellent etched profile and relatively higher etch
rates. For the next etching experiments using ITO etch mask, this information was taken



6.1 Lateral Structuring of the DBRs 69

Table 6.1: Etch experiments for structuring of the TiO2/SiO2 DBRs in ICP-RIE: variation of gas
flow rate.

Etch condition: Etch rate
10mTorr,20◦C,500W ICP/300W RF
Ar 20sccm SF6 varied increased as SF6 increased
SF6 10sccm Ar varied decreased as Ar increased

into account. Optimization of the etching process using Cr mask will not be covered in
this work.

6.1.1.2 Indium-Tin-Oxide etch mask

The Indium-Tin-Oxide (ITO) film of 92 nm in thickness was sputtered by the IBSD
on the top mirrors. Patterning of the photoresist mask to structure the ITO was per-
formed through the lithography, and subsequently the ITO film was etched in a mixed of
HCl:water (1:1) etchant solution. Etch time of 20s - 30s was required for patterning 92
nm of ITO film.
The etching experiments of the DBRs using the ITO mask were performed in different
etch conditions. In Table 6.1 the experiments regarding variation of gas flow rates are
given. Figure 6.2 and 6.3 show the etch rates and selectivities with the variaton of SF6,
and Ar flow rates, respectively.
The SF6 gas flow rates were varied, whereas Ar gas was set fixed at 20 sccm (Fig. 6.2),
in the etch condition of 500 W ICP/300 W RF power, with the temperature of 20◦C and
a pressure of 10 mTorr. High content of the SF6 gas influenced the sidewalls quality, as
shown in Fig. 6.4-a with 10 sccm, and Fig. 6.4-b with 20 sccm. However, increasing
of the SF6 flow rate led to higher etch rates, of approximately 100 nm/min, due to the
presence of higher chemical components in the etching process. Hence, reducing the
bombardment of Ar ions increased the etch selectivity. The polymerization shown at the
stucture sidewalls can be reduce by applying lower process pressure, this phenomenon
can be seen as the variation of pressure was applied in the process (page75).
The influence of Ar flow rate was investigated by setting the flow of SF6 at 10 sccm, the
experimental results are shown in Fig. 6.3. As the Ar gas flow rate increased, fluorinated
chemical components required for oxides etch mechanism would be reduced, hence, the
etch rates and etch selectivities decreased. Fig. 6.4-a and 6.4-c, show SEM graphs as 20
sccm and 10 sccm of Ar were used, respectively. Higher Ar flow rate gave insignificant
effect to the sidewall profile, however the mixture of 10/10 sccm of Ar/SF6 exhibited
smoother sidewall profiles, compared to the result shown in Fig. 6.4-b where 20/20 sccm
of Ar/SF6 was used.
Next experiments used variation of RF and ICP power in the etching process, as shown in
Table 6.2. Figure 6.6 and 6.7 show the etch rates and selectivities as a function of the ap-
plied power. The increment in RF power increased the ion energy, and in turn, increased
the etch rate and decreased the etch selectivity (Fig. 6.6). At relatively lower RF power
(approximately ≤150 W), grassy sidewalls were observed as shown in Fig. 6.5-a, com-
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Figure 6.2: Etch rates and selectivities as a function of varied SF6, at fixed 20 sccm of Ar gas.
ITO etch masks were used. Circles represent the selectivity, rectangles represent the etch rate.

5 10 15 20 25 30

40

50

60

70

80

90
 Etch rate

 Selectivity

Ar flow rate (sccm)

E
tc

h
 r

a
te

 [
n

m
/m

in
]

12

16

20

S
e

le
c
tiv

ity

Figure 6.3: Etch rates and selectivities as a function of varied Ar, at fixed 10 sccm of SF6 gas.
ITO etch masks were used. Circles represent the selectivity, rectangles represent the etch rate.

pared to the micrographs in Fig. 6.5-b (at 250 W RF power) and in Fig. 6.4-a (at 300 W
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(a) Ar/SF6:20/10 sccm (b) Ar/SF6:20/20 sccm (c) Ar/SF6:10/10 sccm

Figure 6.4: SEM micrographs of the etched mirror at etch condition of 500 W ICP/300 W RF,
20◦C, a pressure of 10 mTorr.

(a) 500 W ICP/150 W RF (b) 500 W ICP/250 W RF (c) 1500 W ICP/300 W RF

Figure 6.5: SEM micrographs of the etched mirror with the etch condition: Ar/SF6: 20/10 sccm,
20◦C, a pressure of 10 mTorr.

RF power). At 300 W RF power, relatively smooth vertical sidewalls was observed. The
DC bias increased as the RF power increased, hence, the ion energy was enhanced and
the etch rates increased.

Figure 6.7 shows that by increasing of the ICP power the plasma density will be increased.
In high plasma density the particles (i.e. neutrals, radicals and ions) moved unfreely due to
collisions between them. It caused ions with less energies that reached the target material
being etched, hence, etch rates had tendency to decrease. This trend was observed as
the power increased from 200 up to 1000 W. At 1000 W ICP power, high ion densities

Table 6.2: Etch experiments for structuring of the TiO2/SiO2 DBRs in ICP-RIE: variation applied
power.

Etch condition Etch rate
10mTorr,20◦C,Ar/SF6:20/10 sccm
ICP 500 W RF varied increased as RF power increased
RF 300 W ICP varied decreased as ICP power≤1000 W

increased as ICP power>1000 W
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Figure 6.6: Etch rates and selectivities as a function of RF power, at fixed 500 W ICP power. Etch
condition: Ar/SF6=20/10 sccm, 20◦C, 10 mTorr. ITO etch masks were used. Circles represent the
selectivity, rectangles represent the etch rate, and triangles represent the dc bias.
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Figure 6.7: Etch rates and selectivities as a function of ICP power at a fixed 300 W RF power.
Etch condition: Ar/SF6=20/10 sccm, 20◦C, 10 mTorr. ITO etch masks were used. Circles represent
the selectivity, rectangles represent the etch rate, and triangles represent the dc bias.
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Table 6.3: Etch experiments for structuring of the TiO2/SiO2 DBRs in ICP-RIE: variation pres-
sure and temperature.

Etch condition Etch rate
Pressure varied 20◦C,500 W ICP/300 W RF, decreased @pressure≤20mTorr

Ar/SF6:20/10 sccm increased @pressure>20mTorr
Temperature varied 6mTorr,500 W ICP/300 W RF, increased,as temperature increased

Ar/SF6:20/10 sccm

induced the sputter rate to dominate the process. Meanwhile etch rates of the mirrors
decreased, since at this stage the mirrors was etched unselectively. Important to note
that at 1000 W ICP power with 20 mTorr, high concentration of ionizable particles were
found to be sufficient, and they maximized the sputter rate. However, as the coil power
increased, higher plasma density was again introduced and more collisions occured. Due
to the collisions, large amount of less energized particles were produced, hence the sputter
rate was reduced. Etch rates of the mirrors could be increased.
ICP power of higher than 700 W resulted in sidewalls roughness, it showed by the etched
profile in Fig. 6.5-c (at 1500 W ICP power), compared to the one in Fig. 6.4-a (at 500 W
ICP power).

The etching processes involving the variation of pressure and temperature are shown in
Table 6.3. And the results are shown in Fig. 6.8, where the etch rates and selectivities
as a function of the process pressure are depicted. A mixed of Ar/SF6 flow rate of 20/10
sccm was selected, with the temperature of 20◦C and a combination power of 500 W
ICP/300 W RF. By increasing the pressure, from 6 mTorr up to 20 mTorr, the etch rate
tended to fall whereas the selectivity showed a growing trend. Ion energies were high at
low pressure, they have sufficient velocities to etch the mirrors, hence, higher etch rate
was achieved. As the pressure increased, the collisions of ions reduced their velocities
and ion energies became less, therefore the etch rates decreased. At pressure of 20 mTorr
with 500 W ICP power, the condition where maximum of the sputter rate was obtained,
the density of high ionizable particles was sufficiently high. The maximum sputter rate
resulted in decreasing of the etch rate of the mirrors and increasing of the etch rate of the
mask. At higher pressures ≥20 mTorr, lower quality sidewalls were observed. Further
increasing of the pressure reduced the sputter rate, hence, etching process of the mirrors
became more selective. The highest etch rate of approximately 80 nm/min and excellent
etched profiles were obtained at pressure of 6 mTorr.
The etching process with varying temperatures was executed at the etch condition of mix-
ture Ar/SF6 gases was equal to 20/10 sccm, combination of 500 W ICP/300 W RF power
with temperature of 20◦C, and pressure of 6 mTorr. The etch rate increased following
the increase in the temperature (Fig. 6.9). Relatively higher temperatures led to excel-
lent etched profiles, as can be seen in Fig. 6.10. Residues or etch byproducts that were
observed on the sidewall at temperature of -30◦C, were eliminated as the temperature
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Figure 6.8: Etch rates and se-
lectivities as a function of the
process pressure. Etch condi-
tions: 500 W ICP/300 W RF,
Ar/SF6:20/10 sccm. ITO etch
masks were used. Circles rep-
resent the selectivity, rectangles
represent the etch rate.
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Figure 6.9: Etch rates and selec-
tivities as a function of the tem-
perature. Etch conditions: 500
W ICP/300 W RF, Ar/SF6:20/10
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increased, to 20◦C (Fig. 6.10-b) and to 40◦C (Fig. 6.10-c).

6.1.2 Etch process in the CCP- and the ICP-RIE: using photoresist
etch masks

Two photoresists were examined as etch masks for the experiments. Etch mask made of
photoresist was patterned by the lithography process. The resist was spun with a spin
coating with the corresponding spin speed. To obtain 1.8 µm thickness of the AZ1518
photoresist, a 4000 rpm was used. For the negative photoresist, AZnLoF2070 diluted 5:1,
3.5 µm was obtained at a spin speed of 3000 rpm. The completed lithography steps for
pattering the photoresist mask are given in the appendices.
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(a) at -30◦C (b) at 20◦C (c) at 40◦C

Figure 6.10: SEM micrographs show the etched mirrors. Etch conditions: Ar/SF6: 20/10 sccm,
500 W ICP/300 W RF, 6 mTorr (a) at -30◦C, an etch rate of approximately 70 nm/min was ob-
tained; residue was observed on the sidewall, this effect can be eliminated by applying higher
temperature; (b) at 20◦C, an etch rate of 80 nm/min was obtained, and (c) at 40◦C, an etch rate
of approximately 90 nm/min was obtained. ITO etch masks were used.

6.1.2.1 Etch process in the CCP-RIE

In the CCP-RIE an investigation on dry etching of each dielectric film was accomplished
at the beginning, as shown in Table 6.4.

Table 6.4: Etch experiments for structuring of TiO2, SiO2, and the DBRs in the CCP-RIE.

Material Etch condition Etch rate (nm/min)
TiO2 Ar 4sccm, SF6 varied, 50W, 8 up to 17
SiO2 18.75mTorr, 12.5◦C 15 up to 21
TiO2/SiO2 Ar/SF6:4/7sccm, 50W, 18.75mTorr, 12.5◦C ∼=20

The AZ1518 photoresist was used as etch mask. The etch rates and etch selectivities of
TiO2 and SiO2 film were determined and plotted in the following graphs, Fig. 6.11 and
Fig. 6.12. As expected, an increase in the etch rate of oxide films was observed along
with the increasing of the SF6 gas flow rate. The selectivities had tendency to decrease
as the SF6 flow rate increased, since at this condition etch rates of the photoresist masks
increased.

Afterwards, the etching tests were performed for the DBRs, that is the multilayers of
TiO2/SiO2. An etch rate of 20 nm/min of TiO2/SiO2 DBRs was obtained, by the pro-
cess with Ar/SF6 flow rate of 4/7 sccm, at a temperature of 12.5◦C, a pressure of 18.75
mTorr and using 50 W RF power. The structure after etching was observed under an SEM
showing a good quality of the structure surface, no pits or polymerization were shown.
However, step-like sidewalls were detected due to the rounding of photoresist mask side-
wall. From the equation (3.26) it is clear that a low slope angle of the mask leads to low
slope angle of the etched profile. And since the selectivity was less than 1, i.e. of nearly
0.6, hence, the slope angle of the profile was only around 82◦ if the estimated mask’s
slope angle was 85◦. This roundening photoresist sidewall was normally happened after
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Figure 6.11: Etch rates of TiO2 film in
the CCP-RIE, as a function of varied
SF6 flow rate. Etch condition: Ar flow
rate of 4 sccm, 50 W RF power, 18.75
mTorr.
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Figure 6.12: Etch rates of SiO2 film in
the CCP-RIE, as a function of varied
SF6 flow rate. Etch condition: Ar flow
rate of 4 sccm, 50 W RF power, 18.75
mTorr.
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Figure 6.13: SEM micrographs of TiO2/SiO2 DBRs after etching in the CCP-RIE for 40 min; the
filter membrane with four suspensions (left). Step-like structure of etched edges was observed, due
to the rounding sidewall of the photoresist mask (right).
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the hardbake step, therefore, reducing the hardbake-time or -temperature, is a possible
solution to overcome this problem. Fig. 6.13 shows SEM graph of the DBRs etched
profile.

6.1.2.2 Etch process in the ICP-RIE

The experiments were carried by varying the RF power at the pressure of 6 mTorr and 10
mTorr, as summarized in Table 6.5. Figure 6.14 and Fig.6.15 in the following show etch
rates and selectivities of the mirror over the photoresist masks, as a function of RF power
at a fixed ICP power of 500 W.

Table 6.5: Etch experiments for structuring of the TiO2/SiO2 DBRs in ICP-RIE: photoresist
masks.

Etch mask Etch condition: Ar/SF6:10/10 sccm, Etch rate (nm/min)
20◦C, 500 W ICP/RF varied

AZ1518 6 mTorr 75 @180 W RF
10 mTorr 44 @180 W RF

AZnLoF2070 5:1 6 mTorr 78 @180 W RF
10 mTorr 45 @180 W RF

• Positive photoresist as etch mask. The AZ1518 photoresist was patterned through
the optical lithography. Resist thickness of approximately 1.8 µm was obtained.
Maximum etch rates of approximately 75 nm/min and 44 nm/min were achieved
in the process using 6 mTorr and 10 mTorr, respectively. An etch selectivity of the
mirrors over photoresist mask of approximately 0.33 in average was achieved. An
SEM graph in Fig. 6.16-right showed an etch profile of the mirror, that was etched
for 5 min, at 160 W RF power and pressure of 6 mTorr. The image was taken after
the removal of the etch mask.

• Negative photoresist as etch mask. After patterning through the optical lithography,
the thickness of AZnLoF2070 5:1 of 3.5 µm was obtained. Maximum etch rates
of approximately 78 nm/min and 45 nm/min were achieved in the process using
6 mTorr and 10 mTorr, respectively. These etch rates are relatively higher than
the ones obtained in process using the positive resist mask. The profile shown in
Fig. 6.16-left exposed low quality of surface structure especially around the edges.
Resist negative sidewall might cause this phenomena, since it had undercut profile
that might be etched away during the process, and led to the damage surrounding
the structure edges.
However, if 250 W RF power was used at 6 mTorr, the etch profile in Fig. 6.17
showed much better quality, compared to the one shown in Fig. 6.16-left. Figure
6.17 also shows an WLI image of the structure after etching for 10 min. An etch rate
of 85 nm/min with selectivity S∼=0.3 for the mirror over the photoresist mask was
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Figure 6.14: The etch behaviour of TiO2/SiO2 in ICP-RIE, using positive AZ1518 photoresist as
etch mask, at process pressure of 6 mTorr (left) and 10 mTorr (right).
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Figure 6.15: The etch behaviour of TiO2/SiO2 in ICP-RIE, using negative photoresist,
AZnLoF2070 5:1, as etch mask, at process pressure of 6 mTorr (left) and 10 mTorr (right).
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achieved, in an etch conditions of 500 W ICP/250 W RF power with temperature
of 20◦C, at a pressure of 6 mTorr.

Figure 6.16: SEM graphs of the etched profile of the mirrors, which were etched using the
AZnLoF2070 5:1 mask (left), and using the AZ1518 mask (right). Etch condition: 500 W ICP/160
W RF power, Ar/SF6=10/10 sccm, pressure of 6 mTorr, at 20◦C; the etch time was 5 min. The
pictures were taken after removing of the etch mask.

The results show that as the RF power increased, the etch rates increased. As expected at
the process pressure of 6 mTorr, relatively higher etch rates were obtained and the mirrors
were etched more selectively, compared to the ones at the pressure of 10 mTorr. If more
than 160 W of RF power was used in the etching process, NMP solvent which was heated
at 70 up to 80◦C was necessary to remove the resist mask. Helium can be added to the
etching process wherein the photoresist mask being used, to prevent the heating of the
resist mask during the process.

6.2 UV-NIL Polymers as the Cavity Layer
The PAK-01, mr-UVCur06 and mr-UVCur21 polymers were investigated to be utilized as
the cavity layers for the TiO2/SiO2 DBRs-based filter. Compatibility of the mr-UVCur21
polymer to the DBRs had been examined, and the filter arrays with different cavity heights
made of this polymer was fabricated. Array of these cavities with different heights was ac-
complished by the UV-Nanoimprint process [110]. In this section the PAK-01’s adhesion
problem and an investigation on the mr-UVCur06 are presented.

6.2.1 PAK-01 Polymer
The preceding chapter presented the compatibility of the PAK-01 polymer, which was
diluted with an ether (Ethylen-glycol-monomethylether), to the DBRs deposited by the
PECVD process. Compatibility of this diluted polymer to TiO2/SiO2 DBRs sputtered by
IBSD technique also evaluated in this work, and it is presented in this subsection.
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Figure 6.17: An SEM image shows the sidewall of the mirror after etching for 10 min under
AZnLoF2070 5:1 mask. A WLI image (right) depicts the filter structure with four suspensions; Ra
(average roughness) of the structure measured by the WLI was approximately ≤10 nm.

(a) Filter surface with PAK-01 (diluted 4:1)
polymer as cavity layer

(b) Filter surface with mr-UVCur06 poly-
mer as cavity layer

Figure 6.18: Surface profile of the filters; images were taken by Leica microscope on the sample,
after sputtering of the DBRs on the diluted PAK-01 (a), and on the mr-UVCur06 (b).



6.2 UV-NIL Polymers as the Cavity Layer 81

the polymer will be coated on the top of bottom DBRs, where the TiO2 layer is located.
TiO2 has hydrophilic surface and an adhesion promoter TI-Prime was used to improve
the adhesion of the polymer to bottom DBRs. The TI-Prime was applied through spin
coating on the bottom DBRs, and subsequently the polymer was spun at 4300 rpm to fit
the central wavelength of 550 nm. However, the result, that was observed after sputtering
of the top DBRs on the polymer, exhibited unhomogeneous surface profile, as can be seen
in Fig. 6.18-left. One possibility that might cause this effect is the incompatibility of the
diluter ether to the PAK-01 polymer. This led to weak chemicaal bond of the solution and
it was easy to break down due to higher ion bombardments in the IBSD process. Low
pressure of less than 0.07 mTorr is used in the IBSD process, meanwhile the deposition
in PECVD utilized high pressure, between 0.65 to 1 Torr for depositing the Si3N4/SiO2,
hence, this phenomenon was undetected.
For further experiment, which is not covered in this work, the 1-methoxy-2-propanol
(C4H10O2) solvent will be used for the diluting process. This diluter’s compatibility to
PAK-01 polymer have been investigated by Toyo-Gosei. Experiments regarding this poly-
mer are required to investigate its compatibility to SCIL (Substrate Conformal Imprint
Lithography) process as one of nanoimprint technology method, which will be used for
the fabrication of different cavity thicknesses of the filter arrays.

6.2.2 mr-UVCur21 and mr-UVCur06 Polymers

Filters which were processed with mr-UVCur21 showed good surface profile observed by
the Leica optical microscope. An adhesion promoter mr-APS1 was used to improve good
adhesion between the polymer and the DBRs. Figure 6.19-a shows a surface of sample
where the coating of mrUVCur21 was applied without the promoter mrAPS1, the filter
was unstructured. Al layer covered the light-blue area, since for this sample a negative
photoresist was used for patterning the Al film, hence the filter structure was uncovered
with Al film. It showed clearly that the surface of the filter looked inhomogeneous, since
the polymer layer underneath reflected different colors. Inhomogeinity layer contributed
to pinholes and surface damage which were observed after the dry etching process. Com-
paring this sample to another one, Fig. 6.19-b, where the adhesion promoter mr-APS1 was
used for coating of the mr-UVCur21. The filter surface looked relatively homogeneous
even after the etching process performed. Detail step of the spin coating of mr-UVCur21
polymer is given in the appendix.
A homogeneous filter surface was observed under the Leica microscope, as the top DBRs
sputtered on the crosslinked mr-UVCur06 polymer layer (Fig. 6.18-right). The coating
process was performed as mentioned in the preceding chapter, that is the sample was
baked on a hotplate at 150◦C for approximately 30 min, and subsequently the adhesion
promoter mr-APS1 was spun. The speed of 5000 rpm for 60s was selected to obtain
thickness of 20 nm, according to the manufacturer [111]. After that the sample was baked
at 150◦C for 30s up to 40s. The polymer was spun and baked at 80◦C for 1 min and
exposed under UV light for 5 min with nitrogen ambient. Image of the filter array that
was structured in the CCP and the photoresist mask was still on the mirrors is shown in
the following (Fig. 6.20), homogeneous surface profile was observed.
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(a) polymer coated without mr-APS1 (b) polymer coated with mr-APS1

Figure 6.19: Images were taken by Leica microscope of the sample filter before dry etching
process, where mr-UVCur21 polymer coated without the mr-APS1 (a), and the sample filter after
dry etching, where the polymer used the adhesion promoter mr-APS1 in the coating process (b).

Figure 6.20: Image of filter array
(mr-UVCur06 cavity layer) was taken
by Leica microscope, after lateral
structuring of the top DBRs in the
CCP-RIE, with AZ1518 photoresist
etch mask.

6.3 The Contact Electrodes: ITO and Al Layers

For this type of filters, ITO and Al conductive layers as contact electrodes were utilized.
ITO layer of nearly 80 nm in thickness as the bottom electrodes were sputtered on the
glass substrate, and Al layer as the top electrodes were evaporated on the top DBRs. After
the sputtering process, the ITO bottom electrode was treated by the RTA. Structuring of
the Al top electrodes were performed through a lift-off process. This step was performed
by the lithography of a negative photoresist, AZnLoF2070 diluted 5:1, followed by the
evaporation of Al film of 100 nm in thickness. The sample subsequently was soaked into
NMP solvent for 5 to 10 min to lift-off the unwanted Al film. In order to be able to lift-off
small structures of about less than 10 µm, the sample was soaked into the NMP solvent
heated at 75◦C for at least 15 min. Patterning the Al electrodes can also be achieved
through wet etching process. This wet etching process has to be controlled, to avoid
overetching of the Al film which may lead to etch away of the electrode structure and
attack the first layer of the DBRs.
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Figure 6.21: The optical prop-
erties of 5.5 pairs of TiO2/SiO2

bottom DBRs, with central
wavelength 550 nm.
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Figure 6.22: The optical
properties of TiO2/SiO2 DBRs-
based filter, with mr-UVCur06
as the cavity material, mea-
sured after removing of the etch
mask.

6.4 Results and Discussion

The stopband of bottom DBRs measured by microscope-base spectrometer is shown in
Fig. 6.21, the 5.5 pairs of TiO2/SiO2 was deposited on the glass substrate, which was
sputtered with ITO, with 550 nm of central wavelength. With only few numbers of layers,
a bandwidth of more than 150 nm could be obtained. The mr-UVCur21 and mr-UVCur06
polymers could be utilized as filter cavity layers. Their adhesion between TiO2 layers
could be improved by appyling the adhesion promoter.
A filter transmission peak with a FWHM of approximately 4 nm was observed after ac-
complishment of structuring of the top DBRs, it is shown in Fig. 6.22. The measurement
was taken after removing of the photoresist mask. A stopband of 175 nm was achieved.
The mr-UVCur06 polymer was spun at 2700 rpm to obtain the thickness of 275 nm. The
filter consisted of 5.5 pairs of DBRs designed for 550 nm central wavelength, however it
shifted to 580 nm (as the top DBRs transmittance was measured). Hence, the observed
transmission peak was shifted as well.
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Figure 6.23: WLI image of released filter arrays, the displacement of membrane was nearly 10
µm after the underetching process. The measured profile showed that the height of membrane in
the vertical (y) direction was 9777.59 nm.

Underetching of the polymer sacrificial layer was succesfully performed, refering to the
aforementioned underetch rate (Chapter 5). The polymer being removed was mr-UVCur21
which spun at 3600 rpm, for 550 nm central wavelength. The following images obtainde
from the WLI measurement, show the filter membrane with 30 µm in diameter, and four
straight suspensions released after 18min underetched in the oxygen plasma (Fig. 6.23).
The membrane structure bent 9.8 µm.
The filter structures after the underetching process in the oxygen plasma were also ob-
served by an SEM, and the following micrographs (Fig. 6.24) were taken. The two type
filter structures show difference height in the displacement, as predicted by the model
simulation. The structure with a membrane diameter of 30 µm, and with the suspensions
width of 10 µm is shown in the top side (Fig. 6.24-top), it exhibited 10 µm of displace-
ment height. Another structure, whose curl bent suspensions and smaller membrane, of
25 µm, showed less deformation (Fig. 6.24-bottom), that is of approximately a half of the
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displacement of the filter whose straight suspensions.
The underetching process was accomplished, and the filter membranes were completely
released. However, the optical properties showed low quality of the filter linewidth, less
than 20% of transmission peak was observed as shown in Fig. 6.25. This was probably
due to the displacement of filter membranes that reached of approximately 10 µm, hence,
this cavity height laid beyond the filter wavelength design. The tuning performance was
finally not achieved. One of the reasons that caused this shortcoming is a high displace-
ment of the membrane led to extremely narrow FSR. Theoretically speaking, only around
15 nm FSR was achieved when the magnitude of membrane displacement reached 10 µm,
with respect to the central wavelength of 550 nm. A high displacement resulted in large
separation between the two mirrors, hence, the capacitance which yielded in the air-gap
filter structure was very small. Therefore, the voltage requirement, that is inversely pro-
portional to the capacitance, for the actuation purpose should be sufficiently high.

Conclusion
Lateral structuring of the TiO2/SiO2 DBRs in the RIE process have been performed and
optimized, using different etch masks, and the quality of the etched profiles was observed
by means of an SEM. Etch selectivity S>9 that calculated from the etch rate of the mir-
rors over the ITO mask, was obtained under an etch condition of 500 W ICP/250 W RF
with temperature of 20◦C up to 40◦C at a process pressure of 6 mTorr. The optimum
etch rates of the TiO2/SiO2 DBRs, i.e. 80 to 90 nm/min were obtained under this etch
condition. The etching process resulted in excellent structure profiles, i.e. steep sidewalls
and smooth surface. A high etch selectivity S=16 was obtained at a process pressure of
10 mTorr, however, the etch rate decreased to approximately 65 nm/min.
The photoresists as etch masks were also examined to investigate the profile of the etched
mirrors. Those experiments gave benefit if the Al film replaced the ITO as the top elec-
trodes, since the photoresist mask was used formerly for patterning the Al film in wet
etching process, then it can be utilized subsequently as the mask for structuring the mir-
rors in the RIE process. The AZ1518 photoresist mask showed promising results, a good
quality of the etched profile was observed in an etch condition of 500 W ICP/160 W RF
power, with a mixture of Ar/SF6 gases of 10/10 sccm, a process pressure of 6 mTorr, at
20◦C. At applied power of 500 W ICP/250 W RF the etching process using a negative
photoresist mask, AZnLoF2070, exhibited a smooth surface profile, and relatively high
etch rate of 85 nm/min was obtained.

Compatibility of the mr-UVCur21 and mr-UVCur06 polymers to the TiO2/SiO2 DBRs
have been evaluated. Homogeinity of the mirror surface after the sputtering process was
observed. The underetching step was accomplished completely to release the filter mem-
branes.
The material stress in the mirror materials led to high displacement of the filter mem-
branes, hence, it contributed to small capacitances between the mirrors. The charge in
the air-gap filter structure was difficult to control, since the voltage which was required
for the actuation purpose should be sufficiently high. The filter membrane that deflected
of approximately more than 5 µm led to the loss in the transmission peak, hence, the
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Figure 6.24: The filter membranes that were released after the underetching process for 18 min:
the filter with four-straight suspensions (top), and four-curl bent suspensions (bottom) which dis-
placed less (approximately a half of the displacement of the filter whose straight suspensions).
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Figure 6.25: Transmission
peak of the filter, measured by a
micropcope spectrometer after
underetching process.

transmission peak decreased. To overcome this problem, a study in controlling the stress
induced by the ion beam sputtering method is necessary. Reducing the residual stress
will prevent high displacements of the filter membranes, and it can improve the properties
of the tunable TiO2/SiO2 DBRs-based filters. Moreover, new filter structures designs that
consider utilizing the small membrane diameters and thinning of the suspensions will lead
to less membrane displacements and less actuation voltages, and in turn it can solve these
shortcomings.
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Chapter 7

Summary and Outlook

WITHIN this work two different types of DBRs-based Fabry-Pérot filters were inves-
tigated. A tunable filter consisting of Si3N4/SiO2 with air gap cavity, and a high

index contrast TiO2/SiO2-DBRs based filters were fabricated by surface micromachining
methods. The filter arrays are designed for the implementation in a nanospectrometer. In
this report their designs for the fabrication of a high-precision colour sensor in the visible
spectral range are presented. Experiments and a simplified numerical model were con-
ducted to obtain compatible fabrication processes regarding the utilized materials, and the
optimal filter structures design.

Several filter designs were introduced, therefore, to obtain the optimal structure design,
a simplified numerical model was utilized to investigate the displacement (or deflection)
of the membrane regarding of various filter geometric structures. The model used FEM-
LAB/Comsol Multiphysic software to evaluate the displacement profile of the filter mem-
brane. The evaluation showed that the geometric shape and size of the membrane together
with their suspensions are crucial, since they both influence the displacement magnitude.
Longer and narrower suspensions both led to higher displacements of the membrane. This
effect was found also by enlarging on the membrane diameter. The filters with curl-bent
suspensions bent more than the ones with straight or bent suspensions. These phenomena
were also found in the experimental results.

The tunable filters with Si3N4/SiO2-DBRs and air gap cavities have been successfully
fabricated. Low cost deposition method, the PECVD, was used to produced the dielec-
tric mirrors. An investigation on the acrylate based polymers, i.e. the mr-UVCur06,
mr-UVCur21 and PAK-01, was accomplished and it was established that they are com-
patible to the mirrors deposition process. These polymers worked as sacrificial layers
and supporting post structures in the filter design. Removal of the crosslinked polymer
sacrificial layer was accomplished in the oxygen plasma, hence the filter’s air gap cavity
was obtained. Lateral structuring of the mirrors in the CCP-RIE resulted in excellent
etch profiles, wherein steep sidewalls and smooth surface of the structures were observed.
AZ1518 photoresist as etch masks were utilized in the etching process, the etch rate of
30 nm/min and etch selectivity of approximately 3 for the mirrors over the etch mask



90 Summary and Outlook

were achieved. The ICP-RIE can also be utilized to structure the mirrors with low ap-
plied power. An etch rate of 54 nm/min was achieved using a photoresist etch mask, and
removing of the photoresist mask was accomplished subsequently in the ICP using O2 gas.

Optical properties measurement yielded from one filter element showed a filter linewidth
of approximately 4 nm, and with applied voltage up to 30 V, a tuning range of approx-
imately 75 nm were obtained within 125 nm of filter stopband. Arrays of the tunable
filters were also accomplished. They achieved a tuning range of approximately 70 nm
with applied voltage between 0 V and 20 V. The filters mechanical properties showed
that the displacement of the membrane depended on the filter geometric structures. The
membrane with a diameter of 25 µm and suspensions width of 8 µm, displaced less than
the one with a diameter of 10 µm and suspensions width of 6 µm (Chapter 5 page61).
The structure with curl-bent suspensions had less displacement than the one with bent or
straight suspensions (Chapter 5 page65).

TiO2/SiO2-DBRs based filters are potential filter devices with a broad stopband range,
due to their high refractive index contrast, wherein only few layers of mirrors are required
for the filters production. Optimization on the lateral structuring of the TiO2/SiO2 DBRs
was presented and accomplished in this work. In the CCP-RIE, the etching process under
photoresist etch mask yielded an etch rate of 20 nm/min, where relatively low selectivity
of 0.6 was achieved. Using the ICP-RIE, the etch rate of 80 up to 90 nm/min was achieved
under ITO etch mask, with selectivity S>9. Excellent etched profiles were achieved in
the etching process using 500 W ICP/300 W RF power and a mixture of Ar/SF6 gas flow
rates of 20/10 sccm. Higher etch rates were obtained by applying a low pressure and in-
creasing the temperature of the process.
Photoresist was found to be a good candidate as etch mask for the ICP-RIE process. Ap-
proximately 65 nm/min of etch rate was achieved at 160 W RF/500 W ICP power using
photoresist AZ1518 mask, and using AZnLoF2070 mask, as 250 W RF/500 W ICP power
was applied in the ICP, wherein etch rate of approximately 85 nm/min was obtained. Good
quality of the etched profiles were achieved from both processes. Applying photoresist
as etch masks gives benefit in the fabrication, since the patterning of photoresist can be
accomplished by a customary optical lithography, without any adhesive or successive pat-
terning steps such as lift-off process or wet etching that are required for applying hard
etch masks.

Compatibility of the mr-UVCur21 and mr-UVCur06 polymers to the TiO2/SiO2 DBRs
was evaluated, and the underetching process of the polymers was successfully performed.
High stress in the thin film materials led to the loss in peak transmission since the mem-
brane deflected of more than 5 µm. However, the fabricated filters that were compared
to the simulation results (Chapter 4) showed good agreements in terms of the geometric
designs which affected the membrane displacements, the filter membranes with curl-bent
suspensions contributed less displacements compared to the displacements resulted from
the ones with straight or bent suspensions.
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The filter geometric structures and the residual stress in the dielectric layers influenced
strongly the displacement of the filter membranes, which in turn yielded the change in
filters transmission linewidths. To minimize these effects, the structures that lead to the
least possible displacements are required for the new filter arrays design, and controlling
the stress induced during the fabrication of the thin films are indispensable.
Further optimization on the tunable filter arrays is required to enhance the quality of the
device for the application of a sensor or in a nanospectrometer. Implementation of the
serial or cascade design of the filters according to the detector arrays will attain a broad
tuning range which gives advantages for different field of applications.
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“Chlorophyll fluorescence detection with a high-spectral resolution spectrometer
through in-filling of the o2-a band as function of water stress in olive trees,” 2nd
International Workshop on Remote Sensing of Vegetation Fluorescence, November
2004.

[5] P. Lindblom, N. Meinander, and T. Olsson, “Spectroscopy with the mega spectrom-
eter, a very high resolution grating spectrometer,” Review of Scientific Instruments,
vol. 61, pp. 2546–2548, 1990.

[6] R. Crocombe, “Miniature optical spectrometers: There’s plenty of
room at the bottom part i, background and mid-infrared spectrometers.”
http://spectroscopyonline.findanalytichem.com/spectroscopy/, January 2008.

[7] A. Tarraf, Low-Cost Micromechanically Tunable Optical Devices - Strained Res-
onator Engineering, Technological Implementation and Characterization. PhD
thesis, University of Kassel, 2005.
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I would like to show my gratitude to Mr. Köcher and Mr. Sandhagen from the Opsolution
Nanophotonics GmbH, and to acknowledge the financial support of the BMBF project
“Tunable Optical Sensor-Arrays”(2008 to 2011).
Last but not least, I am very grateful to my family and my friends for their endless support
over the years and during the completion of the report.





Appendix A

Plate theory, elastic energy and virtual
work principle

The model in this simulation (Chapter 4) uses 3D structural analysis. To obtain solutions
for this numerical model, the concept of plate theory will be introduced. Plate theory
appears to handle plate-liked structures to obtain an approach for reducing 3D elastic
theory problems to 2D [112][Mindlin]. Plate-liked structure means that the thickness of
the structure is extremely thin compared to the other dimensions.
There are three theories related to the deflection of the plate, i.e. the thin plate that has
small deflection, the thin plate with large deflection and the thick plate. If the plate re-
mains neutral, that is no deformation in the middle of the plane plate during bending,
or the effect of the shear force can be disregarded, hence, the plate is categorized as
the first one. Thin plate with large deflection considers not only immovable edges (or
clamped beams) but also edges which are free-to-move in the plane of the plate (or mem-
branes) [112]. In this case, the structure will be handled as nonlinear elastic elements,
where the stiffness increases as the given load is increased. Some approximations based
on energy considerations emerge to evaluate this subject [43].

First we recall the elastic energy that was described as scalar efforts and displacements
of a lumped element. The energy that is stored at displacement value q1 can be defined
as:

W (q1) =

∫ q1

0

e(q)dq (A.1)

where q is a scalar displacement and e is a scalar effort.
In a distributed system, the energy density W̃ (x,y,z) determines the total energy W that
stored in small elements ∆x∆y∆z as:

W∆x,∆y,∆z = W̃ (x, y, z)∆x∆y∆z (A.2)

This energy density concept is generally utilized by the systems that store potential en-
ergy. In a lumped element, stored energy is determined by integral of an effort over a
displacement. Since stress has a dimension of N/m2 and strain is dimensionless, and the
stress-strain product leads to energy per unit volume, which is equal to the dimension of
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the energy density. And in the elastic domain, stress and strain are a generalized effort
and displacement, respectively, hence, strain energy density can be defined as:

W̃ (x, y, z) =

∫ ε(x,y,z)

0

σ(ε)dε (A.3)

σ(ε) is a function that relates stress to strain, and ε(x,y,z) is a value of the strain at (x,y,z).
Total strain energy for the volume of a deformed body structure then can be obtained by
solving the following integral [43]:

W =
1

2

∫ ∫ ∫
(σxεx + σyεy + σzεz + τyzγyz + τzxγzx + τxyγxy)dxdydz (A.4)

In the structural analysis FEM theory uses virtual work principle approach to solve
the displacement formulation. This approach will be elaborated here. The virtual work
principle states that if a structure is subjected to external forces and due to those forces it
deforms and displaces, thus, in equilibrium the total work performed by the forces must
equal the stored energy in the deformed and displaced state. In this principle, kinetic
energy is not considered since solely quasi-static deformations and displacements that
are counted. Therefore, the functions concerning the solution for the deformation or
displacement of the structure can be varied, where the quantity U in the following should
be minimum [43]:

U = stored energy − work done (A.5)

Consider δu(x,y,z),δv(x,y,z) and δw(x,y,z) are component vectors of virtual displacements
of a body structure, and the associated virtual strain are described as

δεx =
∂

∂x
δu ; δεy =

∂

∂y
δv ; δεz =

∂

∂z
δw

δγxy =
1

2
(
∂

∂x
δv +

∂

∂y
δu) ; δγyz =

1

2
(
∂

∂y
δw +

∂

∂z
δv) ; δγxz =

1

2
(
∂

∂x
δw +

∂

∂z
δu)

(A.6a)

hence, the strain energy density becomes:

δW̃ = σxδεx + σyδεy + σzδεz + τyzδγyz + τzxδγzx + τxyδγxy (A.7)

According to the aforementioned principle, the quantity U must at minimum, thus we
have: ∫

volume

δW̃ dxdydz −
∫
surface

(Fs,xδu+ Fs,yδv + Fs,zδw)dS

−
∫
volume

Fb,xδu+ Fb,yδv + Fb,zδw) dxdydz = 0 (A.8a)

The total strain energy is the first integral. The negative of total work done by surface
forces and body forces are defined in the second and the third integral, respectively. And
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the potential energy of the system U is defined as:

U =

∫
volume

W̃dxdydz −
∫
surface

(Fs,xu+ Fs,yv + Fs,zw)dS

−
∫
volume

Fb,xu+ Fb,yv + Fb,zw)dxdydz (A.9a)

For three-dimensions problem, energy density in plates and membranes can be obtained
in term of stress components:

W̃ =
1

2E
(σ2

x + σ2
y + σ2

z)−
ν

E
(σxσy + σyσz + σxσz) +

1

2G
(τ 2xy + τ 2yz + τ 2xz) (A.10)

where E is known as Young’s Modulus, v is Poisson ratio, and G is the shear modulus
which defined as:

G =
E

2(1 + ν)
(A.11)

At the state of plane stress where σz, τ yz and τxz are zero, the energy density becomes:

W̃ =
1

2E
(σ2

x + σ2
y)−

ν

E
(σxσy) +

1

2G
(τ 2xy) (A.12)

This equation can be written in term of strains component:

W̃ =
E

2(1− ν2)
(ε2x + ε2y + 2νεxεy) +

G

2
γ2xy (A.13)

Using approximations to apply the principle of virtual work, for instance in the displace-
ment fields, will be explained in the following, in so called variational methods. We define
now trial displacement functions û =(x, y, z; c1, c2,...cn), v̂ =(x, y, z; c1, c2,...cn) and ŵ
=(x, y, z; c1, c2,...cn), where c1, c2,...cn are set of n parameters in the trial functions. To
obtain potential energy of the system, the equation A.9a can be used, and since U must
be stationary with respect to any virtual displacement, thus we can obtain

∂U

∂cj
= 0 (A.14)

for every cj , which will take us to a set of n equations:

∂U

∂c1
= 0......

∂U

∂cn
= 0 (A.15)

Solutions for those equations lead to n values of cj that yield to a minimum potential
energy. The aforementioned analysis has an important key in finite-element numerical
modeling, wherein the variational parameters implies the nodal displacements of mesh
elements in the structural analysis.
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Appendix B

Technological processes regarding the
fabrication

This part presents technological process steps involved in the fabrication of the filters.
Optical lithography of the photoresists is given in in tabular form in the next section,
followed by the spin coating process of the polymers. The product information regarding
the diluter for PAK-01 polymer and the exponential model data for the PAK-01 polymer
curve are also presented. Etch conditions for structuring of the DBRs are summarized in
the last section.

B.1 Lithography of the photoresists
The following table (Tabel B.1 and Tabel B.2) presents the steps of optical lithography
for patterning the utilized photoresists in the filters fabrication process [113].

Table B.1: Optical lithography of the photoresist I

Photoresist Process flow
AZ1518 preparation: Bake the sample (glass with ITO film)

on hotplate 120◦C ca.10min
Coating TI-Prime (4000rpm)
Coating AZ1518 (4000rpm)
Bake on hotplate 90◦C 5min
Exposure UV light ca.3min *
Exposure with MA4 (with photomask) 6.6s +
Development in 0.8%KOH 30-40s
Bake 120◦C ≥30min *
Bake 120◦C 3-5min +

* for the corner of the sample,thus lift-off bottom DBRs can be done
+for patterning the mesa or top electrode
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Table B.2: Optical lithography of the photoresist II

Photoresist Process flow
AZnLoF2070 5:1 preparation:Bake the sample on hotplate 110◦C ca.10min

Coating TI-Prime P18 (500rpm 2s+3000rpm 40s)
Coating AZnLoF2070 5:1 P18 (500rpm 2s+3000rpm 40s)
Bake on hotplate 100◦C 11min
Exposure with MA4 (with photomask) 14.5s
Bake on hotplate 110◦C 1min
Development in AZ-826 120s
Hardbake on hotplate 120◦C 3min

AZ1505 preparation:Bake the sample on hotplate 120◦C ca.10min
Coating TI-Prime (4000rpm)
Coating AZ1505 (4000rpm)
Bake on hotplate 90◦C 5min
Exposure with MA4 (with photomask) 4.5s
Development in 0.8%KOH 10-15s
Hardbake 120◦C ca.5min

B.2 Film deposition
The following tabel, Tabel B.3 and B.4, show the parameters used in the deposition of
thin films by PECVD and IBSD, respectively.

Table B.3: Deposition by PECVD

Layer Gases (sccm) Power (W) Pressure Temperature
Si3N4 SiH4:1000/NH3:20 HF 20/LF 20 0.65 Torr 120◦

SiO2 SiH4:430/N2O:10 HF 20/LF - 1 Torr 120◦

B.3 Photomasks for the fabrication
For the first design, where the experiments dealed with one element of filter, IMA3 mask
was used. In the second design, the filter arrays fabrication used MZT TOSA masks, 2009
and 2010, for patterning the mesa and top electrodes. Also a protection layer mask (2009)
was available for some experiments regarding the protection layer. Fig. B.1 shows few
structures plotted in Block H of each mask (2009).

Light protection MZT TOSA 2009 mask, combined with Mesa MZT TOSA, was used
for patterning the top electrodes layer. Since this layer was made of reflective material
(Al), hence, a circle in the middle of membrane was required to open the center of filter
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Table B.4: Deposition by IBSD

Layer Process parameters
ITO Po25/Ro60/Ti45; MW 190W

Beam voltage/current: 1000 V/50mA
Accelerator voltage/current: 100V/2.5mA
Ar 3sccm/O2 9sccm
Pulsing condition:40%/1kHz (ions-ground) without electron-current

TiO2 Po25/Ro60/Ti45
Beam voltage/current: 800 V/75mA
Accelerator voltage/current: 100V/2.6mA
Pulsing condition:70%/1kHz (ions-ground) without electron-current
ISQ1: Ar 4sccm; MW 203W/ISQ2: Ar 6sccm O2 3sccm; MW 200W

SiO2 Po25/Ro60/Ti45
Beam voltage/current: 800 V/50mA
Accelerator voltage/current: 100V/1.2mA
Pulsing condition:70%/1kHz (ions-ground) without electron-current
ISQ1: Ar 4sccm; MW 203W/ISQ2: Ar 6sccm O2 4.5sccm; MW 200W

Po25:position 25◦,Ro60:rotation 60◦,Ti45:tilting 45◦

membrane area for the optical properties characterization. This light protection layer
mask, can be utilized for defining reflective structures around the mesa, that is necessary
to avoid unwanted signals that might captured during characterization of the filters.

For the third design, where the three stopband arranged in series for implementation of
broad filter bandwitdh, new masks were required, particularly for bonding, stopbands and
defining membranes. To obtain efficient patterning of top electrodes a new top electrode
photomask was introduced. Fig. B.2 shows some structures in the two photomasks that
are located in Block A.

B.4 Material and coating process concerning the UV-NIL
polymers

The spin curves of mr-UVCur06 and mr-UVCur21, which are produced by micro resist
technology GmbH, are shown in Fig. B.3.
The line at 3000 rpm corresponds to mr-UVCur06 polymer thickness of 258nm, and mr-
UVCur21 thickness of 300nm. In this work mrUVCur21-300nm was used.
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B.4.1 The coating process of the polymers

Tabel B.5 and Tabel B.6 summarizes the detail process regarding spin coating of the
polymers, as the cavity layer.

Table B.5: Spin coating process of the mr-UVCur06 polymer

Material Process flow
Preparation Bake the sample on hotplate 150◦C ca.30min
mr-APS1 Coating at speed 5000rpm 60s (P2)

Bake on hotplate 150◦C 60s
mr-UVCur06 Coating at speed 3000rpm 60s (t=258nm according to the manufacturer)

Bake on hotplate 80◦C 60s
UV exposure 5min - N2 ambient

Table B.6: Spin coating process of the mr-UVCur21 and PAK-01 polymers

Material Process flow
Preparation Bake the sample on hotplate 150◦C ca.30min
mr-APS1 Coating at 5000rpm 60s (P2)

Bake on hotplate 150◦C 60s
mr-UVCur21 Coating at speed 3000rpm 60s (t=300nm according to the manufacturer)

Bake on hotplate 80◦C 60s
UV exposure 5min - N2 ambient

Preparation Bake the sample on hotplate 150◦C 20 to 30min
TI-Prime Coating at 3000rpm 20s (P1)

Bake on hotplate 150◦C 40s
PAK-01* ramp speed 350 (500)rpm→1000rpm→3000rpm (t=370nm; Fig. 5.10)

Bake on hotplate 80◦C 60s
UV exposure 5min - N2 ambient

* undiluted or diluted polymer

B.4.2 PAK-01 polymer

B.4.2.1 The exponential model regarding the curve of the PAK-01 polymer thick-
nesses

In the following, the data of the exponential model regarding the PAK-01 (undiluted and
diluted 4:1) polymer thickness are given in the tabular form (Fig. 5.10 page54).
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Table B.7: Tabular form of the exponential model regarding the PAK-01 polymer thick-
ness curve

Equation y=A1*exp(-x/t1)+y0
Reduced Chi-Sqr 0,04157
Adj.R-Sqr 0,99711
Value y0 2,01845
Standard error y0 0,23143
Value A1 22,70302
Standard error A1 1,43781
Value t1 1149,89671
Standard error t1 93,72865

Table B.8: Tabular form of the exponential model regarding the PAK-01 (diluted 4:1)
polymer thickness curve

Equation y=A1*exp(-x/t1)+y0
Reduced Chi-Sqr 94,87812
Adj.R-Sqr 0,97597
Value y0 269,21342
Standard error y0 34,67443
Value A1 450,46319
Standard error A1 62,74889
Value t1 1935,31777
Standard error t1 642,90591

B.4.2.2 Diluter for the PAK-01 polymer

The following table (Table B.9) gives the information regarding the diluter for PAK-01
polymer, ethylen-glycol-monomethylether (C3H8O2).

B.5 Etch conditions for lateral structuring of the DBRs
Dry etching in the CCP and ICP for structuring of the DBRs used the conditions as sum-
marized in the following.
Structuring of the Si3N4/SiO2 DBRs

(a) CCP-RIE (Castor) for Si3N4/SiO2 DBRs:
Ar/SF6/CHF3= 5.1/2/3 sccm, 50 W, 12.5◦C, 18.75mTorr (0.025mBar)
Etch rate ca.30 nm/min
Selectivity to photoresist AZ1518 mask S∼=1.5 to 3
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Table B.9: Product information of the PAK-01 diluter (ethylen-glycol-monomethylether)

Synonym 2-methoxyethanol, methylglycol
Molecular formula C3H8O2

Chemical formula CH3OCH2CH2OH
Ignition temperature 325◦C
Melting point -85◦C
Boiling point 125◦C
Flash point 43◦C
Density 0.964 g/cm3 (20◦C)
Molar mass 76.09 g/mol
Solubility in water 20◦C soluble
pH (H2O,20◦C) neutral

(b) ICP for Si3N4/SiO2 DBRs (with photoresist mask): CHF3/Ar/SF6=10/40/5 sccm, 100
W ICP/175 W RF power, 20◦C, at 10 mTorr
Etch rate ca. 54 nm/min
Selectivity to photoresist AZ1518 etch mask S∼=1
Removing of the photoresist mask:10 sccm of O2, 2000 W ICP/200 W RF power,
20◦C, at 6 mTorr

(c) ICP (RIE mode) for Si3N4/SiO2 DBRs:
Ar/SF6/CHF3= 5.1/2/3 sccm, 250 W, 20◦C, at 6/10/19mTorr
Etch rate ca.30 up to 80 nm/min
Selectivity to photoresist masks: AZ1505 S∼=2 at 19mTorr; AZ1518 S∼=3 at 6mTorr;
AZnLoF2070 diluted 5:1 S∼=3.5 at 6mTorr

Structuring of the TiO2/SiO2 DBRs

(a) CCP-RIE (Castor) for TiO2/SiO2 DBRs:
Ar/SF6= 4/7 sccm, 50 W, 12.5◦C, 18.75mTorr
Etch rate ca.21 nm/min
Selectivity to photoresist AZ1518 etch mask S∼=0.5

(b) ICP for TiO2/SiO2 DBRs:
Ar/SF6= 20/10 sccm, 300 W RF/500 W ICP, 20◦C, 6mTorr
Etch rate ca.80 nm/min
Selectivity to ITO etch mask S>9

(c) ICP for TiO2/SiO2 DBRs:
Ar/SF6= 10/10 sccm, varied RF/500 W ICP, 20◦C, 6mTorr and 10mTorr
Etch rate ca.30 up to 80 nm/min
Selectivity to photoresist masks:AZnLoF2070 5:1 S∼=0.35 to 0.55; AZ1518 S∼=0.30
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(a) Mesa

(b) Light protection

(c) Protection layer

Figure B.1: Three photomasks MZT TOSA 2009: Mesa MZT TOSA 2009(a), Light protection
MZT TOSA 2009 (b) and Protection layer MZT TOSA 2009 (c).
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(a) Mesa MAZET Nov2010 (b) Top electrode MAZET 2010

(c) Top electrode zoom-in

Figure B.2: Two photomasks MAZET 2010: Mesa MAZET mask for patterning the mesa (a), and
top electrode mask for patterning the top electrodes (b). Zoom-in image of the filter arrays-a in
Block A (field-1F) (c).

Figure B.3: Polymer film thickness as a function of spin speed, at 60s spin time, after coating and
softbake: mr-UVCur06 (left) and mr-UVCur21 (right); the mr-UVCur21-300nm was used in this
work [courtesy of micro-resist-tech. GmbH [111]].


