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Chapter 1

Introduction

Sensors based on microelectromechanical systems (MEMS) play an indispensable
role in many of today’s applications from consumer electronics to the automotive
industry [1,2]. Originating from the silicon-based microelectronics industry, MEMS
technology allows fabrication of movable structures which can be used both as actu-
ators and transducers in order to cause and detect displacement of seismic masses,
respectively. Thereby, measurement of manifold mechanical quantities such as linear
and angular acceleration or pressure has been enabled and has now reached a level
of maturity where these sensors can be fabricated at low cost, small size and high
precision [1].

Microoptoelectromechanical systems (MOEMS) expand the field of these applica-
tions by introducing additional optical functionality. Typical examples for MOEMS
include reflective devices such as digital light projectors (DLPs) or scanning mirrors
as well as devices for telecom applications such as optical switches [3]. Close inte-
gration of optical and MEMS elements opens new fields of sensors beyond human
sensing [2], which is why new MOEMS devices continue to be developed to this day.

Spectroscopic devices (spectrometers, hyperspectral imagers) are an example for
such a novel kind of sensor technology which can enable new applications outside
the scope of traditional MEMS sensors. In fact, much of our current knowledge
about both the atomic and vibrational structure of matter stems from spectroscopy
of emitted, transmitted or reflected light in the visible and infrared part of the
electromagnetic spectrum, respectively. At present, spectroscopic methods are not
only used in research but are also well established in, e.g., the chemical industry for
process and quality control. Typically, the employed laboratory spectrometers offer
high spectral resolution but are bulky and expensive.
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Chapter 1. Introduction

Development of miniaturized versions of such spectroscopic devices began towards
the end of the last century [4, 5]. However, during the last decade research efforts
have increased significantly with the aim to open new spectroscopic applications
outside laboratories, where both size and cost rather than high-end precision mat-
ter [6]. The development is also driven by the fact that nowadays algorithms for
extracting relevant information from measured spectra as well as the required com-
putational capacity in portable devices are readily available. Popularity of the topic
is reflected by an increasing amount of popular scientific journal contributions or on-
line PR articles reporting miniaturized spectrometers with the potential of becoming
a ”tricorder” known from the famous Star Trek series, which can identify arbitrary
materials [7–9]. It has to be noted that, apart from a few exceptions [10, 11], these
research devices are not mature enough to reach market entry level so that a true
commercialization of spectroscopy for everyone has not taken place yet.

Several reported approaches combine known types of spectrometers such as grating
spectrometers [12] or Fourier transform spectrometers [13] with MEMS technology in
order to shrink their size and benefit from cost advantages at large scale production.
Additionally, MEMS-based Fabry-Pérot interferometers (FPIs) have been demon-
strated to be used as tunable filters in front of a single channel detector [14, 15].
Such devices are formed by two highly reflective mirrors separated by an optical gap
where at least one of the mirrors is movable in order to change the optical gap and
thereby the filter transmittance wavelength.

Apart from the potential of small size and low cost, the FPI approach is very ver-
satile, since the concept as such allows to address different wavelength ranges by
a proper choice of non-absorptive mirror materials and adjusting respective device
dimensions. In the near infrared (NIR) spectral range ( to ) for ex-
ample, a filter resolution below has already been demonstrated [11,16]. This
is sufficient to resolve overtones of fundamental vibrational modes which govern the
respective material reflectance spectra [15] and thereby makes material classification
feasible.

For various reasons, however, the maximum spectral working range (SWR) in the
NIR, which commercially available FPIs-based tunable filters can currently cover,
is restricted to roughly – [11] (corresponding to of their design
wavelength), which limits the range of possible applications. Furthermore, when
scaling up the optically active area in order to increase the optical throughput, there
is a risk of losing spectral resolution due to deviations from parallelism between the
mirrors [17,18].

This thesis aims at improving surface-micromachined MEMS FPIs in the NIR with
respect to both of the aforementioned shortcomings. This is achieved by introduc-
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ing a new material for optical MEMS, silicon carbonitride (SiCN), which can be
deposited with a low refractive index while being resistant to vapor hydrofluoric
acid (HF) etching. The resulting refractive index contrast to silicon enables fabri-
cation of stable mirror membranes with a broad spectral range of high reflectance.
Furthermore, a new MEMS FPI design called double membrane FPI is developed
which comprises two released membrane mirrors instead of a single one as it is the
case in state of the art devices. With such a device architecture, the FPI transmit-
tance wavelength can safely be tuned over a large spectral range. Furthermore, high
spectral resolution can be maintained, independent of the membrane diameter. In
this thesis, these proposed devices are designed, fabricated and characterized with
respect to the claimed improvements.

Structure of the thesis

Following this introduction, in chapter 2 the general field of miniaturized spec-
trometers is introduced. The discussion of various existing spectrometer concepts
shows that for the NIR range FPI-based spectrometers possess significant advantages
regarding their cost and mass producibility.

In order to understand the working mechanism of such FPI-based spectrometers,
chapter 3 reviews the required fundamentals of FPIs. Special attention is paid to
FPIs with dielectric mirrors operated in low interference order as they are found in
MEMS-based FPI spectrometers.

This sets the basis for discussing actual implementations of FPIs as MEMS devices
in chapter 4. The chapter starts with an overview of existing concepts. Subse-
quently, root causes for the limitations of both the SWR and the filter resolution
at large membrane diameters are derived. As a result, the double membrane FPI
structure is proposed and the search for a low-refractive index, HF-resistant MEMS
material is motivated. It is the actual aim of this thesis to demonstrate the resulting
improvement in SWR.

A possible candidate for such a material is SiCN deposited by plasma-enhanced
chemical vapor deposition (PECVD), which is introduced in chapter 5. SiCN is
uncommon for MEMS applications [19] and its physical properties strongly depend
on the deposition parameters [20]. Therefore, the effect of deposition temperature
on the relevant properties for this application, namely refractive index, mechanical
stress and vapor HF resistance, is investigated in detail. Results from this chapter
have been published in [21,22].

After having found a suitable low-refractive index material and determined its optical
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Chapter 1. Introduction

properties, chapter 6 presents the actual design of the MEMS FPI devices used for
this thesis and makes predictions regarding their performance. Furthermore, the
process flow for filter fabrication is shown and intermediate characterization results
after critical process steps are presented and discussed.

Chapter 7 shows characterization results regarding membrane flatness and mirror
parallelism both for the proposed double membrane as well as the existing single
membrane FPI structure for unactuated, i.e., static filters. It is shown that in con-
trast to single membrane FPIs, mirror parallelism does not depend on the membrane
diameter in double membrane FPIs which allows filter resolution to be decoupled
from optical throughput. Results from this chapter have been published in [18].

The case of actuated FPIs is considered in chapter 8. It is demonstrated that
the double membrane FPI structure indeed enables increasing the SWR to an un-
precedented range of by circumventing its pull-in limitation found in single
membrane FPIs. Results from this chapter have been published in [23].

Last, chapter 9 provides a summary of the presented results and gives an outlook on
research questions and device optimizations which can be addressed in future work.

The appendix gives further details on the equipment used for fabrication and char-
acterization. In particular, the custom-built spatially-resolved transmittance setup
is described in detail. Furthermore, model parameters for the refractive indices
used in transfer-matrix simulations are given. Finally, a theory behind electrostatic
actuation with a generalized ring electrode is developed.
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Chapter 2

Overview of miniaturized
spectrometers

Traditionally, spectrometers are heavy and expensive laboratory equipment operated
by expert users who are trained to evaluate measured spectra. However, there are
many spectroscopic applications, e.g., in mineral exploration, safety screening or
drug testing, to name just a few, which can greatly benefit from doing a measurement
in the field rather than bringing an analyte to a laboratory [6]. This has lead to the
development of portable or even handheld spectrometers which are smaller, rugged,
battery-powered and may include a light source. Furthermore, they can possess data
processing capabilities which help practitioners without spectroscopic knowledge
to perform a measurement and extract useful information about, e.g., qualitative
material composition or quantitative content [24]. To that end, manufacturers can
provide and maintain high quality reference data libraries. Depending on the target
application, spectrometers working in the NIR, mid infrared (MIR) as well as Raman
spectrometers are available [24].

Such industrial and civilian scenarios require high accuracy and reliability on the one
hand but on the other hand allow manufacturers to sell their spectrometers at a high
unit price (>1000 $). During the last years, an alternative trend has evolved mainly
from the startup-scene which directly tries to target the consumer market by offering
low-cost spectrometers [10] often working in the NIR. Such devices can make use of
cloud computing for spectra evaluation combined with crowd-sourced reference data
libraries [25, 26]. Proposed (and advertised) applications include food quality and
adulteration monitoring [26], anti-counterfeiting or personal health tracking [6]. In
this case, requirements regarding accuracy and reliability are less strict. However,
low unit price (<100 $), small size and ease-of-use are mandatory.
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Chapter 2. Overview of miniaturized spectrometers

This chapter serves as an introduction to the general field of miniaturized spectro-
meters both from a technological and an application point of view. It starts with a
comparison of different working principles for miniaturized spectrometers based on
their detector type in section 2.1. This will provide a useful classification scheme
and motivates the later choice of an FPI-based spectrometer as the technological
approach for this thesis.

Subsequently in section 2.2, possible applications in the NIR spectral region are
presented and some of the performance requirements which will serve as a guideline
later are derived.

2.1 Categorization of miniaturized spectrometers

by detector type

For laboratories, there are two common types of spectrometers1. On the one hand,
grating based spectrometers are used for the ultraviolet (UV) and visible (VIS)
spectral range where shot noise is the dominant source of noise. On the other hand,
Fourier-transform infrared (FTIR) spectrometers based on a Michelson interferome-
ter provide a throughput and multiplex advantage in the infrared (IR) where the
available detectors are limited by thermal noise.

Apart from miniaturized versions of these two types of spectrometers, a number of
other device architectures with the potential to be fabricated at small size have been
proposed [27–31]. In order to structure the following discussion of these approaches,
the working principle of a spectrometer will first be treated from a generalized point
of view in subsection 2.1.1. Subsequently, selected miniaturized spectrometer con-
cepts using an array detector and a single detector will be discussed in subsec-
tion 2.1.2 and 2.1.3, respectively.

2.1.1 Generalized description of a spectrometer

The task of a spectrometer consists of sampling the continuous spectral intensity
distribution B(ν̃) of incident light into a series of discrete values Ii(ν̃i) where ν̃
denotes wavenumber. Ideally, such a spectrometer can operate over a broad SWR
with high spectral resolution and a large signal-to-noise-ratio (SNR). Despite the

1Raman spectroscopy is not within the scope of this thesis. Therefore, the following discussion
will not deal with high resolution spectrometers for the visible.
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2.1 Categorization of miniaturized spectrometers by detector type

T (ν̃, ξ) = L(ν̃, ν̃ ′(ξ))

Ii = Ii(δi) Ii = Ii(ξi)

B(ν̃)

B(ν̃) · T (ν̃, ξ)

Ii(ξi) =
∫
ξi

∫
ν̃
B(ν̃) · T (ν̃, ξ) ·S(ν̃) ν̃ ξ

Ii = Ii(ν̃i)

T (ν̃, ξ) = (2πiν̃δ(ξ))

ξ = r ; t

Fourier
transform

e.g. Hadamard transform,
non-linear optimization

Detector

Spectral
recon-
struction

bandpass
filters

two-beam
interferometers

e.g. Hadamard masks,
compressive sensing

Incident
spectrum

Spectral
element

Discrete
spectrum

Figure 2.1: General working principle of a spectrometer: The incident continuous spectrum
is spectrally modulated by a spectral element. After spectral integration by a detector, a
discretized version of the incident spectrum can be recovered.

apparent differences between different solutions to this task, i.e., different types of
spectrometers, their working principle can be abstracted to the schematic shown in
Fig. 2.1.

The incident spectral intensity distribution (termed spectrum in the following) B(ν̃)
passes through a spectral element and is finally converted to an electrical signal by
a detector. The detector itself cannot discriminate optical frequencies but spectrally
integrates the incident intensity distribution weighted by its spectral sensitivity S(ν̃).
Therefore, a spectral element is required which modulates the incident spectrum
B(ν̃) by a known sensing matrix T (ν̃, ξ) with an additional variable ξ. For the
sensing matrix typically T (ν̃, ξ) �= T (ν̃, ξ′) holds in case ξ �= ξ′.

The variable ξ is chosen such that the detector also performs an integration over
narrow intervals ξi which results in discrete sampling into the measurement signal
Ii. The choice of variable ξ and sensing matrix T (ν̃, ξ) now allow spectrometers to
be classified.

There are two possible choices for ξ. Besides spectral integration, a detector performs
spatial integration over its detector area A as well as temporal integration over the
integration time t . Hence, time t for a single detector and position r for an array
detector composed of several discrete detectors such as, e.g., a linear CCD array,
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Chapter 2. Overview of miniaturized spectrometers

can serve as ξ (see examples below). The sensing matrix T (ν̃, ξ) can be constructed
in various ways.

Band pass filters as spectral elements

A simple choice for the spectral element is a bandpass filter with the center pass
wavelength depending unambiguously on ξ, i.e., T (ν̃, ξ) = L(ν̃, ν̃ ′(ξ)) where L(ν̃, ν̃ ′)
is the filter characteristic with its passband centered at ν̃ ′. The resulting discrete
measurement values Ii can directly be mapped to the corresponding frequencies
given that ν̃ ′(ξ) is known so that Ii = Ii(ν̃i).

In this configuration, spectrometer resolution is given by the width of the passband
of L. The SWR depends on the number of channels ξi. As the major part of the
incident light is blocked by the bandpass filter, spectrometers of that type only make
use of a small portion of the incident energy per resolved spectral band. This is a
disadvantage regarding the obtainable SNR at a given integration time compared to
the other spectrometer types discussed in the following.

The grating in a grating spectrometer is an example for such a spectral element
which acts as a bandpass filter. Within one diffraction order, it unambiguously maps
optical frequency to diffraction angle which is subsequently mapped to position by
an imaging optical element such as a focusing mirror. An array detector placed in
the focal plane then samples the spectrum at different points in space.

Two-beam interferometers as spectral elements

A second class of sensing matrices T (ν̃, ξ) leads to Fourier transform (FT) spec-
trometers. In this case, the spectral element splits the incident light into two beams
which are recombined on the detector after one of them has been retarded by an
amount δ(ξ) named optical path difference (OPD). Hence, the detected intensity
for a given ξ is modulated by T (ν̃, ξ) = (2πiν̃δ(ξ)) which results in a two-beam
interferogram Ii = Ii(δi) after spectral integration by the detector2. Discrete FT of
Ii(δi) then yields the discrete spectrum Ii(ν̃i).

Here, resolution depends on the maximum OPD in the sampled measurement signal.
The SWR is limited on the high frequency side by the Nyquist-Shannon theorem, i.e.,
how densely Ii(δi) is sampled in δ-space. Since all bands are recorded simultaneously
FT spectrometers possess a multiplex advantage for their SNR compared to filter
spectrometers.

2A constant background is additionally superimposed on the oscillating interferogram.
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2.1 Categorization of miniaturized spectrometers by detector type

In case of the Michelson interferometer mentioned before, the movable mirror per-
forms a mapping of OPD to mirror position which is subsequently mapped to the
temporal domain. Hence, measurement takes place with a single detector at discrete
time intervals.

Other spectral elements

Apart from these two common choices which correspond to well-known spectrom-
eter types, other possibilities exist for the sensing matrix T (ν̃, ξ) which, similar to
FT spectroscopy, require some form of spectral reconstruction to yield the discrete
spectrum Ii(ν̃i). For example, T (ν̃, ξ) can take the form of a Hadamard matrix
so that Ii(ν̃i) is recovered by an inverse Hadamard transform [32]. Since several
wavenumber channels contribute to each ξi, there is a similar multiplex advantage
for the SNR as in FT spectrometers.

Recently, compressive sensing theory has also been used to reconstruct a discrete
spectrum Ii(ν̃i) with a higher number of spectral bands than acquired in the measure-
ment Ii(ξi) [33, 34]. In compressive sensing, given a known sensing matrix T (ν̃, ξ),
non-linear optimization is used to reconstruct the discrete incident spectrum Ii(ν̃i)
which gives the best approximation to the measured signal Ii(ξi) [35]. As there are
infinite solutions to this problem due to the reduced dimensionality of Ii(ξi) com-
pared to Ii(ν̃i), optimization includes a regularization term constraining the norm
of Ii(ν̃i). In other words, the incident spectrum Ii(ν̃i) is expected to be the function
with minimal complexity which would lead to the measured signal Ii(ξi) [35].

Based on this categorization, there is a total of six classes which the miniaturized
implementations presented in the following can be attributed to. As discussed before,
the choice of ξ leads to either array detectors for ξ = r or single pixel detectors for
ξ = t. Due to the resulting implications on the available spectral range for low-cost
spectrometers, these two cases will be discussed separately in the following.

2.1.2 Static spectrometers with array detectors

Miniaturized spectrometers with array detectors have been realized using a variety
of spectral elements with the devices ranging from pure research samples to readily
available products. Table 2.1 (top part) gives an overview of some selected devices
including their spectral element, coarse spectral range and original manufacturer or
research institute, respectively. For reasons clarified below, the NIR range below

9
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2.1 Categorization of miniaturized spectrometers by detector type

has been denoted explicitly as short wave infrared (SWIR)3. A detailed
discussion of the listed devices is far outside the scope of this thesis. Therefore,
only the most important aspects will be covered here and the reader is referred to
the cited literature and datasheets for further information. As an illustration of the
working principles, Fig. 2.2 provides schematic drawings of the different concepts.

Analogously to conventional laboratory spectrometers, a grating can be used as
the spectral element in combination with focusing optics to disperse the incident
spectrum in the spatial domain. For a fixed grating, an array detector placed in
the image plane then samples the spectrum at discrete positions (Fig. 2.2 (a)).
This approach was pioneered by Ocean Optics in the 90s [4]. Nowadays, there are
various other suppliers (Avantes, Wasatch Photonics, etc.) who offer cigar-box-
sized, i.e., portable, fiber-coupled spectrometers. These devices are high-precision
scientific instruments available for a variety of spectral ranges at prices of several
thousand dollars. Miniaturization of grating spectrometers, e.g., by microoptics such
as nanoimprinted gratings on convex lenses have led to thumb-sized modules sold
by Hamamatsu suitable for integration into mobile measurement equipment [37].

A grating, being a diffractive optical element, maps wavelength to diffraction angle
so that a focusing element is necessary to focus the image located at infinity to the
detector plane. Therefore, at least one focal length of optical path is needed inside
the device. As a means to shrink spectrometer size, wavelength filters have been
integrated directly on the detector. This can be achieved by a linear variable filter
(LVF) which is essentially an FPI with a wedged shaped optical gap, thus possessing
spatially varying transmittance (Fig. 2.2 (b)). Such a filter can directly be bonded to
a linear detector array as it is done by Viavi for example [27]. Alternatively, a discrete
array of interference filters (Fig. 2.2 (c)) can be integrated on a 2D imager resulting
in compact devices with a height below . A popular example is the SCiO scanner
sold by Consumer Physics which raised two million dollars of crowdfunding in less
than a month in 2014 [52]. Recently, integration of such a scanner in a smartphone
has been announced showing the enormous potential for miniaturization [53].

Apart from spectral elements with a bandpass behavior, static FT spectrometers
have been proposed as well [28]. As an example, a Savart polariscope consisting
of two birefringent crystals sandwiched between two polarizers can be used to map
OPD to transmission angle. A focusing lens then performs mapping to the spatial
domain which results in an interferogram on a 2D imager (Fig. 2.2 (d)).

3There is no consistent nomenclature regarding spectral ranges in the IR and the boundaries
often depend on the scientific field. For spectroscopy, it is common to subdivide MIR and NIR at
. ( − ) since this is where the range of fundamental vibrations ends [51]. The further

division at . then stems from the silicon detector sensitivity limit.

11



Chapter 2. Overview of miniaturized spectrometers

Figure 2.2: Schematic representation of the static spectrometer concepts with array de-
tectors listed in Table 2.1. Black boxes represent array detectors, colored arrows represent
light of different wavelength.

Last, filter arrays with more complex transmission behavior than a bandpass filter
(enabling a multiplex advantage to some extent but needing spectral reconstruction)
have been demonstrated (Fig. 2.2 (e)). This was, e.g., achieved by an array of
colloidal quantum dots of varying size dispensed on a detector [29]. Alternatively,
nanostructured arrays exhibiting varying plasmonic resonances have been employed
[40].

Despite these apparent differences in the spectral elements, the common principle
of dispersing spectral information in space with subsequent detection by an array
detector has certain consequences. Most importantly, it eliminates the need for
moving components. Therefore, all of the aforementioned concepts remain static
after assembly. This is a huge advantage in terms of ruggedness of a potential
product. In the simplest case, the components are aligned, glued and then maintain
their calibration. Secondly, spectra can be taken in a snap-shot manner with all
channels illuminated at the same time instead of acquiring one channel after the
other.

Regarding spectrometer size, the footprint cannot become smaller than the detector
area. However, the most important drawback is related to the restrictions of the
spectral range of detector sensitivity. While Si imagers are available at low cost due
to their widespread use as cameras in the visible range, other detector materials
such as Ge and InGaAs are significantly more expensive. For example, a ”low-cost”
256 pixel linear uncooled InGaAs detector costs several hundred dollars [54]. This
is precisely why those spectrometers in Tab. 2.1 which aim at low-cost devices cover
only the SWIR spectral range up to approximately . Indeed, this is the
typical cut-off wavelength for silicon detectors given by the material’s band gap [55].

It cannot be excluded that these prices will drop in the future either due to an
increasing demand for infrared detectors or advances in semiconductor technology.
However, until then spectrometers based on array detectors won’t be available above
the silicon absorption edge at low cost. In section 2.2, it will be discussed that mole-
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2.1 Categorization of miniaturized spectrometers by detector type

cular signatures in terms of absorption bands become weaker towards shorter wave-
lengths. Therefore, the need to use silicon array detectors for low-cost applications
imposes significant restrictions from a spectroscopic point of view.

2.1.3 Tunable spectrometers with single detectors

As discussed in section 2.1, spectrometers can also be realized with tunable spectral
elements which provide spectral information in the temporal domain. Hence, the
measurement signal can be sampled with a single detector over time. Similar to
the previous subsection, several proposed or available miniaturized spectrometers
will first be presented following the overview in Table 2.1 with schematics shown
in Fig. 2.3. A general discussion of common characteristics of these devices follows
afterwards.

Bandpass filters can be engineered as tunable spectral elements. While this is the
typical implementation of a laboratory grating spectrometer, i.e., a Czerny-Turner-
monochromator with a detector, tunable grating miniaturized spectrometers are an
exception rather than the rule. One of these is fabricated by Fraunhofer IPMS and
has lead to commercialization by a spin-off called HiperScan GmbH. It is based on
MEMS technology and employs a scanning grating which is resonantly driven by
comb electrodes [12, 56]. Thereby, the diffraction angle which is directed onto the
single InGaAs detector is periodically changed (Fig. 2.3 (a)). The concept has been
miniaturized considerably down to the size of a sugar cube [12].

More commonly, tunable MEMS FPIs consisting of two highly reflective mirrors
are employed as bandpass filters by a variety of companies and research groups
(Fig. 2.3 (b)). Since the remaining part of this thesis will deal exhaustively with
MEMS FPIs and a more detailed overview on existing concepts is given in section 4.1,
FPIs won’t be discussed further at this point.

Recently, two evanescently coupled photonic crystal membranes have been demon-
strated to function as a spectrometer [47]. The photonic crystals are 2D patterned
into a pin-diode structure containing quantum dots. As opposed to the other pre-
sented concepts, the photocurrent generated in the intrinsic layer is used for detec-
tion, i.e., readout is integrated into the spectral element. The wavelength-dependent
coupling between the photonic crystal membranes (and the resulting photocurrent)
strongly depends on their separation and can therefore be tuned by an actuation
voltage.

Regarding FT spectrometers, a MEMS version of a Michelson interferometer has
been demonstrated by Si-Ware Systems [13] (Fig. 2.3 (c)). Beamsplitter and mirrors
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Chapter 2. Overview of miniaturized spectrometers
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Figure 2.3: Schematic representation of the tunable spectrometer concepts with single
detectors listed in Table 2.1. The single detector is represented by a black box, colored
arrows represent light of different wavelength and the tunable element is marked by t.

are formed by vertical sidewalls of silicon trenches, metalized in the case of mirrors.
The movable mirror is suspended by an elastic beam and is actuated in-plane by a
combdrive electrode in order to provide the required stroke. Light travels in-plane
in trenched recesses of the substrate. The usage of an FT concept enables a broad
SWR from to with an extended InGaAs detector [48].

Another implementation of an FT spectrometer employs a liquid crystal cell where
the birefringence of the liquid crystal can be tuned electrically [31]. This allows
the OPD between the ordinary and extraordinary transmitted beam to be changed
electrically without requiring mechanical movement (Fig. 2.3 (d)). It should be
mentioned that the concept aims at hyperspectral imaging (HSI) with a Si detector
array. However, since sampling of the spectral information happens in the temporal
domain, it belongs to the single detector category. A major drawback is the large
time constant for changing the birefringence and the strong temperature dependence
of the optical properties of the liquid crystal.

Using their own DLP technology, Texas Instruments has realized a versatile spectro-
meter concept which employs a fixed grating as the spectral element but requires only
a single detector. The DLP is placed in the image plane of the focusing element and
redirects the desired wavelength range onto the detector [50] (Fig. 2.3 (e)). Thereby,
the device can be operated as a bandpass type spectrometer (with selectable reso-
lution and SNR) when individual bands or ranges of bands are imaged sequentially
onto the detector. However, the mirror can also be used to encode a Hadamard
mask which increases the SNR at a given integration time. Such DLPs are currently
expensive so that the evaluation module is priced above $ [57].

A relatively new approach which has not been assembled to a miniaturized device
yet, but shows the respective potential is based on compressive sensing. A tuna-
ble FPI operated in high interference order and thereby possessing multiple pass
wavelengths in the spectral range of interest is used as the spectral element [33]
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2.1 Categorization of miniaturized spectrometers by detector type

(Fig. 2.3 (f)). Reconstruction of the incident spectrum is then achieved by the
methods outlined in section 2.1.

Since all of the concepts described in this subsection only need a single detector
element, they possess a cost advantage compared to array detector concepts in those
spectral ranges where detector area is the main cost driver in the spectrometer
system, i.e., in the NIR above the Si absorption edge. Therefore, most of them are
designed for the NIR or longer wavelengths. Depending on the architecture, having
only a single detector is also an advantage regarding the footprint of the device.

It should also be mentioned that among the scanning solutions, FPIs and liquid
crystal FT spectrometers can be used as filters for HSI. This is true if their apertures
can be fabricated large enough to be placed in front of an imager [31,42,58]. Thereby,
the spectral dimension can be encoded in a hyperspectral datacube without loosing
spatial resolution as it would be the case for HSI based on an array detector concept.

Nevertheless, there are also disadvantages related to tunable spectrometer concepts.
Containing mechanically moving parts implies an increased amount of failure sources
compared to static spectrometers. Drift of the device calibration over time also
needs to be considered more often than for static concepts. Last but not least,
active tuning of the spectral element (possibly with feed back control) requires more
complex electronics.

Apparently, none of the spectrometer concepts discussed here can be claimed to be
uniquely superior to the others. The relative weight of the respective advantages
and disadvantages depends mainly on the target application. However, it can be
concluded that the intended spectral range can give a good indication for the detector
type if low cost is required. Cheap array detector solutions can at the moment
only be realized at wavelengths below where Si detectors are available.
Above , detector area is an important cost driver favoring single detector
spectrometers.

Accordingly, a central question for every application of miniaturized spectrometers is
which the part of the electromagnetic spectrum the desired information can be found
in. It turns out that the NIR between and is particularly suited for
many practical applications as will be discussed in the following. Apparently, this
does not exclude neither single nor array detector concepts, so that a closer look
at this spectral range is required. The following section therefore aims at giving a
basic understanding of the structure of NIR absorption spectra and highlights some
of the possible applications which can be addressed by miniaturized spectrometers.
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Chapter 2. Overview of miniaturized spectrometers

2.2 Principles of near infrared spectroscopy and

its applications

Absorption in the NIR spectral range ( - ) is dominated by so-called
overtones and combinations of fundamental vibrational excitations which reside in
the MIR. The origin of these absorption bands can best be understood by first
reviewing the interaction between a diatomic molecule and electromagnetic radiation
in the simplest approximation. Overtones and combinations then follow when higher
orders in the respective expansions are considered.

Absorption of a photon by a molecule requires a transition of the molecule from an
initial state ψ into an excited final state ψ in order to obey energy conversation.
Within the so-called dipole approximation, the relevant matrix element in Fermi’s
Golden Rule which determines the transition rate Γ→ is given by [59]

Γ→ ∝
∣∣∣∣∫ ψ∗Mψ

∣∣∣∣2 , (2.1)

where M is the dipole moment operator. The frequency ν, that the respective
transition absorbs photons at, is ν = (E − E )/h, where E and E are the energy
levels of final and initial state, respectively and h is Planck’s constant.

As a first approximation, the atomic potential for small displacements x around
the equilibrium position can be regarded as harmonic so that the orthogonal basis
for the wave function ψ are Hermite polynomials Hn(x), where n is the polynomial
order.

The dipole moment can be expanded as a Taylor series M(x) = M0 + M1x +
0.5 ·M2x

2+ ... where Mj denotes the j-th derivate of M with respect to x. Due to
the recursive relation of Hermite polynomials

xHn(x) =
1

2
Hn+1(x) + nHn−1(x), (2.2)

the j-th expansion order in the Taylor series for M couples Hermite polynomials
differing in order by Δn = j in the matrix element Eq. 2.1. Therefore, if M(x)
was only a linear function in x, absorption would only take place at a frequency
ν0 corresponding to the energetic difference between the equi-spaced energy levels
of the harmonic oscillator. This so-called fundamental transition lies in the MIR
spectral range.

Absorption bands in the NIR now stem from taking into account higher orders in the
approximations above [51]. Anharmonicity in the atomic potential consequently re-
sults in the basis functions not being pure Hermite polynomials but a superposition.

16



2.2 Principles of near infrared spectroscopy and its applications

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Wavelength (nm)

CH3
CH2
CH

H2O
ROH
RNH2
ArCH

Combinations1st overtone2nd overtone3rd overtone
End of silicon
detector range

End of InGaAs
detector range

S
ta

rt 
of

 In
G

aA
s

de
te

ct
or

 ra
ng

e

Figure 2.4: Selected overtones and combination absorption bands of functional groups
in the near infrared spectral range. Assembled from data in [60]. The end of the sensitivity
range for silicon and non-extended InGaAs detectors is marked by dashed lines.

This so-called mechanical anharmonicity shifts the energetic levels and allows cou-
pling from the fundamental to higher energy levels [61]. Additionally, higher orders
in the dipole moment operator directly couple Hermite polynomials with Δn > 1
which is known as electrical anharmonicity. Such transitions at higher frequencies
are then called overtones of the fundamental absorption.

Since overtones stem from higher expansion orders, their strength naturally de-
creases with increasing separation from the fundamental transition. Therefore, NIR
absorption is by orders of magnitude weaker than the fundamental MIR absorp-
tion [51]. Additionally, in polyatomic molecules coupling is also possible between
different vibrational modes (stretching, bending, etc.) which then leads to so-called
combination absorptions.

Anharmonicity is most pronounced for hydrogen bonds X-H which is why they are
most easily observed in NIR absorption spectra [61]. Figure 2.4 gives an overview of
the NIR absorption bands of several common molecular functional end groups [60].
More complete tables including less common bonds can be found, e.g., in [62].

It can be seen that the NIR spectral range can roughly be clustered into subregions
corresponding to combination vibrations, 1st, 2nd, 3rd overtone and so on. Higher
order overtones essentially replicate the spectral signatures of the less energetic lower
overtones, however with a weaker absorption strength. Moreover, the SWIR acces-
sible by Si detectors is dominated by relatively weak 3rd and 4th (not shown in
graph) overtones with minor contributions from 2nd overtones. Non-extended In-
GaAs detector are sensitive over the 2nd overtone range and a major part of the
first overtones. The full 1st overtone range and combination bands can be detected
by extended InGaAs detectors.

Additionally, the energetic position of an absorption band does not only depend on
the bond, but also on the chemical surrounding. For example, C-H in an aromatic
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Chapter 2. Overview of miniaturized spectrometers

molecule absorbs at different wavelengths than it is the case for C-H in aliphatic
compounds [61].

These principles regarding the origin of NIR absorption have some important conse-
quences for applications. First, due to the reduced absorption coefficient, NIR radi-
ation has a significantly larger penetration depth in materials compared to strongly
absorbed MIR radiation [15]. Therefore, long path lengths are possible in transmis-
sion measurement configuration, i.e., larger samples can be used for measurement.
Furthermore, measurement of diffuse reflectance from scattering and absorption deep
in the bulk of a sample is possible without being too sensitive to the surface. This is
an advantage for measurements on natural products such as fruits or grains where
the skin or peel is of less interest compared to the inside [4]. It also means that
measurements can be conducted non-destructively on solid samples.

Additionally, for an inhomogeneous sample a long path length essentially leads to
averaging the absorption over a large volume. Therefore, NIR measurements are
relatively independent of the actual measurement position reducing necessary efforts
for sample preparation. This also explains why NIR spectroscopy is particularly
popular for natural products which are inherently inhomogeneous [4]. However, it
should be noted that weak absorption also leads to a lower limit for detection in the
range of . to . Accordingly, trace components such as allergens are likely to
be undetectable [6].

If the sample is inhomogeneous, the bonds contributing to NIR absorption are typ-
ically present in a range of different chemical environments. Therefore, spectral
features are significantly broadened compared to sharply resolved vibration spec-
tra in the MIR. Accordingly, resolution requirements for NIR spectrometers are
rather moderate. For example, resolution is sufficient for many analyses
on natural products [4] and moisture detection can be performed at even lower
resolution [15]. The possibility to gain valuable information without needing high
performance equipment makes the NIR particularly attractive for miniaturized spec-
trometers.

Due to the large number of possible overtones and overlapping broad spectral fea-
tures, NIR spectra are typically smooth with only few clearly resolved features.
Compared to the MIR, where certain vibrational contributions can clearly be iden-
tified by their absorption peak position, it is almost impossible to interpret NIR
spectra manually. Therefore, computational multivariate data analysis techniques
such as principal component analysis for classification or partial least-squares re-
gression for quantification are typically used [15,61].

The aforementioned characteristics make NIR spectroscopy a preferred method when
inhomogeneous samples need to be analyzed rapidly without extensive sample prepa-
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ration. Therefore, agriculture and food industry (where specimens to be analyzed are
typically organic, thus containing abundant C-H, N-H and O-H bonds) were among
the first non-scientific users of NIR spectroscopy [15]. Naming just a few examples,
NIR spectroscopy has been used for measuring fat content in milk [63], detecting
different species of tea [64], predicting nitrogen content and pH value both in soil
and fertilizer for precision agriculture [65] and reveal melamine additions in milk
powder [66]. Detection of food adulteration in raw materials in general can greatly
benefit from NIR spectroscopy [67]. Furthermore, pharmaceutical substances can
accurately be quantified [68].

It is hard to make general statements regarding the required NIR spectral range for a
material analysis since in principle each overtone should contain similar information.
Whether or not the reduced SWIR range with their weak 3rd overtones is sufficient
depends on the given application. However, the amount of information which can be
gained by InGaAs detectors is clearly larger. Indeed, for polymers and biomolecules
most analytical applications make use of the range above [51]. Therefore,
this thesis will focus on FPI-based spectrometers in order to make this spectral range
accessible at low cost as will be motivated in the next section.

2.3 Conclusion: Fabry-Pérot interferometers for

low-cost miniaturized NIR spectrometers

From the previous section, it is clear that NIR spectroscopy is a versatile tool which
can help to gain information about chemical material composition in manifold ap-
plications. Relaxed requirements regarding spectral resolution make spectroscopy
in the NIR predestined for small-scale devices with reduced performance compared
to high-end laboratory equipment.

Despite considerable cost reduction due to miniaturization, available devices are
still too expensive and large for widespread adoption by consumers. It has been
extensively discussed in section 2.1 that low-cost devices which rely on a static ar-
chitecture are limited to the Si detector sensitivity range below . Certainly,
there are startup companies such as Consumer Physics with their SCiO scanner [10]
who target such a solution. However, the spectral range accessible by InGaAs de-
tectors contains more and especially stronger absorption bands. Cost restricts the
class of possible implementations for this spectral range to tunable spectrometers
with single detectors. From the approaches presented in Table 2.1, spectrometers
based on tunable FPIs combine several attractive advantages such as
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• mature, scalable MEMS technology for production (see section 4.1 for more
details)

• high potential for miniaturization due integration of flat FPI filter elements
close above the detector

• comparably large SNR [68]

• extension to HSI devices using the same filter technology in front of imaging
sensors

However, there is a major limitation of tunable FPI-based spectrometers, namely
that present devices exhibit a small SWR compared to other concepts (see discussion
in chapter 4). More specifically, product grade FPIs have a SWR of roughly ±
around their center wavelength [69].

Indeed, the performance for quantifying components in a pharmaceutical formu-
lation has recently been compared for several handheld NIR spectrometers (Viavi
LVF-, Texas Instruments DLP-, Si-Ware MEMS FT- and Spectral Engines FPI
spectrometer) [68]. In the study, a reduced accuracy of predictions for the FPI has
explicitly been attributed to the small SWR from to covering only
the first C-H overtone range and a few O-H combinations.

It can therefore be expected that increasing the SWR of FPI-based spectrometers, so
that they can cover a larger range of absorption bands, would be highly beneficial for
spectroscopic analyses. It is precisely the aim of this thesis to identify the root causes
which limit the SWR, propose solutions that can overcome these limitations and
fabricate respective proof-of-principle devices. In order to do so, it is first necessary
to review the physics behind FPIs which will be done in the next chapter.
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Chapter 3

Fundamentals of Fabry-Pérot
interferometers

The Fabry-Pérot interferometer as such has been known for over a century [70]
and without doubt ranks among the most influential optical devices in modern
physics [71]. Since its invention, FPIs or more generally speaking high-finesse Fabry-
Pérot cavities have found numerous applications starting from resolving the hyper-
fine structure of atomic emissions [71, 72] in the early 20th century. Later on, they
were employed as laser resonators while nowadays there are also used to study light-
matter interaction in modern cavity quantum electrodynamics (QED) [73,74].

Due to its high importance at least a basic analytical description is contained in most
textbooks on optics [75,76]. For most applications, FPIs are designed as high-finesse
cavities which are operated at a high interference order. In this thesis, however, a
tunable bandpass filter with moderate resolution but broad SWR is needed (see
discussion in the previous chapter). This mode of operation differs to some extent
from the aforementioned usage since it requires both a lower interference order and
finesse. Therefore, this chapter introduces the fundamentals of FPIs with special
focus on these aspects. Another excellent introduction to the topic regarding MEMS
FPIs can be found in [77].

Starting from the theoretical concept of an ideal FPI, the basic formulae are reviewed
in section 3.1 both as a reference for the reader and for introducing the notation used
in this work. Subsequently, deviations from the ideal case in a real interferometer
and their influence on transmittance will be discussed in section 3.2 since their
experimental characterization will play a central role in chapter 7. The chapter
ends with a description of FPIs based on distributed Bragg reflectors (DBRs) in
section 3.3 as they are the type of mirror which is used in this thesis.
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3.1 The ideal Fabry-Pérot interferometer (FPI)

A schematic of an ideal FPI is depicted in Fig. 3.1 (a). It consists of two highly
reflective parallel mirrors A and B, separated by a gap d which will be referred
to as the optical gap in the following. Such a configuration is also known as a
Fabry-Pérot etalon when consisting of two fixed coated mirror plates.

When an electromagnetic wave is transmitted through the FPI it is reflected multi-
ple times within the cavity so that the final transmitted wave is a superposition of
many interfering contributions. Hence, the FPI is a multiple-beam interferometer
in contrast to two-beam interferometers such as a Michelson or Mach-Zehnder in-
terferometer. Thereby, much sharper interference fringes can be obtained which is
the primary reason for the large resolving powers achievable by FPIs [76].

Any discussion of the FPI has to start with its transmittance spectrum or, in other
words, its fringe pattern which will be provided in subsection 3.1.1. Afterwards,
possible ways of using an FPI as a tunable bandpass filter are presented in subsec-
tion 3.1.2.

3.1.1 The transmittance spectrum of an ideal FPI

The transmittance T through an FPI with mirrors A and B, the transmittance
and reflectance of which are TA, RA and TB, RB, respectively, is given by the so-called
Airy-formula [71,76]:

T =
T

1 + F · 2
(
φ
2

) (3.1)

Here, the maximum transmittance T is given by

T =
TATB(

1−
√
RARB

)2 . (3.2)

The factor F is called coefficient of reflective finesse and is a sole function of the
mirror reflectances:

F =
4
√
R R(

1−
√
R R

)2 (3.3)

Finally, φ is the optical phase acquired during one roundtrip in the cavity which can
be expressed as

φ =
4πn d θ

λ︸ ︷︷ ︸
=φ

−φMA − φMB, (3.4)
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Figure 3.1: (a) Schematic representation of an ideal FPI and propagation of light in a ray
optics picture. (b) Corresponding transmittance spectra depending on the optical phase
acquired in one cavity round trip assuming two ideal mirrors for different values of their
reflectance R.

where n is the refractive index in the cavity1, θ is the angle of incidence and
λ is the incident wavelength. These quantities determine the phase shift due to
light propagation in the cavity φ . Additionally, φMA,MB is the phase shift upon
reflection at mirror A and B, respectively. For the sake of simplicity, the phase shift
upon reflectance will be neglected at the moment (φ = φ ) but its influence will
be discussed in detail in subsection 3.3.2.

In the commonly studied special case of absorptionless equal mirrors (T = T = T ;
R = R = R;R + T = 1), the prefactor reduces to T = 1 and the reflective
finesse becomes F = 4R/(1−R)2. Fig. 3.1 (b) shows a plot of T (φ) for different
mirror reflectances R. The transmittance spectrum T (φ) has 2π periodicity2 with
maxima (also called interference fringes) occurring whenever the sine vanishes, i.e.,
for every integer interference order m with

φm = 2πm. (3.5)

This case corresponds to full constructive interference of the partially transmitted
waves. The separation between consecutive fringes is termed free spectral range
(FSR) and is constant in phase space, namely 2π, independent of mirror reflectance.

Minima occur at φm = 2πm + π (destructive interference) with a transmittance of
T = (1 + F )−1. The contrast C is then defined as

C :=
T

T
= 1 + F . (3.6)

1In this thesis, the medium in the cavity will always be air, so that n ≈ 1.
2Some books use φ′ = φ/2 as their definition for the phase which then results in π periodicity.
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Accordingly, higher mirror reflectance R leads to stronger suppression between the
interference fringes. Furthermore, the peak width expressed as the full width at half
maximum (FWHM ) is also a function of F and can be expressed as3:

FWHM =
4√
F

(3.7)

In the limiting case of R → 1, F diverges and the transmittance spectrum becomes
a series of delta peaks. Mirrors with reflectance below unity impose a less stringent
restriction on the transmitted phase and therefore lead to broader transmittance
peaks. The reflective finesse F of the cavity is defined as the ratio between FSR
and FWHM , i.e., it is a measure for the number of resolvable fringes within one
FSR. F is therefore given by

F :=
FSR

FWHM
=
π

2

√
F . (3.8)

A fringe pattern as it is shown in Fig. 3.1 (b) appears, whenever φ (d , n , θ, λ)
is varied by one of its parameters while keeping the remaining parameters fixed.
The parameter which is varied determines the type of usage of the device. For
example, the dominant configuration used to examine hyperfine splitting in atomic
emission spectra in the early 20th century consisted of fixed etalon plates with a
focusing lens placed thereafter and a photographic plate in its focal plane [78]. When
illuminated with (quasi)-monochromatic light, the phase difference due to different
incident angles leads to a fringe pattern on the photographic plate.4 It was only
realized around the middle of the 20th century that the FPI can be used as a high
resolution band pass filter to build tunable spectrometers with a single detector as
will be discussed in the next subsection [78].

3.1.2 Tunable FPIs as filters for spectrometers

When used as a spectrometer, white light is incident on the FPI so that λ is varied
over a certain range of wavelengths. A fringe pattern in wavelength space appears
for fixed d , n and θ, i.e., transmittance occurs for every wavelength λm that
can interfere constructively. The interference condition for constructive interference
in Eq. 3.5 then reads

λm =
2n d θ

m
. (3.9)

3Since typically F � 1 applies, (φ/2) ≈ φ/2 holds in the vicinity of the interference fringe
where the transmittance drops to 0.5.

4Following the nomenclature of the previous chapter, this essentially is a configuration with
fixed spectral element and spatially extended detector.
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θ → θ +Δθ d → d −Δd n → n +Δn(a) (b) (c)

Figure 3.2: Possibilities for tuning the transmittance of an FPI: (a) change of angle of
incidence θ, (b) change of optical gap d , (c) change of refractive index n ; the corre-
sponding red- or blueshift of the transmittance peak is indicated by a dashed arrow.

It should be noted that since φ ∝ λ−1, fringes are not equispaced in wavelength
space. Therefore, the formulation is in principle more elegant in wavenumber or
energy space. However, since it is much more common to use wavelengths in the NIR
than wavenumbers or another unit proportional to photon energy, the notation here
will stick to wavelengths even though some expressions become more cumbersome
as they depend on the interference order.

The FSR in wavelength space is given by

FSR =
2n d θ

m(m+ 1)
=

λm
m+ 1

, (3.10)

and the FWHM by

FWHM =
4n d θ

πm2
√
F

=
λm
mF . (3.11)

Thus, for a given set of d , n and θ, the FPI acts as a bandpass filter with
multiple passbands. Both, peak width (FWHM ) and peak separation (FSR), are
reduced at higher interference orders. The only means to decrease peak width, i.e.,
increase filter resolution without a simultaneous reduction of FSR can be achieved
by increasing the reflective finesse of the cavity.

In order to be used as a tunable bandpass filter for a spectrometer, a single pass
wavelength instead of multiple ones is required which furthermore has to be tuned
over a certain wavelength range. A static broadband bandpass filter, which sup-
presses all transmitted interference orders m other than a chosen working order, can
be used to ensure a single pass wavelength.

Tuning of the transmitted wavelengths results from changing the interference condi-
tion Eq. 3.9 via one of its parameters. This can be achieved by one of the methods
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depicted in Fig. 3.2. These include changing the angle of incidence θ by tilting
the etalon, changing the optical gap d by displacement of one of the mirrors or
changing the refractive index n by, e.g., changing the pressure of an enclosed gas.

Resolution of a such a spectrometer then depends on the peak FWHM of the chosen
interference order and the SWR cannot exceed the respective FSR. Consequently,
a higher working interference order m leads to better resolution at the expense of
SWR according to Eqs. 3.11 and 3.10. The SWR is further limited by how far the
transmitted peak can spectrally be tuned within its FSR. While all of the methods
depicted in Fig. 3.2 have been used historically [79], only a change of the optical
gap d provides both, a sufficient change of the optical phase for a large SWR and
compatibility with MEMS manufacturing as described in chapter 4.

Explicitly, if a SWR with Δλ = λ , −λ , is given and an interference
orderm is chosen, the optical gap has to be tuned by Δd = mΔλ /2. When the
dispersion of the phase shift upon reflection at the FPI mirrors φ , is considered
as well in subsection 3.3.2, this tuning range Δd will always become larger.

It has been mentioned before that one of the main advantages of an FPI compared
to two-beam interferometric devices is that the large number of interfering rays can
lead to very high resolution. Therefore, in its typical applications, e.g., as a laser
cavity, the Fabry-Pérot cavity is designed for high resolution over a specific, limited
wavelength range. From Eq. 3.10 and Eq. 3.11 and the discussion above it becomes
obvious that in order to reach this high resolution such devices need very high mirror
reflectance R in the vicinity of the working wavelength and can be operated in high
interference order m. The simultaneous reduction of FSR is of minor importance.

It has been discussed in section 2.2 that for NIR spectroscopy, the requirements
regarding spectrometer resolution for resolving vibrational overtones are moderate
(FWHM ≈ ). However, an NIR spectrometer benefits greatly from a large
SWR. Therefore, FPIs in miniaturized spectrometers typically work in low inter-
ference order and need less reflective mirrors which, however, reflect over a broad
spectral range. Some of the resulting consequences will be addressed in the following
sections.

3.2 Peak broadening in a real FPI

In the previous section, the ideal FPI has been introduced as an arrangement of
perfectly parallel mirrors (d = .), which, when illuminated by collimated
light (θ = .) imposes a strict interference condition on the incident light. In
practice, mirrors are not perfectly parallel and the incident light is not perfectly
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collimated [80]. The last point is especially true when considering a handheld device
for analyzing diffuse reflectance from a sample object.

Accordingly, a distribution of d and θ contributes to the interference condition in
Eq. 3.9 which can then be fulfilled by a range of wavelengths, i.e., the transmittance
peak broadens. The effect of these non-idealities on the FPI transmittance will be
discussed in this section. Subsection 3.2.1 introduces the concept of an effective
finesse F which can be used to describe peak broadening for various types of non-
idealities. Subsection 3.2.2 then explains the implications for an optimally designed
FPI under the presence of defects.

3.2.1 Types of defects and their contribution to the effective
finesse

Deviations from the ideal FPI configuration are commonly referred to as defects.
Generally speaking, any kind of defect leads to a phase distribution G(φ) with
finite width, so that the effective transmittance T , of the FPI is given as the
convolution [80–82]

T , =

∫
T (φ′) ·G (φ− φ′) φ′, (3.12)

with T being the ideal FPI transmittance from Eq. 3.1. If G(φ) has a finite width,
i.e., in the presence of defects, T , will consequently be broader than T . It can
be shown that for practical reflectances found in an FPI the effective width of the
broadened transmittance FWHM can be calculated using [81]

FWHM2 = FWHM2 + FWHM2 , (3.13)

where FWHM is the width of the defect distribution G(φ). An important con-
sequence is that FWHM is always larger than its individual components so that
the defect contribution may become the dominant broadening factor for high mirror
reflectances [78].

Just as a reflective finesse F can be assigned to the ideal cavity with FWHM ∝ F−1,
a defect finesse F can be used to describe additional broadening due to defects.
The real FPI can then approximately be described by an effective finesse F obeying

F−2 = F−2 +
∑
j

F−2
,j, (3.14)
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F = λ√
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Figure 3.3: Possible types of defects in a real FPI that lead to broadening of the transmit-
tance peak including their corresponding defect finesses. Bow (a), tilt (b) and roughness
(c) lead to a local variation of the cavity length and thereby the wavelength that can inter-
fere constructively. For divergent incidence of light (d) the distribution of incident angles
leads to a distribution of transmitted wavelengths. In close correspondence to [14,83].

where it has been assumed that a number of different, statistically uncorrelated
types of defects j is present, each with its own defect finesse F ,j [81].

If the distribution function of a specific kind of defect is known, the respective defect
finesse can be calculated. Figure 3.3 depicts four kinds of defects which are typically
reported for FPIs together with their corresponding defect finesse [79]. They can be
categorized as either being geometric defects which alter the optical gap distribution,
or an angular defect which stems from a finite cone angle of the incident light.

Geometric defects are due to imperfections in the fabrication process of an FPI. In
a simple picture they can be viewed as a source for different optical gap widths over
the aperture area, so that every position of the FPI transmits a different wavelength
as depicted by the colored arrows in Fig. 3.3. Historically, the geometric defect
finesse could hardly exceed F = 50 so that it was sometimes termed limiting
finesse [78,80]. Examples for such defects are:

• Bow: Spherical curvature of one or both mirrors due to, e.g., mechanical
stresses of the mirror coatings on the substrate

• Tilt: deviation from parallelism due to misalignment of the mirrors

• Roughness: random fluctuations of the surface profile if the lateral dimensions
are large enough so that the fluctuations can be resolved by the incident light
as different gap contributions
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3.2 Peak broadening in a real FPI

It will be discussed in subsection 4.1.1 that for MEMS FPIs, bow and tilt are of
major importance and it is one of the main tasks for the MEMS design to ensure a
high defect finesse.

It should be noted that the defect finesses for all geometric defects are of the form
F ,j = bj · λ

dj
where dj is the characteristic optical gap variation due to the re-

spective defect and bj is a constant which is related to the distribution function
underlying the defect. In that sense, geometric defects are more detrimental the
shorter the operating wavelength is, i.e., the better the wavelength can resolve the
defect.

An angular defect due to a divergent incidence is less dependent on the actual FPI
but rather on the whole optical system that the FPI is used in. As an example,
the incident angle can be controlled by a pinhole of controllable size followed by
a collimating lens. Due to φ ∝ θ larger angles of incidence lead to a blue
shift of the transmittance wavelength. Therefore, the transmittance spectrum at
normal divergent incidence with a half cone angle θ is blue-shifted compared to
the collimated normal incidence case.

The corresponding defect finesse is F = 2
mθ2

and depends inversely on the inter-

ference order m so that low order interferometers as they will be used in this thesis
are less sensitive to divergent incidence.

It should be noted that at large angles of incidence, not only the broadening due
to the phase distribution has to be taken into account. Additionally, a shift of the
reflector characteristic as well as splitting of the transmission responses for the s-
and p-polarized components of the incident light have to be considered. However, in
such cases F would be impractically low so that they are of no practical relevance
for FPI operation.

3.2.2 Optimization of integral transmittance in the presence
of defects

For handheld spectrometer applications as described in chapter 2, signal intensity
levels at a detector behind the filter can be low due to non-defined illumination and
optical path configurations. This can be problematic in terms of the achievable SNR.
The detected signal is essentially a spectral integral of the transmitted spectrum
according to Fig. 2.1. In order to maximize SNR at a given resolution, one therefore
seeks to maximize integral transmittance at a given FWHM .

In principle, the optical throughput of the filter (and thus SNR) can be increased
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by increasing filter area A or the accepted interval of incident angles. However, as
discussed in the last subsection, an increased cone angle θ of the incident light
directly reduces the divergence finesse. Furthermore, geometric defects such as bow
and tilt typically scale with filter area A so that the respective geometric defect
finesse also decreases. Accordingly, when increasing throughput by these methods,
defect finesses will at one point limit the achievable effective finesse.

If the effective finesse is defect-limited, the actual mirror reflectance is irrelevant
for filter resolution. However, the detected signal level and thus the SNR can still
benefit from a useful choice of mirrors. The reasoning can be shown by simple
consideration of, e.g., a tilted FPI with different mirror reflectances.

In case of such a geometric defect (i.e. a variation of the optical gap within the aper-
ture area) the transmittance T through the full FPI can be calculated numerically
as an area integral over local ideal FPI transmittances T (d (r)) [77, 84]

T = 1/A

∫
A

T (d (r))dA, (3.15)

which is essentially equivalent to the convolution in Eq. 3.12. This requires the
assumption that the gap variation is small compared to the lateral dimensions of
the FPI so that the FPI can locally be regarded as an ideal FPI with parallel mirrors.
It will be shown in chapter 7 that this is the case for the FPIs in this thesis.

Figure 3.4 (a) shows this procedure for two tilted FPIs with a tilt of d =
around an ideal optical gap of d = between rectangular mirrors. This
results in a low defect finesse of F = 20 for first order transmittance at .
The two FPIs differ in their mirror reflectance which is R = 0.96 (F = 77) and
R = 0.98 (F = 155), respectively, i.e., the effective finesse is limited in both cases
by the defect finesse.

After integration of the shifted ideal transmittance peaks (blue), the resulting peaks
(red) are significantly broadened to an FWHM of more than . As the effective
finesse is dominated by the defect finesse, the FWHM differs only by for the
two FPIs. However, the integrated transmittance is by a factor of two higher for the
FPI with lower reflective finesse. Thus, the achievable SNR depends on the choice
of mirror reflectance and can hence be optimized for a given defect configuration.

It can be shown, that in order to maximize transmittance at a given resolution,
the contributions of the different defect finesses should be of equal magnitude [78].
While this statement is only strictly true in case the underlying phase distributions
are equal, it is a sufficiently good rule of thumb for practical design purposes [78].
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Figure 3.4: (a) Transmittance through two FPIs with different reflective finesse in the
presence of tilt. As the broadening due to the large tilt dominates over the broad-
ening due to the reflectance of the mirrors, the FWHM of the average transmittance peak
is almost independent of the reflective finesse. However, the total transmitted intensity
is larger for the FPI with lower reflective finesse. (b) Order of magnitude for mirror re-
flectance, optical gap variation and divergence angle versus the resulting FWHM if the
corresponding contributions to the effective finesse shall be equal for a first order trans-
mittance peak.

Therefore, if there is a limiting defect finesse (which as stated above historically used
to be the geometric finesse), there is no point in further increasing reflective finesse.

This criterion of matched finesses can be used to estimate the order of magnitude of
gap variation d , half cone divergence angle θ and mirror reflectance R to maximize
integral transmittance for a given desired FWHM at a given order and wavelength.
Using Eq. 3.11, equal finesses require

F = F = F =
√
3F =

√
3 · λm
m ·FWHM

. (3.16)

Fig. 3.4 (b) shows R, d and θ calculated from the finesses in Eq. 3.16 for first
interference order and a transmittance wavelength of λ1 = (representing
the actual case for the FPI designed later in this thesis) depending on the resulting
FWHMs. The prefactor 1/2 found for a bow defect has been chosen for the geometric
defect.

As an example, the relevant FWHM -range for NIR spectroscopy from to
requires a mirror reflectance in the range of R = 0.987− 0.974, a divergence

angle in the range of 5 − 8 and gap variations in the range of only d = − .
The small value for the gap variation d illustrates why geometric finesse was his-
torically often the limiting factor. It imposes tight requirements on the fabrication
technology, especially if lateral mirror dimensions are in the millimeter range which
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is the case for typical MEMS FPIs [30, 42] and also the devices fabricated in this
work.

It should be noted that the phase shift upon reflection in Eq. 3.4 reduces the FWHM
so that the values given in Fig. 3.4 (b) should be seen rather as an order of magnitude
estimate than absolute values. However, this aspect will be discussed after DBRs
have been introduced as one option to fabricate mirrors for an FPI in the next
section.

3.3 FPIs based on distributed Bragg reflectors

There is a variety of possibilities to fabricate mirrors for an FPI, some of which
will be presented in subsection 4.1.2. However, DBRs are the most common one,
not only for the present application as broadband reflectors in a MEMS FPI, but
more generally in the field of mirrors for laser cavities. This is due to the fact that
they can be designed for very high reflectance at a desired wavelength without the
absorption losses (and resulting heat generation) inherent to metal reflectors.

Again, the requirements are different here than for typical laser applications. The
last section has shown that a target resolution of FWHM = − in the
NIR requires a reflectance R ≈ 0.97 over a broad SWR while a laser needs very
high reflectance R > 0.99 only in the vicinity of the laser wavelength. Since the
mirrors in this work will be fabricated as DBRs as well, their working principles
will be reviewed in the following and the consequences for a low order FPI will be
highlighted.

3.3.1 Working principles of distributed Bragg reflectors

Generally speaking, a DBR is a stack of alternating thin-films of two materials,
denoted as H and L, where n > n holds for their refractive indices. Hence, H
is also called high- and L low-refractive index material. The thicknesses are chosen
such that they correspond to a quarter-wave optical thickness (QWOT) with respect
to a design wavelength λ at which mirror reflectance shall have its maximum, i.e.,

d , =
λ

4n ,

. (3.17)

A standard DBR is then a (HL)NH stack as shown in Fig. 3.5 (a), i.e., consisting
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Figure 3.5: (a) Schematic representation of a DBR indicating constructive interference
of the reflected partial waves at the design wavelength. (b) Example of the reflectance
and the phase shift upon reflection of a DBR with respect to the optical phase acquired
during a single pass through one of the QWOT layers. Accordingly, there exists a series
of reflectance peaks, i.e., whenever all partially reflected waves interfere constructively.
Simulations have been conducted by the transfer-matrix method [85, 86] using a custom
MATLAB code.

of N periods of alternating H - and L-layers terminated by an additional H -layer so
that the total number of layers is 2N + 1 and the outermost layers have the higher
refractive index. Due to the QWOT layers the propagation phase accumulated
during one round trip by radiation of wavelength λ is exactly π. When taking
into account the π phase jumps for reflection at an interface of higher refractive
index, this results in all partially reflected waves to be in phase when interfering
which in turn leads to a reflectance maximum at λ . This is depicted schematically
in Fig. 3.5 (a), where the respective phases have been assigned to the individual
partially reflected waves. A finite angle of incidence has been used in the drawing
for illustration purposes only.

The full reflectance spectrum of such a DBR for normal incidence is shown in
Fig. 3.5 (b). In analogy to the discussion about phase vs. wavelength as a unit
for FPI transmittance spectra in subsection 3.1.2 the optical phase accumulated
during a single pass through a QWOT layer has been chosen as the main horizontal
axis in order to better illustrate the symmetry. Wavelengths are however given as a
second abscissa on top of the graph, i.e., in this case λ = has been chosen.

The reflectance spectrum shows a reflectance plateau around λ , where the construc-
tive interference condition is still approximately fulfilled before it sharply drops at
the edge of the reflectance plateau. The spectrum is symmetrically reproduced at
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a phase of 2j−1
4
π (j being a positive integer) which corresponds to uneven integer

QWOT layers.

Furthermore, the phase shift upon reflectance at the mirror φ is shown in red. As
discussed above, it is exactly π at λ . In the vicinity of λ , the phase accumulated
during a round trip in a single DBR layer differs slightly from π so that φ for the
coherent superposition of all partially reflected waves differs from π as well. Within
the high reflectance plateau the dispersion of φ can be approximated by a linear
Taylor expansion before it starts to diverge at the edge of the plateau.

The reflectance of a (HL)NH DBR deposited on a substrate of refractive index n
at the design wavelength λ is given by [76]

R =

⎡⎣1− n2N+2

n2Nn

1 +
n2N+2

n2Nn

⎤⎦2

. (3.18)

Maximum reflectance can therefore either be increased by increasing the number of
HL pairs N or by increasing the refractive index contrast Δn = n − n .

The width of the high reflectance zone in phase space Δφ on the other hand is
given by [76]

Δφ = 2

(
n − n

n + n

)
, (3.19)

i.e., Δφ is independent of N and a sole function of Δn. The width of the high
reflectance zone can also be expressed in wavelengths leading to

Δλ = 2λ · Δφ

1−Δφ2
, (3.20)

i.e., if mirrors are operating in different wavelength ranges they can be compared
regarding Δλ /λ .

This dependence of DBR reflectance R on N and Δn is shown in the upper graphs of
Fig. 3.6 (a) and (b), respectively, where R is plotted against wavelength for different
N and Δn. It can be seen that the width of the high reflectance zone becomes more
defined whenN is increased, but does not become broader as expected from Eq. 3.19.
An increase of refractive index contrast Δn on the other hand truly increases the
width of the reflectance plateau.

Phase shift upon reflectance φ is plotted in the lower part of Fig. 3.6. By design,
irrespective of N and Δn, φ = π at the design wavelength λ . Around λ , φ
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Figure 3.6: Dependence of the reflectance characteristic and the phase shift upon reflection
on the number of periods N in the Bragg mirror (a) and the refractive index contrast Δn
between the two layers (b). An increased refractive index contrast increases maximum
reflectance and the width of the reflectance zone while decreasing the slope of the phase
shift dispersion. Increasing the number of periods increases the maximum reflectance and
leads to a faster reflectance drop outside the stopband.

shows the same slope of its dispersion independent of N . In contrast, the slope of
φ depends on Δn with steeper slopes found for smaller Δn.

It should be noted that the considerations above have assumed collimated normal
incidence. Just as it is the case for an FPI, the phase shift between two interfering
partially reflected waves is proportional to θ so that the mirror reflectance char-
acteristic also shifts with angle of incidence θ. Furthermore, at large θ a splitting
into the s- and p-polarized components has to be considered. However, as stated
above, a final FPI will work under normal incidence with a small divergence cone
angle so that such large θ are of no practical importance for the discussion in this
thesis.

The dependence of mirror reflectance on the number of layer pairs N and refrac-
tive index contrast Δn has significant consequences for the optimum choice of the
low-refractive index material for the MEMS FPI discussed in subsection 4.2.1. It is
directly evident that an FPI can only function as a bandpass filter within the wave-
length range of high reflectance Δλ . In that sense, Δλ imposes another possible
limitation for the achievable SWR. Obviously, a certain refractive index contrast Δn
is required in order to ensure that Δλ > SWR.

The dispersion of the phase shift upon reflectance φ influences the FPI transmit-
tance spectrum in a less obvious way. The resulting consequences will be considered
in more detail in the following subsection.
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3.3.2 Influence of the Bragg reflector’s phase shift upon
reflection on FPI transmittance

So far, the contribution of the phase shift upon reflection φ , which occurs once
for each mirror A and B during a single round trip in the Fabry-Pérot cavity has
been neglected when discussing FPI transmittance. This would be justified if mirror
reflection introduced a wavelength-independent phase shift of π as it is the case
for reflection at a single dielectric interface between low- and high-refractive index
material. In that case, reflection at both mirrors would contribute by φ + φ =
2π to the total optical phase in Eq. 3.4 and thereby does not affect the transmittance
spectrum.

The previous subsection has illustrated that for DBR reflectors, φ is π by design
only at the design wavelength λ and shows a characteristic dispersion depending
both on the number of layer pairs N and the refractive index contrast Δn. In high
interference order m, i.e. for large optical gaps d , the wavelength-dependence of
the optical phase φ of a FPI is dominated by the propagation phase φ so that the
dispersion of φ , can be neglected. However, for low interference orders, which
are the relevant mode of operation in this thesis, the phase shifts φ , contribute
significantly [87].

As previously shown in Fig. 3.5 (b), φ can be linearized within the high-reflectance
plateau around ν̃ according to

φ (ν̃) ≈ ∂φ

∂ν̃

∣∣∣∣
ν̃︸ ︷︷ ︸

W

· (ν̃ − ν̃ ) + π (3.21)

where wavenumbers ν̃ have been used for the expansion since φ ∝ ν̃. The expan-
sion coefficient W is always negative and depends on Δn as evident from Fig. 3.6.
Inserting the expansion 3.21 in the expression for the optical phase of the FPI from
Eq. 3.4 yields

φ(ν̃) ≈ (4πn d θ −W −W ) · ν̃ + (W +W ) ν̃ − 2π. (3.22)

Since W , < 0 the dispersion of φ , increases the variation of φ per unit ν̃,
i.e., the transmittance spectrum becomes compressed into a smaller wavenumber (or
equally wavelength) range.

Figure 3.7 illustrates the issue. It shows two simulated normal incidence transmit-
tance spectra of an FPI consisting of two identical DBRs designed for λ = .
The gap is chosen to be d = = 2λ so that fourth order transmittance
occurs at λ .
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Figure 3.7: Transmittance through an FPI formed by two DBRs. The phase shift upon
reflection was only taken into account for the red curve. It leads to a reduction of both
the FSR and FWHM .

The blue curve depicts the transmittance spectrum under the assumption that the
mirrors have constant φ , = π while retaining the DBR reflectance characteris-
tic. The red curve takes the actual dispersion of φ , (λ) for the respective mirror
architecture into account. Since φ , (λ ) = π by design, the transmittance peaks
coincide at λ .

Due to the aforementioned compression into a smaller wavelength range, the third
and fifth order peak occur spectrally closer to the fourth order peak, i.e., the FSR is
reduced [14, 87]. Simultaneously, φ , leads to a reduction of the peak FWHM .
In Fig. 3.7, a variation of the FWHM due to the blue peaks’ position further away
from λ , where mirror reflectance is lower, is superposed.

With respect to an FPI in a spectrometric configuration as described in subsec-
tion 3.1.2 with optical gap tuning, the dispersion of φ , results not only in a
reduction of FSR and FWHM but also in an increased required travel range in order
to tune the transmittance peak over a given SWR. This will have to be taken into
account in the actual MEMS design presented in section 6.1.

However, concerning the impact of geometric defects the dispersion of φ , slightly
lessens the tight requirements presented in Fig. 3.4. This is because the contribution
of φ to φ is independent of variations in d. This opens the interesting possibility
of mirror designs outside the standard QWOT architecture which are optimized in-
tentionally for a large dispersion of φ , in a certain wavelength range and using
these for tunable FPIs with reduced sensitivity to defects and increased resolution at
the cost of a reduced SWR. However, since it is one of the main goals of this thesis
to fabricate FPIs with a large SWR, this approach is not further followed here.
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Figure 3.8: Amplitude of the transmittance peak for an FPI with unequal mirrors. The
loss in transmittance for a given difference in mirror reflectance is more pronounced the
higher the reflectance of the better mirror is.

3.3.3 FPIs with asymmetric mirrors

It has been discussed in subsection 3.1.1 that the maximum transmittance T in
Eq. 3.2 becomes unity for identical absorptionless mirrors. While the absence of
absorption is one of the advantages resulting from using DBRs for FPIs, identical
mirror transmittance and reflectance characteristics cannot always be achieved; at
least not over a broad spectral range. The impact of such an optical asymmetry will
shortly be discussed in this subsection.

As an example, optical asymmetry can occur when the two mirrors cannot be de-
posited on the same substrate so that n differs in Eq. 3.18. This situation will be
encountered in section 6.1 when the design of a single membrane FPI is discussed.
In this case, one of the mirrors is deposited on a silicon substrate and the other
mirror adjoins a half-space of air. The optical asymmetry in the mirrors then leads
to a reduction of T .

Figure 3.8 shows T depending on the reflectance mismatch ΔR between the two
FPI mirrors. Several choices for the reflectance of the higher reflecting mirror are
depicted. It can be seen that transmittance losses are more severe for a given
mismatch, the higher the reflectances involved are.

Apart from the tighter requirements for defect finesse matching at higher mirror
reflectances, this is another reason why for practical purposes very high mirror
reflectances are to be avoided if filter resolution requirements don’t make them
absolutely necessary. In the target range for mirror reflectance of R ≈ 0.97, a
transmittance loss of occurs for a reflectance mismatch of ΔR = 0.026.
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As a consequence, in section 6.1 an optical MEMS design with fully symmetric
mirrors will be proposed which prevents such transmittance losses.

3.4 Summary: Low-order FPIs for tunable filters

with broad spectral working range

Summing up, the fundamentals behind the transmittance spectra of FPIs, both in
the theoretically ideal configuration and in the realistic case under the presence of
defects, have been explained in this chapter. Given the previous discussion, it can
be concluded that a concept suitable for manufacturing FPIs with a broad SWR in
the NIR and a resolution in the range of FWHM = − needs to provide or
enable the following:

• Mirrors with a broad high reflectance zone Δλ , since SWR ≤ Δλ . There-
fore, a material combination with sufficient Δn is required if DBRs are used as
mirrors. A reflectance of roughly R ≈ 0.97 is optimal for matching reflective
finesse to defect finesses.

• Interferometer operation in first interference order for maximizing the FSR,
since SWR ≤ FSR. Hence, positioning of the mirrors with a separation in the
order of half the transmitted wavelength is necessary.

• An actuator capable of displacing at least one of the mirrors in order to change
d by Δd ≥ (λ , − λ , )/2. The phase shift upon reflectance
determines the actual Δd for a given choice of mirrors. Mirror displacement
must be controllable with nanometer precision in order to accurately determine
the transmitted wavelength.

• Parallelism between the mirrors with deviations not exceeding the nanometer
range.

As already stated above, these values have to be seen as rough estimates for the
requirements which will be detailed in the following chapters. There are additional
boundary conditions such as a limitation of the angle of incidence θ to a cone with
half angle in a range between ◦ and ◦. This, however, is a requirement for the
full optical system rather than the FPI alone. Similarly, the minimum mirror area
which provides sufficient optical throughput is a critical parameter but depends on
external factors such as the illumination conditions and the detector type.
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Chapter 3. Fundamentals of Fabry-Pérot interferometers

One possible fabrication platform is microfabricating FPIs as MEMS devices. The
next chapter is therefore devoted to the discussion of the suitability of MEMS tech-
nology to meet the requirements stated above. This will eventually allow to derive
MEMS-specific solution approaches to be tested within this thesis.

40



Chapter 4

Broadband near infrared MEMS
Fabry-Pérot interferometers:
Opportunities and challenges

As discussed in the previous chapters, it is highly desirably to build FPIs working
in first interference order to maximize their SWR and thereby increase the number
of potential applications. However, this imposes tight requirements on the chosen
fabrication technology. As shown in chapter 3, it must first provide mirrors with a
sufficiently large width of their high reflectance zone Δλ . Second, the mirrors must
be displaced with respect to each other with nanometer precision while maintaining
a high degree of parallelism. Above all, these requirements have to be met at small
device dimensions and low cost.

MEMS technology offers the advantage of providing mature deposition techniques
enabling mirror fabrication with nanometer control of the individual layer thick-
nesses as well as established types of actuators allowing mirror movement to be pre-
cisely controlled. Furthermore, MEMS fabrication favors planar device geometries
such as an FPI due to large-area material deposition and subsequent structuring by
photolithography and anisotropic etching. Hence, batch fabrication of many devices
on a single substrate is possible, which in turn reduces unit price. Therefore, MEMS
FPIs have been a research topic starting around the late 1980s [88] with increasing
activity in recent years [89].

This chapter starts with an overview of the state of the art of MEMS FPIs in
section 4.1. Differences between published designs are highlighted and the resulting
advantages and disadvantages for device performance are addressed. Based on this
discussion and knowledge from previous chapters, current limitations for the SWR
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as well as the parallelism between the FPI mirrors in surface-micromachined FPIs
are pointed out in section 4.2. Subsequently, in section 4.3, a solution strategy for
circumventing these limitations is proposed both regarding the choice of materials
and device architecture. This defines the research questions for this work which will
be answered during the remaining chapters of this thesis.

4.1 State of the art of MEMS FPIs

Over the last years, MEMS FPI designs covering different subranges of the elec-
tromagnetic spectrum from the UV [90] to the thermal infrared (TIR) [91] have
been demonstrated. Their maturity ranges from research samples [46, 90], to pack-
aged filters [16, 30] with a detector and full spectrometer modules including a light
source [11] or even a battery and cloud connectivity [92].

The actual design is often a direct consequence of the chosen spectral range, e.g.,
because absorption may limit the choice of available substrates and mirror materials
or because achievable layer thicknesses may be limited by technological constraints.
Simply speaking, it is impossible to propose an ideal FPI design which is suitable
for all wavelength ranges.

However, state-of-the-art MEMS FPIs can be categorized with respect to both their
micromachining platform and their mirror design independent of their target SWR.
The first point leads to the comparison between surface- and bulk-micromachined
FPI concepts in subsection 4.1.1. These share respective advantages and disadvan-
tages and therefore impose certain architectural constraints which will briefly be
discussed.

Next, a short discussion of possible types of mirror designs follows in subsection 4.1.2.

Finally, some of the designs including their performance indicators which have been
published in literature will be analyzed more closely in subsection 4.1.3. This also
serves as an overview which the performance of the proposed and fabricated devices
in this thesis can be benchmarked against. An excellent introduction to the topic
can also be found in [77,89].

4.1.1 Surface vs. bulk micromachining approaches

MEMS FPIs can be fabricated either by following a surface- or bulk micromachining
approach. In surface micromachining, thin films are deposited onto a substrate,
typically a silicon wafer, and subsequently patterned by lithography and anisotropic
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U d d
U d d

Figure 4.1: Schematic cross sections of an FPI realized using (a) surface micromachining
and (b) bulk micromachining. Equal colors refer to equal elements. Adapted from [89].

etching of the deposited films. Mechanical functionality is introduced by a release
etch step, which removes a sacrificial layer to create a movable functional layer. In
contrast, in bulk micromachining the substrate itself is patterned by wet and dry
etching in order to create recesses, plateaus and caverns which additional layers can
be deposited on [93].

Both approaches have been successfully used to fabricate FPIs [89]. In both cases,
tuning of the optical gap d can conventionally be achieved by actuating one of the
mirrors electrostatically via the attractive capacitive force between opposing elec-
trodes. It has to be mentioned though that there exists a variety of other actuation
mechanisms [94] and FPIs with, e.g., electromagnetic [95, 96] actuators have been
demonstrated. However, all mature FPI concepts employ electrostatic actuators so
that the following discussion will be limited to these. Accordingly, Fig. 4.1 shows
two typical schematic cross sections for a surface- and a bulk-micromachined FPI
with electrostatic actuation, respectively.

A standard surface-micromachined FPI consists of a substrate mirror, which is de-
posited directly onto the substrate, a sacrificial spacer layer and a top mirror. After
patterning of release holes in the top mirror, the sacrificial layer can be removed
by etching, i.e., the top mirror is released as a membrane. Actuation of the mem-
brane mirror towards the substrate mirror is achieved electrostatically by applying
an actuation voltage U between the electrodes in top and bottom mirror. This
electrode can be realized as a ring in order to prevent warping of the membrane
during actuation in the optical area [69, 84, 97]. An antireflection coating can be
used on the backside of the substrate in order to minimize reflection losses [43].

In bulk micromachining, the mirrors are deposited on two separate substrates. These
can be patterned before mirror deposition in order to form separate recesses for the
mirror area and the electrodes [98]. Spring structures are patterned around the mir-
ror mesa of the movable mirror in order to provide a spring with a specific spring
constant [83]. The backside of the substrate wafers can be coated with an antire-
flection coating, which serves again to suppress reflection losses at the substrate/air
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interface [83]. As a final step, the substrate wafers are bonded together in order to
form the cavity [83,98]. During actuation, the movable upper mirror is electrostati-
cally pulled towards the lower mirror.

The last chapter has shown that an FPI with broad SWR requires two parallel
mirrors, i.e., free of significant warp, tilt and roughness. In first order operation
they need to be separated by an optical gap d of roughly half the transmittance
wavelength and this gap needs to be changed by roughly a factor of two by the
actuator. The following discussion about the differences between bulk- and surface-
micromachined FPIs with respect to these factors shall clarify the functional rela-
tionships in order to motivate the later choice for a surface-micromachined approach.
A more detailed treatment will follow during the actual MEMS design in chapter 6.

Mirror flatness
Bulk: The movable mirror is deposited
on a thick mesa structure which will be
deformed by any residual stress in the
mirror layers. The mirror should there-
fore be free of mechanical stress.

Surface: In order to prevent the re-
leased membrane mirror from buckling,
it needs to be in a state of slight tensile
stress.

Tilt and initial optical gap d ,

Bulk: The initial optical gap d , is de-
termined by the thickness of the bond-
material or, in case of direct wafer bond-
ing, by the depth of the mirror plateaus.
Precise uniformity and thickness control
of the bondmaterial is required for paral-
lel alignment at a fixed d , . For a large
coefficient of thermal expansion (CTE)
of the bondmaterial, d , may shift with
temperature [77].

Surface: The initial optical gap d , is
determined by the thickness of the sac-
rificial layer. Homogeneous deposition
with a well-known rate is necessary for
achieving parallel mirrors at a desired
separation. Achievable sacrificial layer
thicknesses may impose an upper limit
on the initial separation and therefore
the initial optical gap d , .

Mirror roughness
Bulk: Both mirrors can be deposited di-
rectly onto clean substrates of optical
quality by a variety of deposition meth-
ods so that low roughness can easily be
achieved.

Surface: The membrane mirror is de-
posited on top of the sacrificial layer so
that roughness can accumulate during
deposition. It is exposed to the etch
medium during the release process which
can introduce further roughness.

For electrostatic actuation, displacement Δd at a given voltage results from a
force equilibrium between an attractive capacitive force and a restoring spring force
(see Appendix D for a detailed introduction). It should be noted at this point
that without a further mechanical transmission element such as a lever, actuator
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displacement Δd equals the change in the optical gap Δd in magnitude. The
actuation capacitance is determined by the electrode area A and their initial
separation Δd , (called initial actuation gap in the following) while the spring
force depends on the spring constant k.

Initial actuation gap Δd ,

Bulk: 3D structuring of the substrate
allows the actuation electrodes to be
placed on a plateau or recess with re-
spect to the mirrors. Thereby, the initial
actuation gap Δd , can independently
be chosen larger or smaller than the ini-
tial optical gap Δd , [99].

Surface: Since the mirror membranes
need to be free of topography, elec-
trodes can only usefully be implemented
in the same plane as the mirrors. There-
fore, initial optical and actuation gap are
equal.

Electrode area A
Bulk: Electrode area can be chosen in-
dependently of the mirror area. Size de-
pends on the allowed range of actuation
voltages U .

Surface: Electrode can be integrated
into the mirror. However, the mem-
brane bends during actuation in the elec-
trode region reducing mirror parallelism
(see section 6.2). Active electrode area
should therefore lie outside the active
optical area.

Spring constant k
Bulk: Spring constant k can be designed
by patterning dedicated springs into the
upper substrate.

Surface: The deflected membrane causes
the restoring force. Spring constant
k depends on the residual mechanical
stress σ in the membrane and its thick-
ness d .

One point that has been excluded in the discussion so far is the fundamental reso-
nance frequency f ,(m,n) which depends on the spring constant k and inversely on
its mass. Consequently, bulk-micromachined FPIs have a lower resonance frequency
than their surface-micromachined counterpart due to the large mass of the mirror
mesa. Therefore, they are prone to coupling of external vibrations [100] and the
initial optical gap may be sensitive to gravitation [101].

From the discussion above, it can be concluded that a bulk-micromachined FPI
possesses more degrees of freedom regarding its design since many of the afore-
mentioned design parameters are decoupled, i.e., they can be chosen independently.
For a surface-micromachined FPI on the other hand, the released membrane has to
function as a mirror, spring and electrode simultaneously, which usually leads to a
performance trade-off.
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However, due to the single wafer process and potentially smaller chip dimensions,
surface-micromachined FPIs promise lower fabrication cost per unit and a higher
degree of miniaturization. It will be one of the main tasks of this thesis to find
solutions which enable low-cost surface-micromachined FPIs with more degrees of
freedom for the design in order to circumvent these performance trade-offs.

4.1.2 Comparison of mirror concepts

DBRs as introduced in subsection 3.3.1 are the dominant mirror design found in
state-of-the-art FPIs. However, a few other mirror concepts have been demonstrated
in MEMS FPIs which shall briefly be introduced in this subsection.

The popularity of DBRs is related to the following aspects: The refractive index
contrast between available MEMS materials1 is considerably larger than, e.g., in
vertical-cavity surface-emitting lasers, so that only few layers (usually between three
and seven) are needed to achieve the desired reflectance. If the materials are trans-
parent in the spectral region of interest, the mirrors are free of absorption. Further-
more, the mirrors can be fabricated without using metals which can be an important
aspect if CMOS-compatibility is a process requirement.

There are, however, designs relying explicitly on metal reflectors which can provide
broadband reflectance [102, 103]. In these cases, silver is used as it allows for the
highest reflectance above 500 nm [76] and doesn’t absorb as strongly as other metals.
Still, silver thickness cannot exceed a few tens of nanometers because absorption be-
comes too large otherwise. Therefore, such thin silver layers have to be mechanically
stabilized and protected from corrosion in atmosphere. This has for example been
done using aluminum oxide deposited by atomic layer deposition (ALD) [103].

Another recent development are mirrors based on a metallic subwavelength grating
(SWG), i.e., a reflector which is structured by in-plane subwavelength features in
order to create a 2D photonic crystal. This leads to resonance phenomena which
result in high reflectance. As an example, structured aluminum pads on a
support membrane have been demonstrated [104]. They show considerably lower
reflectance than a DBR. However, they reflect over a broader spectral range and
show less phase shift upon reflection. Alternatively, purely dielectric photonic crystal
reflectors have been shown with high reflectance but very limited bandwidth of only
few tens of nanometers in the visible [105]. A similar filter has been built in the MIR
using a structured silicon membrane [106]. From a fabrication point of view, such
reflectors require advanced lithography techniques which are not always available in
a MEMS production environment.

1more on this in subsection 4.2.1
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4.1.3 Overview of published designs

After the general characteristics of surface- and bulk-micromachined FPIs and the
respective mirror technologies have been introduced, some of the actual solutions in
terms of published devices will be presented in this subsection. Besides an overview
of the state of the art, performance indicators for these devices will explicitly be
stated as a benchmark for the improvements proposed in this thesis.

For the sake of brevity, the discussion will be limited to groups which, to the author’s
knowledge, are active until today. For a more complete review that also covers earlier
work the reader may be referred to the article written by Ebermann et al. [89].

Table 4.1 presents a list of published devices ordered by their micromachining
approach, group and mirror technology. The reported SWR and the maximum
achieved FWHM within this SWR are given as performance indicators. Addition-
ally, the working interference order is included. For a better visualization, the SWR
is furthermore plotted in Fig. 4.2. Two different wavelength scales have been chosen
for the VIS-NIR and the MIR-TIR spectral range for better readability.

The VTT Technical Research Centre of Finland is among the first groups which
worked on MEMS FPIs starting in the late 90s [5, 110]. They have also pioneered
ring electrodes for electrostatic actuation [69,110] and their FPI designs correspond
closely to the schematic shown in Fig 4.1 (a). Until today, they have shown a broad
range of surface micromachined devices using different materials and deposition
processes for their Bragg mirrors. In the visible ALD / DBRs [42,107] as
well as capped silver [103] has been used. It is noteworthy that they proposed
to use several interference orders matched to the three channels of an RGB image
sensor in order to build a low-cost HSI device in the visible [103].

For the NIR around and below they showed second order FPIs with five layer
DBRs made from poly-Si and silicon-rich nitride (SiRiN) deposited by low-pressure
chemical vapor deposition (LPCVD) [43]. These have been commercialized by a
spin-off called Spectral Engines Oy as three full miniaturized spectrometry systems,
each with a slightly shifted SWR, including Bluetooth and cloud connectivity [11,92].

Their last mirror technology consists of three layer LPCVD poly-Si/air reflectors
where the two silicon layers are periodically connected by anchor structures [91] and
the air layer results from sacrificial etching of a SiO2 layer. The mirrors have initially
been developed for the TIR [84, 91] but have recently been shown to be functional
with smaller thicknesses as well down to wavelengths of . [58]. Apart from the
ALD / FPIs, all devices use silicon oxide (either PECVD or LPCVD) as
the sacrificial layer. The former uses a sacrificial photoresist instead [42].
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Table 4.1: Overview of published FPI designs regarding their mirror technology, the achiev-
able SWR, the maximum FWHM within that SWR and the working interference order.
In case no numeric values for SWR and FWHM were reported in the respective reference,
values were estimated from graphs.

Mirror
technology

SWR (μm) Maximum
FWHM (nm)

Working
order m

Source

Surface-micromachined FPIs

VTT/Spectral Engines
TiO2/Al2O3 DBR 0.45 - 0.55 15 4 [42,107]

0.585 - 0.715 15 4
Al2O3/Ag/Al2O3 0.45 - 0.9 20 3,4,5,6 [103]
Si/SiRiN DBR 1.35 - 1.65 18 2 [11,43]

1.55 - 1.95 22 2
1.75 - 2.15 26 2

Si/Air DBR 1.9 - 2.5 17 2 [58]
2.5 - 3.5 27 2 [43]
2.9 - 3.7 22 2 [58]
7.5 - 10.2 100 1 [84]

University of Western Australia
Ge/SiO2 DBR 1.615 - 2.425 52 1 [108]
Si QWOT layer 1.75 - 2.4 180 1 [109]

4.1 - 4.9 360 1 [109]
Ge QWOT layer 8.5 - 11.5 500 1 [46]

Denso corporation
Si/Air DBR 3.3 - 4.5 60 1 [97]

Bulk-micromachined FPIs

Fraunhofer ENAS/Infratec GmbH
Si/SiO2 DBR 2.9 - 4.7 80 1 [99]

3.1 - 3.65 & 4.0 - 4.6 21 & 40 4 & 3 [99]
3.1 - 3.7 & 4.3 - 5.25 30 & 80 3 & 2

Al SWG 2.9 - 3.5 48 5 [104]
Ge/ZnS/MeF mirror 3.1 - 4.4 70 1 [30]

3.8 - 5.5 85 1
5.5 - 8.0 130 1
8.0 - 10.5 220 1

Seiko Epson corporation
Ag-alloy 0.4 - 0.7 90 1 [98]
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The microelectronics research group at the University of Western Australia pursues
a surface micromachining approach with polyimide as the sacrificial material where
the filter can directly be integrated on a HgCdTe detector [111]. Deposition processes
are therefore restricted to a low-temperature regime [45]. Their initial design differs
from the general schematic in Fig. 4.1 (a) in the sense that the membrane mirror
is supported by a low-stress PECVD silicon nitride layer with structured flexures
which are connected to the substrate in four corners [45, 108]. While this design
decouples the optical mirror from the mechanical actuator properties to some extent,
it is very sensitive to residual stress as well as stress gradients even at small mirror
diameters in the range of [108, 112]. They also presented a modified design
with two-sided clamped beam actuators, which was able to extend the travel range
beyond the classical pull-in limit [108]. Details will be discussed further below in
subsection 4.2.2.

Regarding their mirrors, they employ DBRs made from Ge/ for the NIR above
the Ge absorption edge [112] and Ge/ZnS for the TIR [113]. They also proposed
to use single QWOT layers of either Si or Ge for multispectral imaging applications
which require a lower number of spectral bands to be resolved compared to HSI [46].
Furthermore, Si/air DBRs have recently been built for the NIR [114, 115] but no
tunable FPIs have been presented yet.

A surface-micromachined FPI with a three layer Si/air DBR similar to the VTT
approach shown in Fig. 4.1 (a) has been presented by the Denso Corporation for the
MIR [97]. The mirror differs from the VTT design in the sense that the mirror Si
layers are stabilized by an interconnected honeycomb structure instead of isolated
anchors. A ring electrode is employed for actuation.

Fraunhofer ENAS, TU Chemnitz and Infratec GmbH have started working on bulk-
micromachined FPIs in 2001 with their designs close to the schematic shown in
Fig. 4.1 (b) [89]. Their focus lies in the MIR for gas sensing of hydrocarbon
species [116]. Filters with detector are available in a TO package. Initially, LPCVD
poly-Si/SiO2 DBRs were used [99, 117]. Later, the spectral range was extended
towards longer wavelengths where SiO2 is absorbing. Therefore, thin-film mirrors
with three materials, Ge, ZnS and a metal fluoride (MeF) deposited by ion-assisted
sputtering were used. Additionally, three materials give more degrees of freedom for
simultaneously optimizing reflectance and residual stress [30,83].

A special concept is their so-called dual-band reflector with high reflectance in two
separate spectral ranges. When these reflectance bands are matched with two inter-
ference orders, the SWR can be increased [77,99]. Separation of the two transmitted
signals is achieved by using a dicroic mirror which directs the 3rd and 4th order
transmission onto different detectors.
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Figure 4.2: Overview of the SWR which can be addressed by the devices listed in Table 4.1
according to the references therein. The target SWR for the FPIs fabricated later in this
work is included as well.

Further work was directed towards reducing sensitivity to external acceleration and
gravity due to the large mass of the movable mirrors. To that end, the lower mirror
has been suspended by an identical spring structure [101] and active position control
using a feedback capacitance has been implemented [100].

Recently, research devices with aluminum SWG reflectors on silicon nitride mem-
branes instead of Bragg mirrors have been presented [104,118,119].

Bulk-micromachined FPIs in the visible using fused silica substrates have been
demonstrated by the Seiko Epson corporation [98]. They can cover the whole visible
range in first interference order. However, a thin Ag-alloy with rather low reflectance
especially towards the blue is used for the mirrors. Therefore, low resolution between

and (values estimated from published graph) is obtained [98].

Comparing the addressed spectral ranges depicted in Fig. 4.2, it is interesting to
note that there has been a lot of activity in the MIR spectral range. Indeed, many
publications list infrared absorption gas sensing as their target application [30, 77,
97, 99, 116, 120, 121]. Despite the described advantages and potential applications
of low-cost, miniaturized spectrometers in the NIR in section 2.2, only few FPIs
solutions have been proposed for this wavelength range.

Moreover, the only mature technology in the sense of a commercialized product so far
is the Spectral Engines poly-Si/SiRiN FPI. Working devices with optical apertures in
the millimeter range have been presented [16] and stable release of unactuated mirror
membranes has been shown to work for diameters up to [122]. However,
they have a limited SWR of − and thereby cannot cover the full range
of, e.g., the first overtone absorption (see Fig. 2.4). Milne et al. have in principle
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demonstrated a larger SWR but their working devices had an aperture of
diameter so that the achievable throughput is limited [108].

Accordingly, surface-micromachined FPIs combining a large SWR and a large mil-
limeter-sized aperture remain an open research topic which will be addressed in
this thesis. To that end, the reasons for the aforementioned limitations regarding
SWR and aperture size are analyzed in the next section so that specific solution
approaches can be derived afterwards.

4.2 Limitations of surface-micromachined FPIs

The previous sections have illustrated that there exists a large solution space for
possible FPI devices. The decision for a specific design will always be affected by
many factors such as the required SWR, resolution, throughput, robustness against
vibrations and cost to name just a few which in turn depend on the target applica-
tion. As mentioned before, this thesis aims specifically at a low-cost FPI with both
an increased SWR in the NIR as well as larger membrane diameters compared to
state-of-the-art FPIs.

In subsection 4.1.1, it has been noted that a surface-micromachined FPI can ulti-
mately be fabricated at smaller size and lower cost compared to bulk-micromachined
FPIs. However, since the mirror membrane has to act as a mirror, spring and elec-
trode simultaneously, there is a large number of constraints to be met for the mirror
materials. Additional boundary conditions arise from the fabrication process which
requires the mirror to be stable towards the sacrificial layer etchant and limits the
possible topography. Consequently, a trade-off between different performance crite-
ria must be found.

In this section, three major shortcomings of state-of-the-art surface-micromachined
FPIs will be identified and it will be shown why they fundamentally limit the achiev-
able SWR or optical aperture size. From the previous paragraph, it can be de-
duced that the materials chosen for the mirrors play a critical role in a surface-
micromachined FPI. Therefore, the available MEMS mirror materials are reviewed
in subsection 4.2.1 and material property requirements for an optimal low-refractive
index material in a DBR are formulated.

Subsequently, limitations for the achievable mirror travel range stemming from the
pull-in phenomenon of electrostatic actuation will be addressed in subsection 4.2.2.

Last, sources for optical gap inhomogeneity which deteriorate filter resolution and
their relationship to the aperture area will be discussed in subsection 4.2.3.
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4.2.1 Influence of the low-refractive index material in the
Bragg reflector

As described above, the mirror materials for a DBR affect the FPI from an optical
(reflectance), mechanical (spring) and electrical (actuation electrode) point of view.
According to section 3.4, the SWR can be limited optically either by the width of the
high reflectance zone Δλ or the FSR of the first interference order. Both of these
depend on the refractive index contrast Δn of the chosen materials. Additionally,
the mirror needs to be flat after the release and act as a spring with defined spring
constant under actuation. These mechanical properties are mainly governed by the
residual mechanical stress σ, which needs to be slightly tensile for achieving a flat
released membrane mirror. Obviously, the mirror materials also need to be resistant
towards the sacrificial layer etchant. Since is the de facto standard sacrificial
material in MEMS it will be also used for sacrificial layers in this thesis so that vapor
HF resistance of the mirrors is a key requirement.

The dominant materials in classical MEMS are those known from microelectronics,
i.e., silicon, silicon dioxide and silicon nitride [93]. They form a versatile toolset for
engineering microelectromechanical systems since they are complementary metal ox-
ide semiconductor (CMOS)-compatible and allow for precise tuning of a device’s me-
chanical properties via structuring and electrical properties via doping/passivation.
For optical applications, i.e., microoptoelectromechanical systems, refractive index
and transparency have to be considered as well. Table 4.2 lists the relevant proper-
ties of these standard materials for usage in a membrane DBR in this thesis, namely
refractive index, mechanical stress and vapor HF resistance.

For wavelengths above its absorption edge ( at room temperature for the
crystalline phase [55]), Si is a good candidate for the high refractive index material.
It is a well known MEMS material compatible both with LPCVD and PECVD with
a refractive index around 3.5 in the NIR. Furthermore, it exhibits excellent stability
against HF etching, hence its usage as the functional mechanical material in most
standard MEMS. Last but not least, Si can be made conductive by doping so that
it can be used for the actuation electrodes as well.

Indeed, looking at Table 4.1, all published DBRs use either Si or Ge as the high
refractive index layer. Ge, though with an even higher refractive index (n > 4),
absorbs above its band gap at E , = . ( ) [125]. Since this thesis
explicitly wants to address the spectral range below , Si remains as the
natural choice for the high refractive index material.

The situation is more complicated for the low-refractive index material. According
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4.2 Limitations of surface-micromachined FPIs

Table 4.2: Material data regarding refractive index in the NIR, mechanical stress and vapor
HF resistance for the most common silicon-based MEMS materials. Refractive index data
from [123–125], stress data from [93,123,124,126,127] and HF resistance from [128–131].

Material NIR refractive index Mechanical stress Vapor HF resistance

Materials deposited by LPCVD
poly-Si 3.5 compressive; tensile in

small temperature range
stable

SiRiN >2, e.g. 2.24 low tensile
(e.g. < 250 MPa)

more stable than
stoichiometric

Si3N4 2 high tensile
(e.g. > 800 MPa)

unstable
forms (NH4)2SiF6

SiO2 1.46 typically compressive low
Materials deposited by PECVD

a-Si 3.5 process dependent stable
a-SiC 2.2 - 2.9 process dependent stable (wet HF)
SiN 1.8 - 2.6 process dependent low
SiO2 1.46 process dependent low

to Table 4.2, only SiRiN is sufficiently stable against vapor HF and can be deposited
with a low tensile stress. It comes at no surprise that Spectral Engines has indeed
chosen SiRiN for their NIR FPIs. However, due to the Si-rich stoichiometry the
refractive index contrast Δn to silicon is significantly reduced. It should be noted
that air has not been included as an actual material in Tab. 4.2, even though it
obviously complies with the requirements.

Since none of the other commonly available materials is a priori suitable, a different
approach will be presented here. Namely, it is assumed that an HF resistant and
slightly tensilely stressed material with arbitrary refractive index was available and
the question about the optimal refractive index value is addressed. To that end,
reflectance R and phase shift upon reflectance φ was simulated for three and five
layer DBRs centered at λ = made from Si and a low-refractive index
material of arbitrary refractive index n 2.

Fig. 4.3 shows the resulting first order FSR as well as the mirror reflectance within
that FSR for an FPI made from these mirrors depending on n . The refractive
indices of the typical MEMS materials , and SiRiN are indicated by
arrows on the abscissa. Since DBR reflectance is not a constant, the average value

2For simplicity the refractive index of silicon n = 3.5 is assumed to be constant.
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Figure 4.3: Dependence of the first order FSR and mirror reflectance within the FSR on
the low refractive index material for DBRs with silicon as high refractive index material.
The case of a three (a) and five (b) layer mirror is depicted. A useful range of reflectances
is marked by dashed black lines. For three layers the optimum refractive index is below
that of SiO2 whereas for five layers it should lie between 1.5 and 1.8.

is shown as a solid line while maximum and minimum value are indicated by dashed
lines.

The FSR has been calculated such that first, the optical gap d for minimal
transmittance at λ between first and second order has been determined, i.e., for
φ1.5 = 3π. The FSR is then given as the separation between first and second order
transmittance peak at φ1 = 2π and φ2 = 4π, respectively. This phase criterion
allows an FSR to be calculated even if it exceeds the width of the mirror’s high
reflectance zone Δλ .

Two effects can be noted when the refractive index contrast Δn is increased, i.e.,
towards lower refractive indices n . First, the FSR generally increases which is due
to the decreased slope of the phase shift upon reflection at the reflectors as discussed
in subsection 3.3.2. Second, the reflectance within the FSR obviously increases (see
subsection 3.3.1).

Maximum and minimum reflectance determine maximum and minimum filter res-
olution with the minimum always occurring at the edges of the high reflectance
zone. The minimum reflectance which is still acceptable depends on the target
application. In Fig. 4.3 a dashed line marks 0.9 reflectance which corresponds to
F , = 30 or FWHM = at . At the same time, in order to
match reflective and defect finesse, reflectance should not become too high. There-
fore, another dashed line marks 0.99 reflectance, which corresponds to F , = 313
and FWHM = . at . The full first FSR is then optically accessible
if minimum and maximum reflectance in Fig. 4.3 lie between these boundaries. Ac-
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4.2 Limitations of surface-micromachined FPIs

cordingly, a five layer Si/SiRiN reflector cannot make use of the full first FSR due
to a narrow high reflectance plateau.

It follows that for a three layer DBR the first FSR can optimally be used if n is
below 1.4. In that sense, Si/air reflectors as fabricated in [91,97,109] are an optimal
choice for a three layer DBR. For five layers, the refractive index should lie in the
range of 1.5 < n < 1.8 where no standard MEMS material compatible with the
stress and HF etch resistance requirement is available.

From a perspective of device robustness, Si/air reflectors are expected to be prob-
lematic when used at significantly lower wavelengths than demonstrated, because of
the small layer thickness of d < where, e.g., pinholes may be present [132].
Therefore, this thesis will focus on a five layer reflector. With a theoretical first
order FSR of at least , such an FPI can cover a significantly larger spec-
tral range in the NIR than demonstrated so far. To that end, chapter 5 introduces
PECVD SiCN as a novel material for optical MEMS applications and shows that
after process optimization the material property requirements regarding refractive
index, stress and HF resistance can be fulfilled.

4.2.2 Pull-in limitation of the travel range

Even if mirror materials for a broad FSR are available, an actuator is needed which
can displace at least one of the mirrors sufficiently so that the transmittance peak
can fully be tuned over this FSR. As described in subsection 4.1.3, capacitive elec-
trostatic actuation is most commonly used for MEMS FPIs. In the following, the
membrane displacement Δd relative to the initial actuation gap d , will be called
relative displacement χ.

For electrostatic actuators the well-known pull-in phenomenon occurs as soon as the
movable electrode has traveled over a fixed relative displacement χ = Δd , /d ,

where χ is called pull-in point. Beyond χ the restoring spring force cannot com-
pensate the attractive capacitive force and the electrodes snap together. The exact
value of χ depends on the capacitor geometry (see Appendix D for a derivation)
and equals χ , = 1/3 for a parallel plate capacitor suspended by a linear spring.
It will be shown later, that for a generalized ring electrode χ can exceed that value.
However, since the actor becomes unstable in the vicinity of χ , safe operation will
always restrict the available displacement to even smaller values.

Bulk-micromachined FPIs offer some freedom to engineer the initial actuation gap
d , by placing the electrodes on dedicated plateaus or recesses [99]. In surface-
micromachined FPIs on the other hand, such topography in the substrate wafer
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Figure 4.4: Required relative optical travel range χ for full transmittance peak tuning
over the 1st, 2nd or 3rd FSR for several choices of the low refractive index material. For
full first order tuning a relative travel range of at least 0.5 is needed. This lies beyond the
pull-in point χ , of parallel plate actuators.

cannot easily be created since it is conformally replicated in the following deposited
layers3. Therefore, the initial actuation gap d , essentially equals the initial optical
gap d , .

Fig. 4.4 shows the maximum relative travel range χ required for actuating such
an FPI with a five layer DBR made from a variety of low-refractive index materials
and silicon over a full FSR for different interference orders. A hypothetical mirror
without phase shift upon reflection φ is considered as well. The pull-in point for
parallel plate capacitor actuation χ , is marked by a dashed line.

From the discussion in section 3.1.2, it can be deduced that the relative travel range
χ for tuning the transmittance peak of the m-th interference order without phase
shift upon reflection φ is (m+1)−1. The required relative travel range χ becomes
larger, the larger the slope of the dispersion in φ , i.e., the lower the refractive index
contrast Δn of the DBR materials (see subsection 3.3.2).

Consequently, first order FPIs require relative travel ranges χ > 0.5, thus far
exceeding the pull-in point. Even in second order, displacement up to the pull-in
point would be required which, as noted above, is outside a safe operation regime.

This limitation has been recognized before and several techniques for extending the
travel range have been proposed [14]. These include charge control instead of voltage
control and closed-loop feedback [14] which come at the expense of higher complexity
in the drive electronics. It has been claimed that a second fixed capacitance in

3Topography can in principle be removed by polishing methods such as chemical-mechanical
polishing. However, this would complicate an accurate prediction of the initial optical gap d , .
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series with the actuation capacitance can be used to increase the effective d ,

[132]. Parasitic capacitances from the design and deposition inhomogeneities which
are hard to control are the main culprit in this approach [133]. Additionally, as
mentioned already in subsection 4.1.3 double-sided clamped beam actuators with
an increased travel range have been fabricated [108]. Last, a design with cascaded
springs has been proposed [134].

However, the underlying root cause remains, namely that d , = d , in these
surface-micromachined FPIs. In the next section, a double membrane device archi-
tecture will be proposed by which significantly larger travel ranges can be realized.

4.2.3 Stress-induced substrate curvature

It is well known that residual mechanical stress σ in deposited thin-films can crit-
ically affect the performance of optical filters [135, 136] and MOEMS [3] due to
the resulting device deformations. In particular, free-standing structures such as
steerable micromirrors suffer from deformation due to mechanical relaxation of the
stressed part. Therefore, considerable effort is put into either controlling stress
during deposition by appropriate deposition parameters or compensating stress by
modifying the design, e.g., additional stiffening layers in freestanding structures or
backside depositions for fixed coatings [135].

In surface-micromachined FPIs, challenges due to mechanical relaxation have been
faced for the freestanding mirrors in the early devices of the University of Western
Australia [108, 111]. Precise control of the deposition conditions, e.g., for their
PECVD SiNx [111] and amorphous silicon (a-Si) [137] or post-deposition plasma
treatment [108] were necessary to ensure flatness of the movable mirror.

A released circular mirror membrane which is clamped at every position along its
circumference (e.g. VTT/Spectral Engines and Denso) provides robustness against
vertical stress gradients because its boundary is essentially defined by the fixture.
Flat membranes can then more conveniently be achieved for a broader range of
tensile stress levels (ultimately limited by the tensile strength) instead of requiring
a stress-free mirror. However, stress in the deposited layers results in deformation of
the substrate and thus the substrate mirror. The resulting consequences for mirror
parallelism will be discussed in this subsection.

First, the underlying theory will be shortly reviewed. Under the approximation of
an infinitely extending thin film of thickness d on a circular thick substrate of
thickness d , i.e., d 
 d with uniform film stress σ, the substrate will bend
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with a constant radius of curvature r . It is related to the stress in the thin film σ
by the so called Stoney equation [138,139]:

r =
Y d2

6d (1− μ )σ
=

ζ

(1− μ )σ
(4.1)

where Y is the Young modulus of the substrate and μ its Poisson ratio. As an
abbreviation, ζ = Y d2 /6d is introduced.

For multiple thin films deposited on the same substrate the stress thickness product
has to be replaced by a sum over all layers as d σ =

∑
j d ,jσj [139]. Curvature

radius r is typically large compared to MEMS dimensions so that the local substrate
profile can be approximated by a Taylor expansion as

z(x) = x2/(2r ). (4.2)

Since for a real MEMS thin-films are usually structured and the substrate is not
circular after chip dicing, the assumption of a uniform stress level is not necessarily
valid. Therefore, as a more general case, an anisotropic in-plane stress of the form
σx,y = σ̄ ±Δσ, with average stress σ̄ and biaxial mismatch Δσ will be considered.
In that case, the radii of curvature differ for the x− and y− direction and are given
by [139]

r x, y =
ζ

σx,y − μ σy,x
. (4.3)

The surface profile of the substrate can then be written as a linear superposition:

z(x, y) =
x2

2r x

+
y2

2r y

=
σ̄(1− μ )

2ζ

(
x2 + y2

)
+

Δσ(1 + μ )

2ζ

(
x2 − y2

)
=
σ̄(1− μ )

2ζ
r2 +

Δσ(1 + μ )

2ζ
r2 2ϕ

= z̄(r) + Δz(r, ϕ)

(4.4)

where r and ϕ denote polar coordinates. Eq. 4.4 can now be used to study the
surface profile of both the substrate and the released membrane in a circular optical
aperture area.

Fig. 4.5 (lower surface) shows a plot of Eq. 4.4 for such a circular region of the
substrate with radius r . A realistic order of magnitude regarding the samples
fabricated later in this thesis (r = . , d = , d = , σ̄ =

,Δσ = , crystalline Si substrate) has been used for the parameters.
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σ̄

Δσ

Figure 4.5: Surface profile of a substrate wafer and a released membrane mirror in the
presence of an anisotropic residual stress with mean stress σ̄ and stress mismatch Δσ.
Mean stress causes a bow of the substrate wafer without affecting the membrane. Stress
mismatch causes a superimposed hyperbolic paraboloid profile common to substrate and
membrane.

The average stress σ̄ causes an overall isotropic bow z̄(r ) = σ̄(1−μ )
2ζ

r2 = ,
i.e., the result from the Stoney Equation 4.1. Without mismatch, Δσ = 0, the
contour line of the circumference at r is a flat circle given by the red line. For a
finite stress mismatch, the contour deviates from the red line by

Δz(r , ϕ) =
Δσ

2ζ
r2 (1 + μ ) 2ϕ, (4.5)

where the amplitude of the oscillation is for the given set of parameters. Since
the substrate mirror is deposited directly onto the substrate it shares its respective
surface profile.

The membrane has to obey the boundary condition imposed by the fixture profile,
so that it cannot be a flat plane if Δσ �= 0, but exhibits the profile given by Δz(r, ϕ)
which essentially describes a hyperbolic paraboloid. However, the membrane profile
is independent of σ̄ since it is released from the substrate as it is shown in the upper
plane of Fig. 4.5. The qualitative shape of the released membrane has independently
been confirmed by finite element simulations.

This has important consequences for mirror parallelism in a single membrane FPI
after the release. Since both mirrors share a component Δz(r, ϕ) their parallelism
is not affected by Δσ. However, the bow caused by a finite average stress σ̄ only
affects the substrate mirror and therefore leads to a deviation from parallelism, i.e., a
reduced FPI resolution. For given stress levels this bow scales with r2 . Accordingly,
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for FPIs with high optical throughput requiring large apertures, a trade-off between
throughput and resolution will inevitably occur.

There are in principle two possibilities to reduce substrate bow z̄(r ). First, a
thicker substrate obviously helps because z̄(r ) ∝ d−2 . Alternatively, backside
stress compensation layers can be introduced. For an FPI fabricated by LPCVD
depositions, the double sided nature of the deposition automatically provides such
stress compensation. However, since the mirrors have to be removed on the backside
within the optical area, stress compensation cannot be complete.

Furthermore, the statement of mirror parallelism being deteriorated by an average
stress level σ̄ while being independent of stress mismatch Δσ is more general in
the sense that it doesn’t only apply to residual thin-film stress. As an example,
packaging can cause thermo-mechanical stress on the chip when chip and package
differ in their CTE [5]. In that sense, an FPI architecture where such detrimental
stress influence is reduced by design would be highly beneficial.

4.3 Proposition: Double membrane FPIs for

increased spectral working ranges and

large diameters

The discussion in the previous section has shown that SWR, optical throughput
and resolution in a surface-micromachined FPI can benefit from further develop-
ments regarding both, the low-refractive index material and the device architecture.
Specifically, an HF-resistant, slightly tensile material with a refractive index in the
range of 1.5 < n < 1.8, which is not available among standard MEMS materials,
has been identified as an optimum choice for a five layer DBR. Additionally, travel
range limitations in first order operation due to pull-in stemming from the coinci-
dence of initial optical and actuation gap in current designs have been elucidated.
Last, FPIs with large membrane diameters have been shown to be sensitive towards
substrate wafer bow due to residual stress.

The surface-micromachined double membrane FPI proposed in this section is de-
signed to enable full FSR tuning as well as highly parallel mirrors even at large
membrane diameters4. A cross section through such a device is shown in Fig. 4.6.

4The author acknowledges collaboration with his colleagues which resulted in the double mem-
brane FPI structure. Most notably, Dr. Christoph Schelling, Dr. Reinhold Rödel, Dr. Christoph
Krämmer and Dr. Benedikt Stein from the Robert Bosch GmbH have contributed.

60



4.3 Proposition: Double membrane FPIs for increased SWR and diameter

U d

d

Figure 4.6: Schematic cross section of the proposed double membrane FPI architecture.
Both mirrors are released from the substrate in the optical area making them independent
of substrate curvature. Initial optical d , and actuation gap d , are decoupled in order
to circumvent pull-in limitation. An optional backside aperture by removal of the substrate
in the optical area is indicated. Color code equal to 4.1.

It consists of two membrane mirrors which are separated by a sacrificial layer5, the
thickness of which defines d , . A second sacrificial layer separates the lower mirror
from the substrate. If the actuation electrodes are positioned within lower mirror
and substrate, tuning of the transmittance peak can be achieved by displacing the
lower mirror towards the substrate, thus increasing d during actuation.

In this architecture, the second sacrificial layer determines the initial actuation gap
d , independently of the initial optical gap d , . Therefore, d , can be chosen
sufficiently large in order to ensure tunability over a full FSR independent of the
interference order. As for single membrane FPIs, parallelism of the mirrors during
actuation can be maintained by using ring-shaped actuation electrodes [84].

Furthermore, the substrate between the actuation electrodes can in principle be
removed (indicated by a lighter color in Fig. 4.6) eliminating all additional interfaces
which can lead to reflection losses and enabling optically symmetric mirrors.

Since both mirrors are released membranes, none of them is affected by a bow of the
substrate wafer due to tensile mirror stress. Their profile may deviate from flatness
in case of a non-uniform stress. However, this results in a common surface profile
which is therefore irrelevant for mirror parallelism.

5FPIs with two membrane mirrors have been shown before [84]. In that case, however, the
lower mirror was a substrate mirror with the substrate removed by a backside trench. Therefore,
the approach did not allow for a larger travel range.
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During the rest of this thesis, it will be shown that

• PECVD silicon carbonitride (SiCN) can be used as an HF-resistant, tensile
and low-refractive index MEMS material [21, 22].

• double membrane FPIs can be fabricated with highly parallel mirrors even for
membrane diameters up to [18].

• the first order transmittance peak of a double membrane FPI can be tuned
over the full first FSR without pull-in [23].

As a first step, process conditions which lead to deposition of SiCN layers with the
above-mentioned properties will be explored in the next chapter.
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Chapter 5

Amorphous hydrogenated silicon
carbonitride for MEMS
applications

The previous chapter has shown that there is a lack of MEMS materials which exhibit
a low refractive index while simultaneously being tensilely stressed and resistant
towards vapor HF etching. Not only the presented application in a MEMS FPI
would benefit from such a material, but optical MEMS in general which require a
broader range of available refractive indices to tailor their device properties. An
example would be a single layer antireflection coating (ARC) for a Si/air interface
which needs a refractive index of

√
n ≈ 1.87 and by definition cannot be protected

by silicon during HF etching.

In order to ensure compatibility with existing equipment, chemical deposition from
the vapor phase either by LPCVD or PECVD is beneficial. LPCVD commonly pro-
duces high-quality, pinhole-free thin-films and can be used for batch processing [123].
PECVD on the other hand offers more degrees of freedom because of the additional
deposition parameters such as plasma power, plasma frequency or even frequency
mixing [123]. Furthermore, as will be shown below, a lower deposition temperature
ϑ compared to LPCVD allows for depositing material with a significant amount
of incorporated hydrogen. While this is often an unwanted feature, it opens the
possibility to tune the refractive index and mechanical stress over a broad range of
values.

It is well known that smooth tailoring of material properties can be achieved by
stoichiometry engineering in mixture materials [140, 141]. Following this idea, this
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chapter introduces amorphous hydrogenated silicon carbonitride (SiCN)1 deposited
by PECVD. When properly deposited, it retains high chemical inertness known from
amorphous SiC [130] but exhibits a reduced refractive index due to the admixture
of nitrogen and a lower density because of a residual hydrogen content.

The chapter starts with a short review of possible applications and deposition tech-
niques for SiCN in section 5.1. Section 5.2 is then devoted to a detailed study of the
effects of deposition temperature ϑ not only on the material properties relevant
for application in a MEMS FPI but also on the underlying mechanisms regarding
the bonding structure. In section 5.3, it will be demonstrated that post-deposition
annealing can be used to tailor the mechanical stress level of SiCN to a desired value
in the tensile regime. This will be a key step in later device fabrication. Addition-
ally, it will be shown in section 5.4 that under suitable deposition conditions, SiCN
is essentially resistant against vapor HF etching. Finally, section 5.5 will give a brief
overview of some selected further properties which are relevant to MEMS fabrication
in general but of lesser interest for this thesis.

A large part of the results shown in this chapter have been published in [21].

5.1 Deposition and possible applications of SiCN

Much of the early work on SiCN stems from the search for a ”harder-than-diamond”
hypothetical crystal phase of C3N4 [142] which can be stabilized as a ternary Si-C-N
phase [143]. Since then the field of possible applications has widened significantly.
Tuning of the optical band gap E between E , = . (≈ ) and E , =
. (≈ ) by varying the carbon content makes SiCN attractive for UV
photodetectors [144,145] or as a white-light emitter [146]. From a mechanical point
of view, it has been reported that SiCN films exhibit high microhardness up to

[147], a high elastic modulus up to [148] and a low friction coefficient
of 0.4 [149, 150]. Furthermore, SiCN is a potential candidate for low-k dielectrics
in integrated circuits due to a lower dielectric constant compared to Si3N4 [151,
152]. Other proposed applications are gas separation membranes [153] and ARCs
for silicon photovoltaics [154].

Deposition techniques for SiCN include reactive sputtering [155,156], hot-wire chem-
ical vapor deposition [157] and PECVD, the latter enabling deposition of either
amorphous material at radio frequencies [149, 158, 159] or crystallites at microwave

1A more precise notation would be a-SiCN:H. In this thesis, SiCN will be used as a shortened
abbreviation. The amorphous phase and the presence of hydrogen in PECVD SiCN is hereby
regarded as understood.
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frequencies [153, 160, 161]. Among the chemical vapor deposition (CVD) methods
there also exists a variety of possible precursor gases. Using silane (SiH4), methane
(CH4) and ammonia (NH3) or molecular nitrogen (N2) offers the advantage of con-
trolling the amount of available elements independently [144, 149, 160]. However,
since silane is a particularly hazardous gas, liquid organic precursors such as methyl-
silazanes can be used alternatively [147,158,159] at the expense of less control over
stoichiometry and possible organic fractions in the deposited film.

Due to the differences in deposition techniques, precursor gases, the respective set
of deposition parameters and measured material properties, each publication in the
field can only describe a small part of the whole picture and comparability between
different studies is difficult. It can therefore be stated that ”the single material
properties of SiCN” do not exist so that a detailed characterization of the material
is necessary for every deposition system independently.

Several publications mention MEMS as a possible field of application for SiCN [149,
154,162]. There have been efforts to fabricate full ceramic MEMS structures for high
temperature applications using photopolymerization of a liquid SiCN precursor [163].
However, there is not much work conducted on using SiCN as an additional material
in surface-micromachined MEMS.

Depositing SiCN by PECVD is attractive for MEMS applications as the necessary
equipment can also be used for, e.g., amorphous Si depositions. Furthermore, CVD
offers the advantage of more conformal step coverage than physical vapor deposition
(PVD). As will be shown in the next section, a comparably low deposition tempera-
ture ϑ in PECVD is particularly useful for the present application, since it allows
the hydrogen content in the material to be influenced, affecting both the optical and
mechanical properties of SiCN.

5.2 Influence of deposition temperature on

material properties

In a PECVD process, the reactive species of a precursor gas are formed in a plasma
discharge. They are subsequently adsorbed at a surface, where they can diffuse,
react and fully or partly desorb back to the gas phase [123, 164]. Formation of
the reactive species by a plasma is the key difference to LPCVD, where the whole
energy necessary for the chemical reaction has to be provided thermally. Therefore,
PECVD can be conducted at significantly lower deposition temperatures ϑ . Still,
diffusion and reaction rate of adsorbed species significantly depend on ϑ so that
it critically impacts the resulting material properties [164].
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Studies addressing the influence of ϑ on the crystallinity and hardness [162],
bonding structure [153, 162, 165], aging [153] as well the optical properties [165] of
PECVD SiCN have been conducted previously. For this work, it was particularly
interesting whether process conditions could be found via ϑ variation which result
in a refractive index n in the range of 1.5 − 1.8, tensile stress and resistance
towards vapor HF etching.

To that end, two series of SiCN layers have been deposited from SiH4, CH4 and
NH3 diluted in Ar on (100) silicon wafers with diameter and thick-
ness (either single or double-sided polished) and Borofloat glass wafers. Deposition
temperature was varied between ◦ and ◦ while keeping the rest of the
parameters fixed2. Characterization was mostly conducted directly after deposition.
If that was not possible, samples were stored in vacuum in between in order to pre-
vent them from aging under ambient air. Further details both on deposition and
characterization equipment can be found in AppendixA.

As mentioned before, final material properties depend on many parameters. There-
fore, the aim was not only to measure these application-relevant quantities in an
isolated way but to also connect them to the material structure in order to estab-
lish a more complete picture of the underlying mechanisms. Hence, the following
subsections will also provide insight into the elemental composition, density, bond-
ing structure and aging behavior under ambient air. The results stem from the
respective journal publication [21] if not indicated differently.

5.2.1 Elemental composition and density

It is known for PECVD that ϑ affects film density ρ via the residual hydrogen
content [164], which, e.g., in the case of SiNx can lead to pinhole formation and higher
etch rates [123]. Such pores on the other hand are also known to be a critical factor
for stress in amorphous films [136]. Thus, it is useful to determine the deposition
temperature dependence of the density ρ and look for correlations with other
material properties determined later.

Here, density ρ was calculated from film thickness (measured ellipsometrically)
and the increase of wafer weight after thin-film deposition measured by a microbal-
ance with . resolution.

Fig. 5.1 (a) shows the ϑ -dependence of density and growth rate. While the growth

2The PECVD system used for this thesis controls the temperature of the substrate holder which
will be denoted as ϑ in the following. Even though a heat up time was included before deposition,
the actual surface of the substrates was most probably colder than the substrate holder.
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Figure 5.1: Dependence of the growth rate, density (a) and elemental composition (ex-
cluding hydrogen) (b) of SiCN on deposition temperature ϑ . Increasing ϑ leads to
layer densification accompanied by a slight increase of the Si/C ratio. Data from [21].

rate decreases by when ϑ is increased from ◦ to ◦ , the deposited
mass is reduced by only leading to a densification of the material. Compared to,
e.g., crystalline silicon carbide ( . / [166]), the density is found to be consid-
erably lower. However, for amorphous hydrogenated silicon carbide, similar values
have been reported when the hydrogen content is around [167,168] indicating
that SiCN deposited in this thesis also contains a significant amount of hydrogen.

It is interesting to note that for SiCN deposited from two different liquid silazane
precursors in the same temperature range, a range of significantly larger densities
between . / and . / has been reported [165]. This might be due to the
larger number of direct bonds between Si, C and N which is already present in the
precursor molecule and stresses again the impact of the choice of precursors.

The elemental composition is obviously influenced by the choice of precursor gases
and the respective flow rates [153,160]. Since the reaction rates of the different ad-
sorbed reactive species on the substrate is also a function of the surface temperature,
the ϑ -dependent elemental composition was measured using X-ray photoelectron
spectroscopy (XPS).

Fig. 5.1 (b) shows the average atomic composition along the depth of these SiCN3

thin-films obtained by Ar sputtering and successive XPS measurements of the Si, C,
N and O content. Only at the surface, a small contamination by F and a significantly
higher concentration of O were found, so that the surface is excluded from the
average. Since the elemental concentration varied by less than . during Ar
sputtering, stoichiometry can be regarded as homogeneous during growth. It should

3It is regarded as understood from the previous discussion that SiCN always refers to ”SiCN as
it was deposited in this thesis” and does not claim universal validity.
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be noted that H can generally not be detected by XPS because it is too light so that
H has been excluded from the average.

It can be seen that ϑ indeed affects film stoichiometry. An increase of Si content
at the expense of C can be observed while the N content stays constant. Such a
trend for the Si/C ratio has been observed for the aforementioned liquid silazane
precursors as well [165, 169]. For these organic precursor molecules it was argued
that the hydrocarbon endgroups have a poor thermal stability. At the highest de-
position temperature of ◦ the Si:C:N ratio is roughly 2:2:1, i.e., similarities to
the properties of amorphous SiC can be expected.

It cannot be excluded that the O impurities stem from a contamination during
the short period of exposure to ambient air when the samples were transported to
the XPS measurement [169]. It will be shown in subsection 5.2.5 that aging under
ambient air due to adsorption of water is more pronounced for lower ϑ which
could explain the higher O content at lower ϑ in Fig. 5.1 (b).

The observed change in density and atomic concentration can be expected to in-
fluence the bonding structure of the material which will be analyzed in the next
subsection.

5.2.2 Bonding structure

The vibrational modes of various bonds present in SiCN thin-films lead to absorp-
tion in the MIR, i.e., the fundamental transitions discussed in section 2.2. The IR
absorption coefficient spectrum therefore allows valuable conclusions about the ϑ -
dependent bonding structure to be drawn. Here, FTIR transmission measurements
have been used to determine the absorption coefficient in a range from − to

− as outlined in appendixA.

The deduced absorption coefficient spectra for all ϑ are shown in Fig. 5.2. Inter-
pretation of the spectra requires an assignment of these peaks to specific vibrational
modes which can be difficult in solids, especially in the case of overlapping contribu-
tions. Thus, only those peaks which can unambiguously be assigned have been anno-
tated in Fig. 5.2. This is certainly the case for stretching modes of the light hydrogen
atom at high wavenumbers bonded to nitrogen (N-H: − − ), carbon
(C-H: − − ) and silicon (Si-H: − − ) [149, 153, 170, 171].
In the case of C-H there are overlapping contributions from several symmetric and
asymmetric modes (see inset in Fig. 5.2).

The fingerprint region between − and − exhibits overlapping con-
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Figure 5.2: Infrared absorption coefficient for SiCN deposited at different deposition tem-
peratures ϑ deduced from FTIR transmittance measurements including an assignment
of the absorption peaks to their respective vibrational modes. The inset shows a magni-
fication of the C-H stretching region with a clear reduction of absorption peak height for
increased ϑ . Modified version from [21].

tributions both from stretching modes of Si-O, Si-N and Si-C as well as bending
and wagging modes of hydrogen bonds [170, 172, 173]. This leads to considerable
variation in the amount of contributions as well as their spectral position found in
literature [170]. Furthermore, it has been predicted by density functional theory
(DFT) that the position of, e.g., the Si-C and Si-N stretching peak also strongly
depends on the chemical environment [174]. The resulting theoretical range of pos-
sible mode frequencies is − − for Si-C and − − for Si-N [174].
Without the exact knowledge of the mode frequencies, a deconvolution into individ-
ual contributions is meaningless so that it is not attempted at this point.

However, Si-O contributions are typically reported in the range of − − ,
while the broad peak in the fingerprint region in Fig. 5.2 is centered at − .
Therefore, it can be concluded that the absorption is dominated by Si-N and Si-C
stretching vibrations. This is also consistent with the XPS results from the previous
section which showed a low oxygen content.

It can directly be seen from the evolution of the absorption spectrum both in the
inset of Fig. 5.2 and the fingerprint region, that the contribution of the individual
peaks depends characteristically on ϑ . For better visualization, Fig. 5.3 shows how
the area under the respective peaks changes during ϑ -variation with respect to
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Figure 5.3: Change of the integrated absorption peaks from hydrogen-stretching modes
and the Si-C/Si-N region with deposition temperature ϑ . The decrease of the former
and increase of the latter at higher ϑ points to a higher density due to a higher degree
of crosslinking. Modified version from [21].

ϑ , = ◦ . It can be seen that the strength of hydrogen stretching vibrations
with nitrogen and carbon decreases while the combined Si-C/Si-N vibrations from
the fingerprint region increase when ϑ is increased. It is known that an increased
temperature at the wafer surface leads to dissociation of hydrogen molecules after
breaking of hydrogen terminated bonds [175]. This in turn leads to an increased
degree of crosslinking between the remaining silicon, nitrogen and carbon atoms
explaining the stronger absorption in the fingerprint region. The observation is
also in accordance with the increased density at higher ϑ found in the previous
subsection.

In that sense, it is surprising that the same decreasing trend cannot be found
for the Si-H peak. This is most probably due to the increased amount of sili-
con at higher ϑ as evidenced by XPS. Some authors also assume a contribution
from C≡N stretching vibrations in the same frequency range as the Si-H stretching
mode [146,158,169,173,176] which could then counteract a decrease in Si-H absorp-
tion. However, it has been shown by DFT that C≡N should only be found above

− [174]. In Fig 5.2, the respective peak position is − indicating
that it indeed stems from Si-H rather then C≡N stretching vibrations.

As already mentioned above, mode frequencies also depend on the chemical envi-
ronment. Quite generally, one can say that a more electronegative bonding partner
leads to an increase of vibration frequencies as can be expected from the higher de-
gree of polarity of the bonds [174]. As an example, DFT predicts an increase of the
Si-H stretching mode frequency in X3-SiH moieties from − to −

when X changes from Si over C and N to O [174]. In that sense, the position of the
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Si-H stretching mode at − is in good agreement with the observation of a
low oxygen content from XPS.

An interpretation of the small peak shifts with increasing ϑ is more difficult be-
cause changes in the chemical environment are both due to the decreasing hydrogen
content and changes in the overall elemental composition known from XPS. Fur-
thermore, it can’t be ruled out that small changes in peak position can also be due
to errors in the extraction procedure of absorption coefficient from transmittance
spectra. For example, a small decrease of − of the Si-H stretching peak posi-
tion can be observed. This is in principle in accordance with the reduced hydrogen
content at higher ϑ . However, from the increased silicon content at higher ϑ
one would expect a much larger peak shift [174]. At the same time, the peak position
could be stabilized when silicon starts to form its bonds with sp2 hybrid orbitals
such as in C=SiHC.

Summing up, the IR absorption spectrum of SiCN is rich in information. However,
the sheer amount of possible bonds present in the material complicates its inter-
pretation. Accurate theoretical predictions of peak positions as well as additional
information about the composition of the material are needed in order to prevent
wrong conclusions. However, from the variation in contribution of the individual,
unambiguously assignable peaks it can be concluded that increasing deposition tem-
perature ϑ leads to a higher degree of crosslinking between the Si, C and N atoms.
This in turn can be expected to increase material stability.

5.2.3 Complex refractive index

It has been stated before that the refractive index is among the most interesting
properties which influences suitability of SiCN for optical MEMS applications. As
the complex refractive index ñ of a material results from the polarization response
of the dipoles within the material [177], it can be expected that the material density
affects ñ.

In previous studies the refractive index of SiCN has been determined both from
transmittance and/or reflectance measurements [144,165,172,178,179] and spectro-
scopic ellipsometry (SE) [146, 147, 149, 153, 154, 157, 180]. SE is a suitable measure-
ment technique to determine the refractive index and thickness of optically thin films
simultaneously. Compared to intensity measurements such as reflectance and trans-
mittance, SE yields a complex number as the measurand, i.e., two values instead
of one per wavelength for the unknown quantities. However, in order to extract
the desired information, an optical model for the thin-film stack under study has
to be assumed [181]. Good results can only be obtained, if the chosen refractive
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index model function describes the actual refractive index accurately over the whole
measured wavelength range.

Surprisingly, previous studies which have employed SE often did not specify the
model used to describe SiCN [146, 147, 157, 180]. Other authors have used a series
of Lorentz oscillators [149], a combination of a Cauchy dispersion with a Lorentz
oscillator [153] or a so-called Forouhi-Bloomer model [154]. While the last two may
describe the refractive index dispersion reasonably well over a certain wavelength
range they are intrinsically unphysical because they are not Kramers–Kronig con-
sistent [181]. Furthermore, none of these models can describe a spectral range free
of absorption below the band gap E as it would be expected for a semiconductor.
It can therefore be stated that there is no consensus on how to correctly model the
optical properties of SiCN.

The Tauc-Lorentz model has specifically been developed for describing the complex
refractive index ñ of amorphous semiconductors in the vicinity of their optical gap
E [182,183]. It models the imaginary part of the dielectric function ε2 as zero below
and ε2 ∝ (hν−E )2/(hν)2 above E , following theoretical predictions for amorphous
germanium [184]. For higher energies, ε2 adopts the shape of a Lorentz-oscillator re-
presenting all optical transitions at higher energies and assuring that hν→∞ ε2 = 0.
The real part of the dielectric function ε1 is then obtained by Kramers–Kronig
integration so that the model is intrinsically Kramers–Kronig consistent [182]:

ε2, (hν) =

{
βE0γ(hν−E )2

((hν)2−E2
0)

2+γ2(hν)2
· 1
hν

hν > E

0 hν ≤ E
(5.1)

The additional fit parameters apart from the optical gap E are the energetic position
E0, broadening γ and amplitude β of the Lorentz-oscillator part.

Fig. 5.4 shows spectra of the ellipsometric angles Ψ and Δ from a variable angle SE
measurement of a SiCN thin-film deposited at ◦ . The data can consistently
be fitted over the whole spectral range from to (i.e. comprising
the full NIR relevant for later application in an FPI) using the aforementioned
Tauc-Lorentz model. Inclusion of a surface roughness layer did not significantly
improve fit quality so that it was omitted to reduce the number of free fit parameters.
Similarly, more advanced models such as the Cody-Lorentz model, which also allows
modeling of sub-band gap absorption in an Urbach tail (but therefore needs more
fit parameters) [185], did not improve the fits.

The resulting dispersion of the real part of the refractive index is plotted in Fig. 5.5 (a)
for the used deposition temperatures ϑ . It can be seen that ϑ mainly causes
an offset in refractive index without affecting the shape of the dispersion. This in-
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Figure 5.4: Spectra of the ellipsometric angles for a SiCN layer deposited at ◦ under
multiple angles. The solid lines are fits using a Tauc-Lorentz model. Good agreement with
measured data is achieved over the whole spectral range from to .

dicates that ϑ does not significantly affect the electronic structure and refractive
index variation is mainly due to density variation.

In order to better visualize the effect of ϑ , Fig. 5.5 (b) shows the refractive index
at a fixed NIR wavelength of for two different sets of samples. One of them
(blue squares) has been deposited directly after mechanical cleaning of the PECVD
chamber, whereas the other one (red circles) stems from the same chamber after
having used it without cleaning for two months. It can be seen that both sets of
samples share the same almost linear trend of refractive index increase with ϑ .
The offset between the two sets of samples is due to the different conditioning of
the deposition chamber and stresses the aforementioned point that many factors
influence a PECVD thin-film.

The increase of refractive index is due to the higher density in the films with an
increased degree of crosslinking which has been evidenced in the previous two sub-
sections. A higher density of the material directly leads to a larger number of
polarizable dipoles per volume, thus increasing the refractive index. It should be
noted that ellipsometry measurements of SiCN thin-films can also successfully be
fitted by a Bruggemann effective medium [177] consisting of a SiCN matrix with
voids. Deposition temperature then affects the void fraction in the material. How-
ever, the refractive index of void-free SiCN is unknown because even for the highest
ϑ there is still a considerable amount of residual hydrogen in the film (see previous
subsection). Therefore, such a description does not yield additional information and
merely introduces correlation between the void fraction and the amplitude β in the
Tauc-Lorentz model.

Furthermore, it should be noted that apart from the increased density the higher
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Figure 5.5: (a) Dispersion of the real part of the refractive index for SiCN deposited at
various temperatures. (b) Refractive index at vs. deposition temperature ϑ for
two sets of samples which have been deposited at different states of chamber conditioning.
Refractive index shifts to higher values when increasing ϑ due to layer densification.
Modified version from [21].

silicon content at higher ϑ could also partly account for the increased refractive
index.

Since the fit parameter E in the Tauc-Lorentz model does carry physical meaning, it
is in principle possible to determine the optical band gap from ellipsometry measure-
ments. However, the fitted values for E were highly correlated with the remaining
fit parameters which describe the Lorentz part of the absorption. Therefore, E
could not accurately be determined from ellipsometry and varied considerably in a
range from . to . .

In order to verify the validity of this range, UV-VIS-NIR reflectance and trans-
mittance measurements have been conducted. Similar to the case of IR absorp-
tion spectroscopy, it is not straightforward to extract the extinction coefficient from
such measurements. Several methods have been proposed [186,187]. The TRACK
method is a rather recent approach which has specifically been developed to ex-
tract the extinction coefficient from weakly absorbing films [188] which is why it
was selected for this thesis (see AppendixA for details).

Fig. 5.6 shows the extinction coefficient in the vicinity of E for different deposition
temperatures ϑ with respect to the incident photon energy. For a better orien-
tation, the respective wavelength is shown as a second abscissa. It has to be noted
that the frequently used Tauc-plot representation did not result in an unambiguous
linear region. Therefore, it could not be used for reliably estimating the optical gap.
However, it can be seen that the onset of absorption agrees with values that have
been reported for a-SiC:H [189], a-SiCN:H [190] and the range of gaps extracted
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Figure 5.6: Extinction coefficient deduced from UV-VIS-NIR reflectance/transmittance
measurements. SiCN is transparent up to an energy range around . in accordance
with reported band gaps for a-SiC:H [189], a-SiCN:H [190] and the Tauc-Lorentz optical
band gaps from ellipsometry. Modified version from [21].

from ellipsometry. The band gap of crystalline 3C-SiC is marked for reference as
well [166].

As it was the case for the real part of the refractive index in Fig 5.5, the higher
density of SiCN at higher ϑ leads to an increased absorption.

For the application in an NIR DBR, it is furthermore important to note that all
SiCN films show excellent transparency in the NIR. That is to say, ϑ allows the
refractive index to be tuned within certain ranges via the material density without
affecting NIR transparency. However, as will be shown in subsection 5.2.5, aging
of SiCN films deposited at low temperature prevents ϑ from being an efficient
tuning parameter.

5.2.4 Mechanical stress

Mechanical stress was determined by means of the Stoney Equation (Eq. 4.1) from
wafer curvature before and after deposition which was measured by a Tencor Flexus
FLX-2908 laser deflectometer. Film thickness was extracted from ellipsometry mea-
surements as described in the previous subsection. It should be noted that rather
thin silicon wafers (d = ) have been chosen intentionally as substrates
in order increase stress-induced curvature radii. Nevertheless, measurement errors
are empirically known to be in the range of ± , in accordance with error
magnitudes reported for similar film thicknesses and measurement equipment [191].
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Figure 5.7: Mechanical stress in SiCN thin-films directly after deposition depending on de-
position temperature ϑ . Densification at increased ϑ leads to a reduction of compres-
sive stress. However, final stress is compressive for all ϑ under investigation. Modified
version from [21].

For the present application as low-refractive index material in a DBR membrane a
slight tensile stress in the material is required. However, as shown in Fig 5.7 SiCN
exhibits compressive (negative) stress for all investigated ϑ with the absolute
value decreasing for higher ϑ .

Stress in a thin-film has two components: On the one hand, there is a thermal
component which causes stress after cool-down from deposition temperature ϑ
if there is a mismatch between the CTE of substrate and thin-film [192]. This
component plays an important role especially in LPCVD processes with a larger
difference between ϑ and room temperature compared to PECVD. On the other
hand, there is an internal component, which stems from the bonding structure as
well as defects in the material [192].

It will be seen later in section 5.3 that a temperature difference of ◦ leads to a
change of thermal stress in the order of because of the CTE mismatch to the
substrate. Since the stress difference between the highest and lowest ϑ in Fig. 5.7
is larger than these , it can be concluded that ϑ must affect intrinsic
stress as well. This can be explained by the reduced hydrogen content as evidenced
in subsection 5.2.2. The enhanced dissociation of hydrogen molecules from the thin-
film surface during growth at elevated ϑ leads to a densification due to a higher
degree of crosslinking. Therefore, SiCN contracts relative to the substrate which
reduces the compressive stress. Similar changes towards a more tensile behavior
have been reported for SiCN deposited from organosilazane precursors when an
increased degree of crosslinking is mediated by an increase in plasma power [159].

Since no tensile stress could be achieved within the investigated deposition temper-
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Figure 5.8: (a) Evolution of the IR absorption of SiCN during aging under ambient air. A
contribution due to diffusion of ambient moisture into the material starts to appear. (b)
Temporal evolution of the N-H/O-H peak area for different deposition temperatures ϑ .
Water intake is more pronounced for low ϑ due to the lower density. Modified version
from [21].

ature range and the given set of remaining process parameters, this as-deposited
SiCN is not suitable for application in released DBR membranes. However, it will
be shown in section 5.3 that post-deposition annealing can be used to independently
tune mechanical stress to desired values.

5.2.5 Aging under ambient air

When stored under ambient air, SiCN layers which were deposited at ϑ = ◦

and below started to show an increasing amount of cracks after several days. For the
highest ϑ of ◦ , however, no degradation has been visible for over 8 months.
Since no such cracking could be observed when stored in vacuum, it can be concluded
that ambient air causes aging of the layers which can be a serious drawback for
applications not only if the layers crack, but also if aging has a detrimental effect
on the film properties. In order to study this aging behavior in more depth, the
measurements from the previous subsections were repeated in regular intervals after
deposition.

Changes to the IR-active molecular bonding structure due to aging can be studied
by FTIR transmittance measurements. To give an illustration, Fig. 5.8 (a) shows
absorption coefficient spectra of a SiCN layer with ϑ = ◦ within the first 17
days. A pronounced change in absorption can be observed in the range of the former
N-H stretching mode. This additional contribution can be assigned to symmetric
and asymmetric O-H stretching vibrations which stem from moisture in the ambient

77



Chapter 5. Amorphous hydrogenated silicon carbonitride for MEMS applications

air after having diffused into the layer. Such behavior of amorphous hydrogenated
PECVD films has been observed for SiC [193] and SiCN [153].

After diffusion into the thin-film, water could either be only adsorbed into the voids
within the material or react further with hydrogen-terminated bonds to form a
hydroxyl group. Both mechanisms would lead to a broad absorption in this spectral
range [194–196]. Indications for both mechanisms are present. For instance, all
spectra show a slightly reduced Si-H peak which points towards an oxidation reaction
of Si-H to Si-O-H [153]. Additionally, a shoulder at − starts to appear which
could be due to a further reaction to Si-O-Si. At the same time, a second small
shoulder at around − indicates the presence of a bending mode in purely
adsorbed water [196]. However, it has to be noted that these are very small changes
which are certainly not strong enough to assign a specific mechanism with confidence,
especially given small variations in the spectra due to the fitting procedure.

Since the change in the N-H/O-H peak area is a measure for diffusion of water into
the SiCN film, it can be used to monitor its temporal evolution. This is illustrated
in Fig. 5.8 (b) within a time period up to 17 days after deposition. Apparently,
such diffusion of ambient moisture occurs for all deposited SiCN layers. However,
those SiCN layers which start to crack after a while, i.e., those deposited at ◦

and below are more permeable for water. This can be understood by their more
open, porous structure due to the reduced density. For the case of amorphous
silicon oxycarbonitride (SiOCN), it has been found that densities below /
(as it is also the case for SiCN here) result in inefficient barrier properties against
moisture [197].

The previous subsections showed that the optical and mechanical properties are
directly linked to the bonding structure of the material. Therefore, it can be expected
that they are influenced by water intake in ambient air as well. Fig. 5.9 shows the
changes in film thickness, refractive index and stress within 12 days for different
deposition temperatures ϑ . It can be seen that aging causes swelling of the layers
accompanied by a reduction of refractive index. Note that swelling is plotted as
a percentage change because the initial thickness differed and thicker layers can
incorporate more water. Again, for ϑ = ◦ and above these changes are
barely visible while for lower ϑ thickness increases up to and refractive index
decreases by up to -0.014 for T = ◦ , in accordance with the findings from
Fig. 5.8. In the case of mechanical stress, aging leads to an increase of compressive
stress of more than for the lower ϑ .

It can be expected that the dipole moments of adsorbed water in the pore walls of
the film lead to a repulsive force [198] which results in swelling of the layers. As
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Figure 5.9: Change of film thickness, refractive index and compressive stress after ag-
ing for 12 days depending on deposition temperature ϑ . The stress change value for

◦ with an asterisk has been measured after only 4 days because the sample showed
cracks afterwards. At low ϑ , aging leads to significant increase of thickness, decrease of
refractive index and increase of compressive stress. Modified version from [21].

low-temperature layers adsorb more water and should also be more compressible
due to the less crosslinked structure, they swell to a larger extent.

The refractive index reduction is also consistent with water incorporation. Since the
refractive index of water is 1.33 in the NIR [199], an effective medium consisting
of a SiCN matrix with water inclusions possesses a reduced refractive index. This
is true, given that water doesn’t fill the voids in the material (e.g. if SiCN was a
rigid matrix) which contribute with unity refractive index. Due to the swelling upon
aging, however, SiCN cannot be viewed as rigid. Furthermore, it has previously been
discussed that an oxidation reaction could also form Si-O-Si bonds which in turn
would also reduce the refractive index [200].

The situation is similar for the increase in compressive stress. Such behavior has
been reported for various PECVD dielectric thin-films such as SiO2 [198] and amor-
phous SiC [201]. Again, adsorbed water in the pore walls would result in increased
compressive stress due to the repulsive force of their dipole moments. Addition-
ally, oxidation reactions of Si-H have been reported to lead to compressive stress as
well [198,202].
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Figure 5.10: Evolution of stress during post-deposition annealing of SiCN. Dissociation of
hydrogen at elevated temperatures leads to an irreversible stress change allowing the final
stress after cool-down to be tuned to desired values. Modified version from [22].

For applications, the increased stability at higher temperatures makes SiCN de-
posited above ◦ clearly more attractive than layers with low ϑ . Whether the
remaining aging, e.g., the change of stress even at ◦ is detrimental will depend
on the specific application. For instance, when used as the low-refractive index ma-
terial in an NIR DBR, SiCN is protected from ambient air by surrounding silicon so
that problems related to aging can be expected to be reduced. As an example, for
a SiCN layer deposited at ◦ and capped by amorphous silicon, a stress
change of only was observed over a period of 21 months.

5.3 Stress tuning by thermal annealing

As discussed in subsection 5.2.4, the state of compressive stress in as-deposited SiCN
prevents its direct use in DBR membranes since these would buckle after having
been released by sacrificial layer etching. However, due to the comparably low
deposition temperatures in PECVD, films properties can significantly be altered
post deposition by thermal annealing above ϑ . In other words, dissociation of
hydrogen molecules which has lead to a reduced compressive stress during growth
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at elevated ϑ , can also be achieved by annealing to promote film contraction even
further. Such post-deposition annealing has been used successfully, e.g., in PECVD
silicon oxides [203,204] and a-SiC:H [193] to change the stress state of the film.

Fig. 5.10 depicts the stress evolution of a SiCN layer deposited at ◦ which
has been subjected to different annealing steps. When cycling far below ϑ (blue
and red symbols), stress changes reversibly with annealing temperature. The linear
relationship is due to the previously mentioned mismatch between the CTE of SiCN
film and silicon substrate. Apparently, a temperature difference of ◦ leads to a
stress change of around . When approaching ϑ and above (green symbols)
stress starts to change irreversibly towards the tensile regime. In this case, a dwell
time of at the maximum temperature of ◦ (black symbols) has been
chosen during which the film becomes continuously more tensile. During cool-down
(orange symbols) tensile stress increases linearly with the same slope as during the
first reversible anneal steps due to the CTE mismatch.

Thereby, a proper choice of annealing temperature and dwell time allows for tuning
mechanical stress to a desired value. Freedom is limited by delamination of the SiCN
film when the tensile stress level becomes too high. From stress-annealing curves,
it can be estimated that this occurs at around so that practical annealing
temperatures are restricted to a range below ◦ . Tensile stress values up to

have been reached safely.

The onset of irreversible stress change at around ◦ coincides with the onset
of a first peak in the hydrogen effusion rate in strongly hydrogenated amorphous
silicon during annealing [205]. In such experiments, this peak vanishes for less
hydrogenated, i.e., denser material and is attributed to diffusion and subsequent
surface desorption of full H2 molecules which is therefore likely to be the case for
SiCN as well. Indeed, it has been found that the atomic concentration of hydrogen
in PECVD SiCN decreases during annealing with a moderate reduction up to an
annealing temperature of ◦ and a pronounced depletion above [206].

It has to be noted that annealing up to ◦ did not change the NIR refractive
index within the measurement uncertainty of the ellipsometer. This is in accordance
with [206] where a constant refractive index up to annealing temperatures of ◦

is reported. Variation of deposition temperature, on the other hand, affects both
stress and refractive index simultaneously. In that sense, post-deposition annealing
effectively enables control of mechanical stress independent of the optical properties.
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Figure 5.11: (a) Thickness decrease and (b) roughness increase for as-prepared and an-
nealed ( ◦ ) SiCN when subjected to vapor HF etching. The process denoted as ”fast”
uses a considerably higher pressure and water catalyst supply rate than the ”slow”process.
SiCN shows almost perfect resistance against HF etching with an etch rate < . / .
Straight lines between data points serve as a guide to the eye only.

5.4 Vapor HF resistance

So far, etch resistance of SiCN and related materials has been studied for wet etching.
For example, it has been found that silane based SiOCN etches at / in
concentrated HF diluted in ethanol and at . / in phosphoric acid [200]. For
SiCN from an organic silazane precursor, films did not etch in buffered oxide etch
(BOE), given that the carbon content was high enough [159]. This behavior can be
expected from a mixture material point of view, since a-SiC is more stable in wet
HF than a-SiNx [129,130].

As SiCN has not been used for MEMS fabrication so far, vapor HF etching, being a
special process step for fabrication of freestanding structures, has not been of inter-
est. Resistance to wet HF does not necessarily imply the same for the vapor phase.
For instance, LPCVD Si3N4 etches only slowly in HF diluted in H2O ( . / )
and even slower in BOE ( . / ), whereas it is attacked by vapor HF and forms
(NH4)2SiF6 residues [128].

The SiCN layers in this thesis were unstable both in BOE (7:1 from Microchemicals
for ) and vapor HF when deposited at ◦ and below. At ϑ = ◦

they were not attacked in BOE but showed a strong increase in surface roughness
after etching in vapor. Given the knowledge from the previous sections, this in-
crease in etch resistance can be attributed to the increased density and degree of
crosslinking [159].

A detailed analysis of vapor HF etch behavior was conducted for SiCN deposited
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at ◦ since these turned out to be most favorable for application regarding
their aging behavior and the only ones which were actually vapor HF resistant.
Additionally, in order to check whether post-deposition annealing can improve etch
resistance, a SiCN film annealed up to ◦ has been etched simultaneously. Two
different process conditions were chosen for illustrating purposes. The ”fast” process
with a high pressure and a high water supply rate etches thermal oxide4 with a rate
of roughly / . That is to say, the process is considerably more aggressive
than necessary for a MEMS release and would certainly lead to stiction for many
devices. The ”slow” process on the other hand etches dense thermal oxide (TO)
at only / . SiCN thickness has been measured ellipsometrically both before
and after vapor HF etching for different periods. After etching, a surface roughness
layer, modeled as an effective medium with 50% air and 50% SiCN, had to be used
in the fits.

Fig. 5.11 shows how SiCN thickness decreases and surface roughness increases during
etching. First, it can be noted that under all conditions, SiCN is extremely stable at
an average etch rate < . / even for the aggressive etch process. Second, the
annealed sample etches with roughly of the etch rate without annealing, proba-
bly due to an even higher degree of crosslinking after hydrogen molecule dissociation.
Third, the increase of roughness layer thickness for the fast process is approximately
double the layer thickness loss. Accordingly, the HF atmosphere rather leads to a
surface roughening than actual etching of the material. For all practical purposes,
SiCN deposited at ◦ can therefore be regarded as HF resistant.

5.5 Other properties relevant to

MEMS fabrication

A number of other experiments have been conducted to demonstrate the suitabi-
lity of SiCN as a MEMS material which, however, were of minor importance for
the present application as an HF resistant, tensile, low-refractive index material.
They will therefore only be presented briefly at this point. All results refer to SiCN
deposited at ϑ = ◦ .

Anisotropic structuring of SiCN was achieved by inductively coupled plasma etching
with several different gas mixtures of SiF6, C4F8, O2 and He. Figure 5.12 shows a
scanning electron microscopy (SEM) cross section of a SiCN thin-film deposited on
a wafer after plasma etching with a photoresist mask and a standard recipe used in
this thesis for etching Si/SiCN DBRs. The resulting edge has an angle of ◦. Since

4Commonly, silicon oxides are simply called oxides in MEMS technology.
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Figure 5.12: Anisotropic plasma etch into a SiCN layer.

this etch quality was sufficient for opening release holes in DBRs no further process
optimization, e.g., for steeper etching, was conducted.

Resistance against XeF2 vapor etching, which isotropically etches silicon, was tested.
During a process which etches of Si, only of SiCN were removed.
Therefore, SiCN might also be useful as a protection layer for MEMS which need
both XeF2 and HF etching.

Attempts were made to measure electrical resistance of SiCN using Aluminum elec-
trodes sputtered onto a SiCN thin-film in the form of interdigitated fingers in order
to increase electrode width. However, even for test structures with narrow conduct-
ing channel length of and a large total electrode width of . , resistance
exceeded the Ohmmeters measurement range up to 120MΩ.

While it cannot be excluded that resistance only stems from the Al/SiCN contact,
the result points towards SiCN being a good insulator. SiCN could therefore substi-
tute PECVD SiNx for electrical passivation in MEMS processes with SiO2 sacrificial
layer etching where HF resistance of the passivation layer is an issue.

5.6 Summary: Process conditions for low

refractive index, tensile and HF resistant

PECVD SiCN

In the previous sections, a thorough characterization of the relevant properties of
PECVD SiCN for application as a low-refractive index material in a MEMS FPI has
been presented. Besides standard metrology and evaluation techniques for material
science, a range of recently developed and therefore less established methods for this
field have been employed.

84



5.6 Summary: Process conditions for PECVD SiCN

These include

• extracting the IR absorption coefficient by an iterative, Kramers–Kronig con-
sistent method from FTIR transmittance spectra [207].

• the TRACK method for determining the extinction coefficient of weakly ab-
sorbing films in the visible from reflectance/transmittance measurements [188].

Furthermore, it has been established that the refractive index of PECVD SiCN can
be modeled over a broad spectral range from to by the Tauc-Lorentz
model, which obeys Kramers–Kronig relations and is based on an actual physical
model for amorphous semiconductors.

In summary, it has been illustrated that the choice of deposition temperature ϑ
profoundly affects the resulting material properties of PECVD SiCN. The under-
lying responsible mechanism has been identified as being the reduction of residual
hydrogen content and resulting increased crosslinking between the Si, C and N atoms
when hydrogen molecules can dissociate from the surface at elevated temperatures.
This densifies the layers, increases the refractive index and reduces the absolute
compressive stress. In that sense, ϑ can be seen as a tuning parameter for these
properties.

However, both an insufficient resistance against aging and vapor HF etching at low
deposition temperatures ϑ prevent ϑ from being a parameter to be chosen
freely. Nevertheless, at ϑ = ◦ the degree of crosslinking between Si, C and
N is sufficient for a stable material.

Combined with the refractive index being considerably lower than it is the case
for materials with comparable vapor HF resistance and the additional mechanical
freedom due to an independently tunable tensile stress by post-deposition anneal-
ing, PECVD SiCN possesses a unique set of properties for application in MOEMS
devices. Moreover, the refractive index of 1.8 reaches the range which has been
identified in the previous chapter as being ideal for a five layer DBR offering high
reflectance over the full first FSR.

It is important to stress again that the results regarding the ϑ -dependence of these
required properties cover only a small subspace of possible deposition parameter
combinations. Since the underlying mechanism of an increased degree of crosslinking
due to hydrogen molecule dissociation is very general, it can be expected that the
same trends also hold true for other sets of deposition parameters. In particular, it
would not be surprising if there was still some room for, e.g., an increase in nitrogen
content by changing the precursor flow ratios and thereby even lower refractive
indices without negatively affecting HF stability.
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Alternatively, PECVD offers other means for providing energy during the growth
process, namely ion bombardment. Therefore, it can be expected that plasma power,
frequency and substrate bias voltage [176] can also serve as effective tuning param-
eters with similar trends as those observed for deposition temperature variation.
Since the refractive index resulting from the current set of parameters was already
satisfactory, no further attempts for optimization were made during this thesis.
Therefore, the interesting question regarding a lower limit for the refractive index
of HF-resistant SiCN remains open for future research.
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Chapter 6

Design and fabrication of near
infrared Fabry-Pérot
interferometers with silicon/silicon
carbonitride based Bragg mirrors

The previous chapter has shown that SiCN possesses all required properties for a
low-refractive index material in a five layer DBR with high reflectance over the
full first FSR. This paves the way for a broader SWR than, e.g., achievable with
a Si/SiRiN mirror while simultaneously providing higher stability and robustness
than expected for Si/air mirrors in this wavelength range.

After the previous discussions in chapter 4, which were conducted on a rather general
level, the availability of concrete refractive index data now allows to actually design
an FPI for the NIR and propose a process flow. Such a MOEMS design has to
consider both the optical and mechanical behavior of the device. To that end, the
chapter starts by introducing the optical design with respect to the mirrors and by
deriving the necessary optical gap dimensions for single as well as double membrane
FPIs. Furthermore, predictions of the optical performance in terms of achievable
resolution are made.

The mechanical part is subsequently addressed in section 6.2. Special attention
is paid to the pull-in behavior of the designs from the previous section which can
impose a limitation to the achievable SWR.

This sets the basis for the actual process flow for filter fabrication presented in
section 6.3. To conclude this chapter, section 6.4 gives selected examples of in-line
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metrology after those process steps which were found to be critical for successful
fabrication.

6.1 Optical design of single and double membrane

FPIs

The optical and mechanical response of a surface-micromachined MEMS FPI are
mutually dependent in several ways. For example, the achievable optical resolution
depends on the mechanical mirror deformation during actuation. Therefore, a rigo-
rous discussion would need to consider both aspects simultaneously. However, this
thesis focuses on increasing the SWR which is mainly a question of optical design.
Mechanics are involved with regard to the travel range which has to be provided by
the actuators. Therefore, the discussion in this section will first consider the optical
design only, while assuming a simplified model of parallel plate capacitor actuation
for the pull-in behavior. A more appropriate description of the actual mechanical
properties is then given in the following section.

From subsection 4.2.1 and the previous chapter, it can be concluded that a five
layer Si/SiCN DBR, i.e., a mirror made from QWOT layers, is an optimized optical
design for a broadband FPI in the NIR. This reduces the mirror design question to
the choice of the center wavelength λ for the DBR.

An answer to this question needs to take into account further constraints such as
the spectral position of the overtones to be analyzed and the available detectors.
It has been mentioned in section 2.1 that in the NIR above the silicon absorption
edge, Ge- (up to . ) and InGaAs-photodetectors (up to . )1 are available
and define an upper limit for a useful SWR. However, at room temperature, InGaAs
detectors exhibit an order of magnitude higher detectivity, hence making them an
attractive choice as the photodetector [208].

On the short wavelength side, absorption by silicon substrates starting at approxi-
mately at room temperature [55] sets a lower limit. Devices working below
this limit are in principle possible either by using glass substrates or by removing
the silicon substrate in the optical area.

Thus, regarding technological and detector constraints, an SWR from . to
. is reasonable. Concerning the available spectroscopic information, all im-
portant molecular bonds displayed in Fig. 2.4 can be detected either in their first

1Extended InGaAs-detectors with an absorption edge up to . exist, but their detectivity
decreases the further their measurement range is extended towards the IR [4].
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overtone or, in the case of C-Hx, as combination bands or second order overtones.
As discussed in section 2.3 this means a considerably increased SWR which allows
more valuable spectroscopic information to be gained with respect to state-of-the-art
surface-micromachined NIR FPIs.

From Fig. 4.3 it can be seen that a range of from . to . can
indeed theoretically be covered in first interference order using (amorphous) silicon
(n = n ≈ 3.5) and SiCN (n = n ≈ 1.8) for the DBR. In practice, the
available SWR of a full spectrometer based on such an FPI will be slightly lower for
various reasons such as the finite width of transmission peaks and the finite slope of
transmittance cut-off in an order selection filter which is necessary to block second
order transmittance. Therefore, additional separation between the first and
second order peak at the lower end of the SWR will be accounted for, reducing the
actual SWR to a range from λ , = . to λ , = . .

Consequently, Fig. 6.1 (left side) depicts schematic cross sections of three designs
including single and double membrane FPIs. In all three cases a design wavelength of
the DBRs of λ = has been chosen in order to maximize average reflectance
in the desired SWR. This results in thicknesses of d = and d =

for the QWOT layers. It has to be noted that the cross sections do not take
into account electrical contacting of the individual layers which will be discussed in
section 6.3.

The right side of Fig. 6.1 shows transfer-matrix simulations of the corresponding
mirror reflectance2 and a series of ideal transmittance peaks of the full FPIs which
would result from different optical gaps d during actuation. Leak transmittance
through release holes in the membrane mirrors as well as any non-idealities are
omitted in these simulations. In that sense, the transmittance spectra represent the
best case limited by reflective finesse.

Additionally, in Fig. 6.2 transmittance peak FWHM is plotted versus peak center
wavelength for all three concepts for better comparison.

Single membrane FPI reference design

The single membrane FPI is structurally equivalent to typical surface-micromachined
FPIs as, e.g., those presented by VTT/Spectral Engines [42–44] or the Denso cor-
poration [97] (see section 4.1). It comprises a lower mirror (substrate mirror) and a

2See appendix C for the refractive index data used for the simulations.
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Figure 6.2: Comparison of the expected ideal FWHM over the SWR for the three concepts.
Peaks in the double membrane FPI data stem from the dips in lower mirror reflectance.

membrane mirror, the initial separation d , of which is determined by the thickness
of the sacrificial oxide between them.

The two mirrors are optically not equivalent because the substrate mirror terminates
with the high-refractive index silicon wafer. In order to match reflectance between
substrate and membrane mirror and thereby reduce transmittance losses (see sub-
section 3.3.3) the substrate mirror comprises an additional low-refractive index SiCN
layer. As can be seen from the reflectance simulations, the two mirrors indeed share
a very similar reflectance characteristic over the SWR; another beneficial feature of
using a low-refractive index material with n = 1.8. The average reflectance within
the target SWR is R = 0.96.

Peak transmittance is reduced by a factor of R / =
(

n −n
n +n

)2

≈ 0.3 due to

the incoherent reflection at the backside of the wafer. This loss can in principle be
regained by including an ARC, e.g., a SiCN QWOT layer on the wafer backside.

Actuation can be achieved capacitively by applying a voltage between membrane
and substrate mirror, thereby reducing the optical gap. Therefore, the initial sep-
aration d , = d , has to be chosen such that transmittance occurs at the upper
end of the SWR. In this case, this leads to a thickness of the intermirror PECVD
tetraethyl orthosilicate (TEOS) oxide of d = for first order transmit-
tance at λ , = . .

The spectral dependence of the peak FWHM in Fig. 6.2 is connected to the spec-
tral DBR reflectance via the reflective finesse. However, since FWHM ∝ λm/F ,
the FWHM minimum expressed in wavelengths does occur slightly below the DBR
design wavelength at λ = .
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It should be noted that the transmittance peak simulations in Fig. 6.1 and their
FWHM in Fig. 6.2 have been carried out over the whole desired SWR. However,
as discussed in subsection 4.2.2, pull-in would occur at a relative travel range of
χ , = 1

3
under the simplifying assumption of parallel plate capacitors for actu-

ation3. This limits the optical gap at pull-in to d , = 2/3 · d , = ,
corresponding to a minimum transmittance wavelength of λ = . . Given
this limitation, one would of course shift the design wavelength of the DBRs λ to a
higher wavelength in order to better match mirror reflectance to this limited SWR.
However, in order to be able to compare the concepts more easily, all mirrors in this
thesis were fabricated with λ = .

Double membrane FPI design

The double membrane FPI corresponds to the proposed structure from Fig. 4.6.
Both mirrors are realized as five layer DBR membranes. In contrast to the previous
design, the lower mirror is pulled towards the substrate during actuation. Therefore,
the thickness of the sacrificial oxide between the mirrors is chosen such that the
unactuated transmittance peak position matches the lower end of the SWR resulting
in d = d , = for transmittance at λ , = . .

The travel range needed for actuation over the SWR is Δd = d , − d , =
− = . The minimum thickness of the lower sacrificial oxide

is determined by the pull-in limit, i.e., d , > 3 ·Δd . For practical reasons of a
more stable system, the FPI should not be operated too close to the pull-in point
χ , . Therefore, a sacrificial thermal oxide thickness of d = d , = . was
chosen, i.e., approximately five times the required travel range.

From an optical point of view, the mirrors which form the high-finesse Fabry-Pérot
cavity in this configuration are actually the upper membrane mirror and a thin-film
stack composed of the lower membrane mirror, the actuation gap and the substrate
wafer. The latter has been marked by a curly bracket in Fig. 6.1. This is because
d , is thin enough to be treated as an additional ”thin-film” in the mirror, i.e.,
the reflection at the front side of the substrate wafer contributes coherently to the
overall reflectance of the lower mirror. Due to this additional layer, the lower mirror
deviates from a pure QWOT DBR so that the FPI is optically slightly asymmetric.
This leads to two dips in the reflectance spectrum of the lower mirror at
and .

In other words, lower membrane DBR and substrate form a second ”cavity” which,

3The actual pull-in point will be discussed in more detail in the following subsection. See also
Appendix D for a theoretical description.
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however, has a very low finesse due to the comparably small reflectance between
silicon and air. The two broad reflectance dips can therefore also be viewed as third
and fourth order resonances of this cavity. In the blocking region between these
dips, reflectance is increased compared to the upper membrane mirror.

During actuation, d changes which consequently also changes the positions of the
reflectance dips. The transmittance peaks with increased FWHM (see Fig. 6.2)
therefore don’t occur at the spectral positions of the reflectance dips at the initial
actuation gap d , but at slightly shifted wavelengths.

For the double membrane FPI, peak transmittance is reduced on the one hand by
the incoherent reflection at the wafer backside and on the other hand by the strong
mismatch in mirror reflectance.

For the aforementioned reasons, the presence of this ”second cavity” is highly un-
desired. Consequently, a third design is proposed in order to overcome these short-
comings.

Double membrane FPI design with backside trench

The elimination of the unwanted second cavity is straightforward (at least from a
design point of view), namely by removing the whole substrate in the light path with
a backside trench through the substrate wafer which then leads to the last proposed
design in Fig. 6.1. Optically, this offers several advantages: First, the two membrane
mirrors are optically fully symmetric, i.e., there is no transmittance loss due to a
reflectance mismatch. Second, no additional interfaces remain in the light path, i.e.,
there is no need for an ARC. Consequently, the transmittance peaks exhibit unity
transmittance and the spectral dependence of the FWHM in Fig. 6.2 is again solely
dictated by the mirror reflectance.

Last, bulk silicon is removed from the light path, allowing the same design to be
used also at lower wavelengths by simply adjusting the QWOT layer thicknesses
in the DBRs and the sacrificial oxide. This third variant also naturally provides a
ring-shaped electrode which will be addressed in the next section.

It has to be stressed again that these simulations depict the ideal case for perfectly
parallel mirrors. It has been discussed in subsection 4.2.3 that without stress com-
pensation, single membrane FPIs will suffer from a bow in the lower mirror which
reduces mirror parallelism. In that sense, the single membrane design serves a bench-
mark purpose which will later allow to show the benefits of double membrane FPIs
in direct comparison.

Fabrication of double membrane FPIs with backside trench could not be finished
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within this thesis so that their actual performance has not been validated. However,
the principal advantages of a double compared to a single membrane design, namely
the increased tuning range and mirror parallelism, can be shown as well with the
substrate still being present. The variant with a backside trench therefore has to be
seen as a proposal how to effectively circumvent the drawbacks of the simple double
membrane design.

6.2 Actuation and pull-in behavior of the designed

FPIs

Typically, MEMS are explicitly designed mechanically, e.g., regarding the involved
spring constants of the movable structures, in order to match the desired resonance
frequencies and range of actuation voltages. In this thesis, the focus was clearly put
on the optical part of the design resulting in the three variants from the previous
section so that no explicit mechanical design process took place.

Nevertheless, it is worth to study the three designs from a mechanical point of view
and address questions such as the expected membrane shape during actuation as
well as pull-in point χ and pull-in voltage U . Thereby, some of the simplifica-
tions made in the previous section in which the actuated membrane movement was
described by parallel plate capacitor actuation can be corrected. Furthermore, the
findings can be used for a consistency check during later measurements.

Both, full area electrode actuation in the first two designs4 and ring-shaped elec-
trode actuation in the third design, can be regarded as belonging to a class of ring
actuators with varying inner ring radius r . Full area electrode actuation is then
the limiting case of r = 0. A theoretical description of membrane actuation by
such a generalized ring-shaped electrode is presented in detail in Appendix D.

The actual capacitance responsible for the attractive force at a given deflection
depends on the spatially-dependent actuation gap d (r, χ). As an approximation,
the case of a thin membrane loaded by a constant pressure can be considered5. The

4In principle, it is also possible to pattern a ring-shaped electrode in the first two designs, e.g.,
by implanting doped electrodes in an undoped wafer. However, this approach could not be followed
in this thesis because of technological limitations.

5Since the deflections needed for transmittance peak tuning over the full first FSR are in the
order of the membrane thickness, neither a thick nor a thin membrane approximation for the
deflection curve strictly hold [209]. However, the choice of approximation does not influence the
general statements of this section.
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6.2 Actuation and pull-in behavior of the designed FPIs

resulting deflection curve is parabolic and radially symmetric [209]. The validity of
the approximation will be demonstrated experimentally later in subsection 8.2.2.

Consequently, for full area actuation, the membrane will increasingly warp during
actuation. This in turn decreases gap homogeneity so that, during actuation, double
membrane FPIs with full area electrodes cannot maintain the high resolution which
is expected in the unactuated case. In that sense, the third design which naturally
includes a ring-shaped electrode is beneficial not only from the optical point of view
discussed in the previous section. Since membrane warping only occurs in the ring
electrode area, the actuated membrane can stay flat within the optical aperture area
as demonstrated by VTT/Spectral Engines and Denso [69,97,110].

The pull-in point χ only depends on the actuator capacitance during actuation
which, as described above, is determined by the radial deflection curve of the mem-
brane under actuation (see Eq. D.3 and D.7). In particular, χ is independent of
the spring constant k of the restoring spring (assuming a linear spring).

For full area actuation, pull-in happens at χ = 0.44 whereas it occurs in a range
from 0.44 to 0.39 for actual ring electrodes depending on the inner ring radius
(see Fig. D.2 and the corresponding discussion). Accordingly, the available travel
range Δd is larger than estimated in the previous section where parallel plate
capacitors with a pull-in point at χ , = 0.33 were assumed. Nevertheless, the
required relative travel range (with respect to the optical gap) for full first FSR
tuning of χ = 0.55 (see Fig. 4.4) cannot be provided by a single membrane FPI.
This is especially true since in a safe device operation mode deflections up to the
pull-in point have to be avoided in order not to risk any instability. In other words,
state-of-the-art devices are fundamentally limited by pull-in as already qualitatively
discussed in subsection 4.2.2.

Calculation of the pull-in voltage according to Eq. D.9 requires knowledge of the
spring constant k. Using again the thin membrane approximation, the spring con-
stant can be calculated as [209]

k = 4πd σ, (6.1)

where d is the membrane thickness. In principle, not only residual stress σ needs
to be considered but also the additional stress generated when the membrane is
strained during actuation. However, this contribution scales with Δd2 /r2 ≈ 10−6

so that it can be neglected compared to the residual stress given the large membrane
diameters and small deflections.

Typical residual stress levels obtained after mirror annealing were in the range of
σ ≈ . Figure 6.3 shows the dependence of the estimated pull-in voltage
U on membrane diameter both for single and double membrane FPIs with full
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Figure 6.3: Estimated pull-in voltage for full area actuation of single and double membrane
FPIs (solid lines) and required actuation voltage for tuning the transmittance peak over
the full first FSR (dashed line) depending on membrane diameter: For relevant diameters,
the required actuation voltages lie in a feasible range for many applications.

area actuation calculated from Eq. D.9. For the single membrane case, an initial
actuation gap of d , = according to the optical design in the previous
section has been used. For double membrane FPIs, d , = has been used
in accordance with the process flow used for fabrication. Furthermore, the required
actuation voltage for tuning the transmittance peak over the full first FSR, i.e., by
Δd = which corresponds to χ ≈ 0.2 is included as a dashed line.

Double membrane FPIs require significantly larger actuation voltages than their
single membrane counterpart since U ∝ d

3/2
, (see Eq. D.9). Nevertheless, at

application-relevant membrane diameters above the required actuation volt-
ages are below which can easily be achieved without needing sophisticated
electronics. It should further be noted that there is design freedom left for the ini-
tial actuation gap d , which was simply chosen safely above pull-in in this thesis.
As an example, for d , = (i.e. χ ≈ 0.3) the required actuation voltage
drops to U = for diameter double membrane FPIs.

Ultimately, the spring constant k can serve as a design parameter (U ∝
√
k, see

Eq. D.9) which can in principle easily be controlled by the annealing temperature
for bringing the mirrors into their final state of tensile stress. Again, such an explicit
mechanical design and the resulting required process optimizations were outside the
scope of this thesis but can be addressed in future work.

As a last mechanical parameter of interest, the expected fundamental resonance
frequency f ,( , ) based on the above assumption for mirror membrane stress will
be given. Ideally, the FPI should not couple to external vibrations, i.e., f ,( , )

should lie far above the maximum frequency in the external vibration spectrum.
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The respective frequency range depending on the application could be, e.g., several
Hertz for hand tremor [210] up to several hundred Hertz [211] in a moving car.

For an ideal circular membrane with radius r under tensile stress σ, the resonance
frequencies f ,(m,n) are given by [212]

fres,(m,n) =
αm,n

2πr
·
√
σ

ρ
, (6.2)

where ρ is the membrane density and αm,n denotes the n-th root of the m-th order
Bessel function of the first kind.

Using again σ ≈ for the membrane stress and an effective density calculated
from ρ = . / (see subsection 5.2.1) and ρ = . / [213], the fun-
damental resonance occurs at f ,( , ) = for a membrane with r = . .
Considering typical external frequency scenarios as mentioned before, f ,( , ) lies
safely above these frequencies. An experimental validation of the resonant vibra-
tional behavior of released membranes will be given by means of Laser Doppler
vibrometry (LDV) measurements in section 7.1.

6.3 Filter fabrication process

Both single and double membrane FPIs were manually fabricated by the author in a
class 100 cleanroom on diameter double-sided polished silicon wafers. Fig-
ure 6.4 (a) depicts the process flow (omitting photolithography steps) for the case of
double membrane FPIs. Single membrane FPIs follow the same principle processing
steps and are therefore not depicted separately. If not mentioned explicitly, layer
thicknesses are those given in Fig. 6.1.

1. The process starts with thermal oxidation of the substrate wafer to a thick-
ness of . which defines the initial thickness of the actuation gap d , .
Since thermal oxides do not contain impurities, they can later be etched free
of residue. Furthermore, they offer good surface quality for the subsequent
depositions.

2. In the second step, the layers of the lower DBR are deposited by PECVD in a
single deposition chamber using the processes described in appendix A. Con-
sequently, vacuum does not have to be broken between the separate layers and
SiCN is never fully exposed to ambient air. For the case of actuated FPIs, the
last of the upper silicon layer are deposited as p-doped microcrystalline
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Figure 6.4: (a) Process flow for fabricating double membrane FPIs. Single membrane
FPIs were fabricated analogously without thermal oxide and only using patterning step 9.
(b) Top view of the lithography mask. The inset shows a magnification of the hexagonal
release hole pattern for the membrane area. (c) Fully processed and diced sample with

diameter double membrane FPI.
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silicon (μc-Si) in order to establish electrical contact later. This point will be
discussed in more detail further below.

3. Thermal annealing up to temperatures between ◦ and ◦ in nitrogen
atmosphere is conducted as a means to establish tensile stress in the lower
mirror. Even though the upper mirror will need thermal annealing as well,
the lower mirror is annealed separately in order to reduce the risk of blister
formation (see subsection 6.4.1).

4. PECVD TEOS oxide, the thickness of which determines d , and thereby
λ , , is deposited as the sacrificial oxide between the mirrors. Due to
the low deposition temperatures, PECVD TEOS oxide can contain significant
amounts of impurities from the precursor gases [131]. Nevertheless, TEOS was
chosen as the precursor instead of SiH4+N2O because the latter causes solid
residues of (NH4)2SiF6 after HF etching due to residual nitrogen [131].

5. Residual amounts of carbon in PECVD TEOS oxide can be significantly re-
duced by annealing [131]. Therefore, a second annealing is performed in order
to reduce solid residues after the release process. Since very high stress levels
for the lower mirror are undesired because of the resulting required actuation
voltages, annealing temperature is restricted to the same regime as in the third
step.

6. The upper mirror is deposited analogously to the lower mirror

7. and subsequently annealed.

8. Square openings (see Fig. 6.4 (b) in green, marked as ”A”) are patterned into
the upper mirror using standard photolithography with positive tone resist,
reactive ion etching (RIE)6 and finally removal of the resist in an oxygen
plasma. After HF etching in step 10, the conductive μc-Si layer of the lower
mirror will be accessible for contacting through these openings.

9. A second lithography step is used to define further square openings in the
remaining corners of the chip as well as release hole openings in the membrane
area (Fig. 6.4 (b) in blue, marked as ”B” and ”C”). The release holes (mostly

in diameter; other diameters have been used in design variants) are
arranged in a circularly-cut hexagonal pattern with lattice constant.
In this configuration, the release holes account for . of the total mirror
area so that their detrimental influence on filter performance is small. After
lithography, anisotropic RIE is again used to etch through both mirrors and the

6RIE was actually performed on the very first machine at which deep RIE of silicon (also known
as the Bosch process) had been developed in 1992 [214].
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intermediate sacrificial oxide. Thereby, circular mirror regions with diameters
up to are defined.

10. After dicing, HF vapor release is performed with individual chips. Etching
releases both membranes and removes the oxide in the contact openings (A,B)
so that both, lower mirror and substrate wafer are accessible for contacting.
Further details on the etch process can be found in subsection 6.4.3 and 6.4.4.

For fabrication of single membrane FPIs, thermal oxidation in the initial step is
skipped, the lower mirror is deposited with an additional SiCN layer as discussed in
section 6.1 and only patterning step 9 is needed to define release holes in the upper
mirror and contact openings to the lower mirror.

In order to be able to actuate the released FPIs, at least one layer per mirror has
to be electrically conductive so that it can be used as an actuation electrode. Here,
one of the silicon layers in the mirrors takes that role. Classically, doping with
either group III or V elements is used to increase p- or n- conductivity of crystalline
or polycrystalline silicon, respectively. Doping of amorphous hydrogenated silicon is
possible as well, despite doping efficiency being low because the amorphous structure
forces only few dopant atoms into four-fold coordinated bonds and many excess
carriers become trapped in deep defects [215]. However, for small thicknesses of
doped a-Si below approximately , specific conductance drops by orders of
magnitude [216–218] presumably due to a depleted space-charge region close to one
of the interfaces. Therefore, no conductive a-Si layers could be deposited in this
thesis with the silicon thickness restricted to be in the DBR.

If SiH4 is strongly diluted in H2 during PECVD, a transition to μc-Si growth oc-
curs because hydrogen radicals preferentially etch weakly coordinated silicon [215].
The electronic properties of this μc-Si lie between those of a-Si and crystalline sili-
con, i.e., it can be doped more effectively [215] enabling high conductivity even at
small thicknesses. However, growth of crystallites can lead to voids in the mate-
rial [215], effectively reducing the refractive index and increasing surface roughness.
Therefore, this thesis aimed at conductive μc-Si with minimal thickness. It was
found that of boron-doped μc-Si provided sufficient conductivity to be used
as an electrode. The microcrystalline phase could be evidenced by the presence of
both the crystalline and the amorphous silicon peak in Raman spectra (not shown
here) [219]. Accordingly, growth of the top layer a-Si in both mirrors was stopped
after and the remaining film was grown as boron-doped μc-Si in the same
deposition chamber.

This configuration has an impact on the travel range. As the conducting layers
are the topmost silicon layers of both mirrors, the underlying Si/SiCN layers of the
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membrane mirror essentially form a second capacitor of fixed dimensions in series
with the actual actuation capacitor. Such a configuration is known to increase the
effective travel range by d /3ε if d is the width of the additional capacitor filled
with a dielectric of relative permittivity ε [133]. As a rough estimate, the thickness
of the non-conducting part of the membrane mirror is d ≈ and an effective
relative permittivity lies in the range of ε ≈ 10 if the values for the permittivity
of crystalline silicon and silicon carbide are used [220, 221]. This results in a slight
increase of the travel range by .

It should be noted that the tuning speed of an FPI critically depends on the conduc-
tance of the electrode material due to the RC-constant for charging the actuation
capacitance. Again, since the main focus of this thesis lay on increasing the SWR,
optimization of μc-Si deposition conditions was stopped after sufficiently conductive
material was found so that there is probably room for improvement.

Figure 6.4 (c) shows a picture of a fully processed double membrane FPI with
membrane diameter. It is worth mentioning that the process flow as described above
was designed for fabricating minimum working devices with the sole purpose of test-
ing the claims in this thesis. Therefore, the dimensions of the whole chip as well
as the contact pads were chosen significantly larger than necessary. The same is
true for the minimum amount of two necessary pattering steps. With straightfor-
ward further lithography after lower mirror deposition, it would, e.g., be possible to
reduce the RC-constant of the electrostatic actuator by electrically separating the
membrane area from the remaining chip area (i.e. lowering the capacitance to be
charged).

6.4 Selected characterization steps during

fabrication

During processing of the samples used for this thesis, some of the process steps turned
out to be critical for successful fabrication. One important aspect, the processing
conditions for SiCN, has been discussed extensively in the previous chapter. This
section shall give further insights into some of the other essential steps and highlight
possible pitfalls during fabrication.
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Figure 6.5: (a) Stress-temperature curves during annealing of a substrate and membrane
mirror up to different final temperatures. Both mirrors change their stress irreversibly
above ◦ . (b) Reflectance of the substrate mirror from (a) before and after annealing.
The width of the high reflectance zone increases slightly during annealing.

6.4.1 Reflectance and stress of single mirrors

It has been shown in section 5.3 that post-deposition annealing of SiCN allows for
tuning its mechanical stress level to the tensile regime. For application in DBR
membranes, the whole mirror has to become tensile during annealing.

To that end, Fig. 6.5 (a) shows stress-temperature curves during process step 3
for a substrate and lower membrane mirror with different maximum temperatures,
respectively7. The TO under the membrane mirror does not affect stress evolution,
as it covers both sides of the wafer symmetrically and has been grown at much higher
temperatures. Both processes yield tensile mirrors with curve shapes very similar
to those of pure SiCN again showing an onset of irreversible stress change due to
diffusion of H2 molecules at ◦ .

It has to be noted that for the membrane mirror the heating rate has been reduced
above ◦ for reasons discussed below. Therefore, the slopes above ◦ differ.
Similar slopes during cool-down indicate that the CTE is not largely affected by the
higher final annealing temperature of the membrane mirror.

A pure DBR reflectance characteristic can only be measured for a substrate mirror,
since membrane mirrors (released and unreleased) always contain contributions from
further thin-films. Therefore, Fig. 6.5 (b) shows measured specular reflectance under
◦ angle of incidence for the substrate mirror shown in part (a) before and after an-
nealing. The second curve has been fitted using the previously determined refractive

7For stress calculation using the Stoney Equation, the mirror is treated as a single thin-film.
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Figure 6.6: Blister formation during annealing of mirrors. (a) Microscope image of blisters
in a lower membrane mirror at the edge of the wafer after annealing. (b) Profilometer scan
over a mirror blister.

index values for SiCN and a-Si from ellipsometry by only varying the thicknesses
resulting in excellent agreement over the whole spectral range.

The reflectance curves show the desired plateau with its maximum of 0.981 (de-
signed: 0.976) reached at around after annealing. The dashed line at 0.94
reflectance intersects at and indicating that the mirror indeed
shows high reflectance over the major part of the SWR.

6.4.2 Mirror blistering during annealing

As discussed in section 5.3, single layers of SiCN can be annealed up to the point
where they delaminate due to excessive tensile stress. This happens far above the
desired stress values for a FPI membrane DBR. In the DBR, however, SiCN layers
are capped by dense layers of amorphous silicon8. When hydrogen molecules start to
diffuse in SiCN above ◦ , they cannot easily penetrate a-Si [222]. This can lead
to the formation of blisters or, in case pressure inside the bubbles exceeds a critical
value, also their rupture. Similar observations have been reported for hydrogenated
amorphous silicon, where blisters started to form at ◦ [223]. The microscope
image on the left side of Fig. 6.6 and the profilometer scan over such a blister on
the right side reveal that these blisters can reach diameters in the millimeter range
and heights of several micrometers.

8The deposition conditions for a-Si are chosen such as to maximize its refractive index. The final
refractive index in the NIR is indeed around 3.5, i.e., close to that of crystalline silicon indicating
a dense layer.
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Formation of such blisters can be reduced by reducing the heating rate above ◦ ,
when hydrogen effusion starts. However, especially after the last mirror deposition,
blister formation could never fully be prevented. Blisters are especially detrimental
as a source of particle contamination after rupture. Further process optimization in
the annealing step is necessary to achieve blister-free samples reliably.

6.4.3 Mirror layer delamination during prolonged
HF etching

Gas phase HF etching of SiO2 is governed by the following overall reaction equation
[224]:

( ) + ( )
( )−−−−−→ ↑ + ( ) (6.3)

Water acts as a catalyst because it promotes ionization of adsorbed HF according to
2HF+H2O −−→ HF2

– +H3O
+ to form the actual reactive species. Therefore, water

is needed to initiate etching, e.g., by providing it externally. However, water is also
created by the reaction and thus accelerates the etch process if not transported away
from the etch front. Furthermore, in the case of excess water being created during
underetching of microstructures, stiction can occur due to capillary forces similarly
to stiction during drying in a wet etch process [225, 226]. Consequently, high etch
rates corresponding to large amounts of water between substrate and released part
increase the risk of stiction.

Control of the etch rate is possible via the residence time of adsorbed water at the
etch front, which can be reduced either by reducing process pressure or increasing
temperature (apart from reducing the external water supply rate). The safest ap-
proach to prevent stiction is therefore to etch at low pressure and low water supply
rate as it was the case for the ”slow” process in section 5.4. It was shown that a
SiCN thin-film etches at only a few nanometers per hour under these conditions.
Since HF can attack SiCN only at the edges of the release holes this etch rate is
negligible even for long processes.

However, after HF etching for in order to release single membrane FPIs with
a ”slow” process, mirror membranes were released but showed an obvious attack
visible by a change of the interference color. In order to investigate the cause for this
attack, a substrate mirror was deposited and subsequently structured with release
holes (even though no sacrificial oxide to be released was present). Figure 6.7 (upper
part) shows SEM cross sections of a substrate mirror within the structured area as
it was deposited (a) and after a ”slow” HF process (b). It can be seen that the
bulk of SiCN stays indeed intact but delamination occurs at some of the Si/SiCN
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Figure 6.7: Comparison of a substrate mirror patterned by release holes before and after
long HF etching at a low etch rate. Delamination of the mirror at the Si/SiCN interface
occurs. A depth profile of the elemental composition by XPS shows a fluorination at these
interfaces.

interfaces, explaining the change of interference color seen from the microscope image
in the inset.

In order to gain further insight, depth profiles of the elemental composition of sam-
ples, which were subjected to the same processes, were recorded by XPS (lower
part of Fig. 6.7). The unetched sample shows the expected periodic change from
silicon-only composition to silicon, carbon and nitrogen without further contamina-
tion by oxygen or fluorine. It should be noted that the transitions appear less sharp
towards the substrate due to an inhomogeneous sputter depth profile. The etched
sample, on the other hand, shows traces of both fluorine and oxygen precisely at the
layer interfaces. It is not clear however, whether oxygen stems from the etch process
or from exposure to ambient air between etching and XPS measurements.

From these experiments, it is not possible to deduce the exact mechanism which
renders the interfaces more vulnerable towards HF etching. During growth of the
mirrors the process stops after each layer, the chamber is purged, fresh gases are fed
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into the chamber and the plasma is reignited. This might lead to a different growth
of the initial layer. If, e.g., the density of SiCN is reduced at the interfaces, HF,
being an extremely mobile gas due to the small size of the molecules, could be able
to penetrate SiCN and attack at the interfaces only.

However, the results illustrate that simply reducing the etch speed for the whole
process to prevent stiction is not a useful release strategy so that a modified process
described in the next subsection has to be used.

6.4.4 Stiction-free release of first order FPIs at large
membrane diameters

Stiction occurs during vapor HF etching if a water film forms between substrate
and movable part and the attractive capillary force of the water meniscus exceeds
the restoring force of the released part upon deflection. For a clamped membrane
of thickness d and stress σ, the Hookean restoring force at a deflection Δd is
K = Δd · 4πd σ (see Eq. 6.1). On the other hand, capillary force K between
two FPI mirrors scales as K = p πr2 ∝ r2 /d , where p is capillary
pressure [227, 228]. Consequently, large-area, thin membranes at small separations
are especially prone to stiction. In particular, this is the case for double membrane
FPIs where two large-area deflectable membranes are present which are separated
by a smaller initial gap than in their single membrane FPI counterpart.

It has been shown in the previous subsection that very long etch times at low speed
are not feasible due to mirror delamination. However, by choosing different etch
rates during the process, the problem can be circumvented. Figure 6.8 illustrates
the process at its different stages. The top row shows schematic cross sections, the
middle row infrared microscope top views and the bottom row a measured SiF4 ab-
sorption line signal from the HF chamber’s end point detection which is an indicator
for the current etch speed.

Starting from the patterned wafer (a), etching starts isotropically in the sacrificial
oxides around the release holes. Additionally, TEOS oxide between the mirrors
etches considerably faster than dense TO under the mirrors [131]. Since the release
holes are arranged periodically in equilateral triangles, isotropic etching results in
creation of TEOS support columns at the triangle center points (b). Up to this
moment, stiction does not occur because of the regular support so that etching can
be done at a high speed. For instance, the undercut in the infrared microscope image
(b) was achieved in corresponding to a high etch rate of roughly . / .
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Figure 6.8: HF release of double membrane FPIs with adapted etch speeds after different
process stages (schematic cross section in the top and infrared microscope images in the
middle row). (a) Before etching. (b) After fast etch close to releasing the upper mem-
brane. (c) After releasing the upper membrane by slow etching. (d) Fully released double
membrane FPI after final fast etch. The bottom part shows the corresponding process
end point detection signal which monitors SiF4 absorption. The different process stages
are clearly discernible.

Accordingly, the SiF4 absorption signal saturates at a high value after the initial
incubation time.

For the next step, etch speed and thus water generation rate has to be reduced
by lowering the process pressure (roughly / ) before the upper membrane
becomes fully released. Otherwise, irreversible stiction of the two mirrors occurs.
After this point, the surface area of the etch front in the TEOS oxide is considerably
smaller because no etching takes place in the inner membrane area anymore. This
can be clearly seen as a sudden drop of the SiF4 generation rate in the SiF4 absorption
signal. Slow etching is then continued beyond this point in order to overetch safely
(c).

Afterwards, process pressure can be increased again as less water is generated due to
the diminished etch front area. Using the same parameters as in the first step, the
remaining TO in the membrane area can be removed within around (d). The
etching takes place with a slower rate than in the first part of the process (hence less
SiF4 absorption signal) since TO etches more slowly than PECVD TEOS oxide. No

107



Chapter 6. Design and fabrication of NIR FPIs with Si-SiCN based DBRs

4 μm 2 μm

TO etch front

Release holes

Sample
Hu169F

50 μm

TO etch front

TEOS etch front

Figure 6.9: SEM image of a focused ion beam (FIB) cut through a successfully released
double membrane FPI close to the TO etch front (middle). Close-up view of a release hole
showing that the mirrors are not attacked during the short etch time (right). Overview
infrared microscope image indicating the position of the SEM image (left).

delamination of the mirror layers as it was shown in the previous subsection takes
place during this short etch process.

A crosssectional view of a double membrane FPI, successfully released by such an
etch process, can be seen in Figure 6.9. A FIB cut9 has been placed close to the edge
of a sample with release holes of diameter (see overview microscope image on
the left). The SEM image in the middle shows both released membranes and the
TO etch front which is rather rough due to the slow etch process. The TEOS etch
front lies outside of the cut area. A magnification of an opened release hole on the
left side demonstrates that the mirrors indeed stay fully intact after the release10.

6.5 Summary: SiCN-based double membrane FPI

proof-of-principle devices

Summing up, in this chapter both the design and the fabrication routine for first
order single and double membrane FPIs with PECVD Si/SiCN mirrors for the NIR
have been presented. The mirrors for all designs are centered at λ =
simplifying comparison between single and double membrane FPIs. The third design
with a backside trench is a logical extension of the simple double membrane FPI
which remedies its shortcomings. However, such a device is beyond the scope of
this thesis so that it is only proposed here. Nevertheless, to the best of the authors
knowledge, the target SWR exceeds all previously published SWRs for a surface-
micromachined FPI with millimeter-sized aperture in the NIR.

9In collaboration with Martin Streeb from the Robert Bosch GmbH analytics department.
10The additional layer on the bottom side of the lower mirror stems from redeposition during

FIB milling.

108
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Though not designed explicitly, the mechanical behavior in terms of membrane shape
during deflection, actuation voltage and resonance frequency has been predicted
based on an analytical model for the actuator.

FPIs fabricated by the presented process flow are fully functional proof-of-principle
devices in the sense that all advantages of double membrane FPIs discussed in
section 4.3 with respect to their single membrane counterpart can be tested. Fur-
thermore, since the two designs are actually equal (apart from the configuration of
the lower mirror), all differences in performance in the next two chapters can be
fully attributed to the double membrane approach.

Finally, it has been shown that proper stress control by means of annealing is pos-
sible without negatively affecting mirror reflectance, even though careful annealing
is required due to a risk of mirror blistering. Additionally, the release step is chal-
lenging since etching has to be fast enough to prevent mirror delamination while
simultaneously being slow enough to avoid stiction.

109



Chapter 6. Design and fabrication of NIR FPIs with Si-SiCN based DBRs

110



Chapter 7

Static Fabry-Pérot interferometers
with membrane mirrors

When no actuation voltage U is applied, released MEMS FPIs fabricated according
to section 6.3 function as static filters. Their transmittance wavelength then depends
on the initial optical gap d , which is determined by the thickness of the intermirror
TEOS oxide. Several aspects about the filter performance such as the improved
mirror parallelism in double membrane FPIs claimed in section 4.3 can therefore be
tested with static devices as well, avoiding possible additional non-idealities due to
actuation.

To that end, initial characterization was performed on a series of dedicated static
FPIs. In contrast to the TEOS oxide thickness d for tunable FPIs given in
the previous chapter, d was chosen such that the first order transmittance peak
lies at roughly the design wavelength of the DBR, i.e., d , = . This offers
the advantage of maximum sensitivity towards gap inhomogeneities due to high
mirror reflectance and resulting sharp transmission peaks. In consequence, only
non-conductive amorphous silicon was used during fabrication instead of depositing
the last of every mirror in the microcrystalline phase. Accordingly, possible
absorption losses due to doping are reduced and stress gradients in the mirrors due
to a broken symmetry are prevented.

The chapter starts by examining the prestressed top mirror membrane. First, the
frequency spectrum for vibrational excitations of the mirror membrane is analyzed
in section 7.1. This allows the residual tensile stress level to be extracted from the
eigenmode resonance frequencies. Next, measurements of the top membrane mirror’s
surface profiles are presented in section 7.2 in order to demonstrate the achievable
flatness over large areas.
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The remaining chapter focuses on optical characterization by transmittance mea-
surements. To that end, a spatially-resolved transmittance setup is introduced in
section 7.3 and its capability to measure spatial maps of d , is presented. The
chapter ends with a detailed comparison between single and double membrane FPIs
in terms of their optical gap homogeneity in section 7.4. Thereby, the claims from
section 4.3 regarding a higher degree of parallelism between the mirrors in double
membrane FPIs can be tested.

Parts of the results of this chapter have been published in [18].

7.1 Stress determination from the vibrational

excitation spectrum of released membranes

In section 6.2, an estimate for the fundamental resonance frequency f ,( , ) of a
released membrane has been given. Here, the vibrational spectrum of such a re-
leased membrane will be examined in order to verify that resonances indeed lie far
above natural external frequencies. Furthermore, the frequency spectrum will allow
membrane stress to be derived experimentally.

To that end, the vibrational frequency spectrum of an FPI with diameter has
been recorded for its out-of-plane movement over a grid of coordinates at various
background pressures using a Polytec MSA-100-3D LDV (see Appendix A). It is
shown in Fig. 7.1 for frequencies up to .

Upon excitation, the frequency spectrum exhibits a series of resonance peaks cor-
responding to the eigenmodes of the structure. The latter can be matched to the
eigenmodes of a circular membrane which are excited depending on their modal
participation factor. The theoretical spatial profile u(r, ϕ)(m,n) of the eigenmodes in
polar coordinates r, ϕ is given by [212]

u(r, ϕ)(m,n) = Jm

(
αm,n ·

r

r

)
· (mϕ) , (7.1)

where Jm denotes the m-th order Bessel function of the first kind and αm,n is its
n-th root. In other words, m describes the number of nodal diameters of u(r, ϕ)(m,n)

whereas n counts the number of nodal circles. Every theoretically expected reso-
nance in this frequency range up to the (0, 3) mode could be observed. Their spatial
(theoretical) profile is depicted in Fig. 7.1 for reference.

It is worth to note that modes with m > 0 are degenerate for an ideal membrane.
In Fig. 7.1, degeneracy is lifted and the respective resonance peaks are split due
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7.1 Stress determination from membrane vibrational excitation spectra

Figure 7.1: Frequency spectrum of a released membrane mirror with diameter at
pressure under periodically chirped excitation. The spectrum consists of a series

of resonance peaks which correspond to the eigenmodes of a circular membrane. The ideal
mode profiles as well as their mode numbers (m,n) are included.

to deviations from a perfectly circular membrane. For example, such deviations
can stem from the release hole pattern, which was created as an intersection of a
hexagonal release hole lattice with a circular aperture so that the released membrane
slightly deviates from a circle. Anisotropic in-plane stress might also lead to this
splitting.

The fundamental resonance for this membrane appears at f ,( , ) = , higher
than predicted in section 6.2 ( when scaled to diameter). However,
the prediction was only based on a rough estimate for the tensile stress level, so that
a perfect match was not expected. Still, it implies that for all practical membrane
diameters in the millimeter range, fundamental resonance occurs far above typical
external vibration frequencies in the Hertz range, making these FPIs immune to
such excitation.

Since it could be confirmed that the excited modes correspond to those of a circular
membrane, Eq. 6.2 can be used to determine the actual stress σ in the membrane
from the resonance peak positions1. Rearranging Eq. 6.2, σ can be found as the
linear slope in a (2πr f ,(m,n))

2ρ vs. α2
m,n plot shown in Fig. 7.2.

For this analysis, it has to be noted that Eq. 6.2 assumes vanishing damping, an
elastic force which is solely caused by residual stress and a perfectly rigid fixture
[209]. Here, however, a perforated MEMS membrane is vibrating in the vicinity of a
static substrate. In that case, residual gas pressure contributes with an elastic force
due to gas compression and a damping force due to the viscous flow of air through

1This analysis was carried out in close cooperation with Dr. Christoph Krämmer from the
Robert Bosch GmbH.
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Figure 7.2: Determination of membrane stress from the position of resonance frequencies.
The quantity (2πr f ,(m,n))

2ρ plotted against the corresponding squared roots of the
Bessel function α(m,n) shows a linear dependency as expected from theory. Membrane
stress σ is given as the slope of a linear fit.

the release holes [229]. This effect is commonly referred to as squeeze film damping.
Consequently, Eq. 6.2 is only valid at zero pressure.

Since the lowest achievable pressure with the available equipment was p = ,
resonance frequencies at zero pressure had to be extrapolated. To that end, a series
of LDV measurements was conducted at pressures between p and p = .
Indeed, the resonance frequencies f ,(m,n) shifted to higher frequencies and showed
lower Q-factors when p was increased due to the contribution of the gas spring and
its damping. Next, two limiting cases for resonance frequencies at zero pressure
were considered. First, as an upper limit, the resonance frequency at p was used.
Second, as a lower limit, the pressure-dependent resonance frequencies were linearly
extrapolated towards zero pressure. As can be seen from Fig. 7.2, both approaches
lead to nearly the same values and do barely affect the fit result given the remaining
uncertainties.

Following this approach, actual membrane stress is obtained as σ = ± ,
larger than assumed in section 6.2. For this sample, no direct comparison with stress
measurements by laser deflectometry was possible, since it had been subjected to an
additional annealing step after dicing. However, a sample without such an additional
annealing step exhibited a slightly lower tensile stress of σ = ± as it
would be expected after less thermal treatment.

Thus, it can be confirmed by LDV that released mirrors vibrate as circular mem-
branes under residual tensile stress. Given this stress level, the membranes can be
expected to be flat. This assumption will be tested in the next section by examining
the static surface profile in more detail.
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7.2 Surface flatness of the upper membrane mirror

7.2 Surface flatness of the upper membrane

mirror

As shown in the previous section, tensile stress has successfully been established in
the mirror membranes by thermal annealing. Now, mechanical stylus profilometry
and white light interferometry (WLI) will be used to quantify the resulting surface
flatness. To that end, the two methods are first compared when applied to a flat
released membrane in subsection 7.2.1. Subsequently, a membrane in the presence of
anisotropic stress will be analyzed in subsection 7.2.2 in order to test the respective
predictions for the surface profile from subsection 4.2.3.

7.2.1 Comparison of profilometric and white light
interferometric surface profile measurements

In previous studies, two methods have been employed to probe surface flatness of
released membranes: Mechanical stylus profilometry [44, 91, 230] and optical pro-
filometry methods [46,115] such as WLI [83,101,231,232].

Stylus profilometry offers fast linescans with both high lateral and vertical resolution.
However, a released membrane is deflected when a force is applied by the stylus.
Therefore, an approximation of the true surface profile has been gained from a
linear extrapolation of the deflection caused by a series of low stylus forces [44].

WLI provides contact-free surface maps with high vertical resolution. When mea-
suring a thin-film stack, all films contribute to the interference signal on the camera
which leads to a modification of the interferogram [233]. Therefore, care has to
be taken at the edges of released membranes when the underlying thin-film stack
changes abruptly.

Since both a stylus profilometer and a white light interferometer were available for
this thesis, their suitability for surface profiling of released DBR membranes can be
compared. To that end, Fig. 7.3 shows (a) a series of stylus profilometer scans and
(b) a WLI measurement of the surface of a released single membrane FPI with
diameter.

As expected, the membrane is increasingly deflected for increasing stylus forces. The
largest available stylus force of suffices to locally deflect the membrane down
to the substrate mirror as evidenced from the flat plateau (indicated by a dashed
line). The displacement in the middle is slightly larger than the ellipsometrically
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Figure 7.3: (a) Stylus profilometer scans over a diameter single membrane FPI at
different stylus forces. A hypothetical zero force line is linearly extrapolated. (b) WLI
surface profile of the same membrane. The flat membrane area is marked by a red circle.

measured TEOS oxide thickness of due to a bow in the substrate wafer
(see discussion in subsection 7.4.1). Accordingly, stylus profilometry provides a fast
check for a completely released and deflectable membrane. It should be noted that
the mirror membrane does not stick to the substrate mirror after contact during
the measurement and retracts to its initial position. Furthermore, applying these
forces locally with the stylus tip of radius does not inflict visible damage to
the membrane.

As described above, the hypothetical measurement has been extrapolated
pointwise using low stylus forces between and . Figure 7.4 shows a his-
togram (blue) of the surface height distribution (weighted by an additional radial
factor to account for the actual 2D circular membrane) with the outer at
the membrane edge excluded. Due to remaining ripples after the linear extrapola-
tion, the histogram distribution is discontinuous. However, the standard deviation
of . is low compared to the large membrane diameter of .

The contact-free WLI measurement in Fig. 7.3 (b) confirms that the released mem-
brane (red circle) is highly flat. A reference plane through the membrane area has
been subtracted to account for a residual tilt of the sample, i.e., a potential mem-
brane bow remains unaffected by this correction procedure. There is no discontinuity
in the height signal at the membrane edge, i.e., the abrupt change in the interference
signal does not negatively influence the measurement result. The corresponding his-
togram in Fig. 7.4 shows a smooth distribution with a standard deviation as low as
. .

Both stylus profilometry and WLI are thus suitable methods for characterizing and
quantifying surface flatness of released DBRmembranes. However, WLI can measure
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Figure 7.4: Histograms normalized to unity area for stylus profilometry and WLI surface
profile measurements of the FPI from Fig. 7.3. A smooth distribution is obtained only for
WLI. Both techniques indicate a low standard deviation of less than given the large
membrane diameter of .

a 2D height profile of the membrane and does not need the actual signal of interest
to be extrapolated. It will therefore be the preferred method for most measurements
in the following.

Independent of the chosen measurement technique, it can be inferred that an-
nealed Si/SiCN DBR membranes remain highly flat in the nanometer range even
for millimeter-size diameters. In subsection 3.2.2, it has been derived that the FPI
mirrors need to be parallel up to such nanometer deviations. It has to be kept in
mind that a flat membrane does not necessarily imply parallel mirrors and even
deviations from flatness are tolerable as long as they are common to both mirrors.
Indeed, a number of membranes were not flat but showed a surface profile which
can be explained by wafer curvature due to an anisotropic stress. These will be
presented in the next subsection.

7.2.2 Membrane flatness in the presence of anisotropic in-
plane stress

The considerations in subsection 4.2.3 have predicted a hyperbolic paraboloid for the
membrane profile in case the substrate experiences a tensile stress with unidirectional
in-plane anisotropy. The underlying reason was a curved fixture of the membrane
due to warping of the substrate. Such shapes have indeed been measured by other
groups for FPIs based on nanostructured dielectric membranes [105] and structured
metallic reflectors on dielectric membranes [104] without having been assigned to
stress anisotropy.
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Figure 7.5: (a) WLI surface profile of a double membrane FPI with an anisotropically
stressed substrate. The surface shows a hyperbolic paraboloid shape. (b) Comparison of
cross sections along three directions with extrapolated stylus profilometer measurements.

In this thesis, pronounced anisotropy has routinely been found in tunable double
membrane FPIs fabricated using the layout from Fig. 6.4. In this case, unidirec-
tional anisotropy is introduced by removing . compressively stressed TO in
two opposite corners of the substrate for the substrate contacts. The same is true
for test samples which were broken manually instead of saw dicing and therefore con-
tained membranes which were not properly centered on the middle of the resulting
chips.

Figure 7.5 (a) shows a surface profile of a double membrane FPI with diameter
measured by WLI. Here, the membrane was not lying in the center of the manually
broken chip but close to one of its edges. The surface profile is indeed a hyperbolic
paraboloid which results in deviations of ± from flatness.

Part (b) of the figure depicts cross sections along the three directions marked in
(a). In good agreement to the WLI measurement linear extrapolations to zero
force from stylus profilometry scans along these respective directions are shown as
well confirming again that both methods are in principle suitable for this kind of
characterization.

It is expected from subsection 4.2.3 that such a deviation from flatness due to a
curved fixture profile common to both mirrors, does not influence the optical gap
homogeneity. Using spatially-resolved transmittance measurements introduced in
the next section, this hypothesis will be tested later in subsection 7.4.2.
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7.3 Local probing of FPIs by spatially-resolved transmittance measurements

7.3 Local probing of FPIs by spatially-resolved

transmittance measurements

It has been discussed in Eq. 3.15 that the transmittance through the full aperture
of an FPI, T , corresponds to an area integration over the local transmittance
contributions. This is turn leads to transmittance peak broadening in case of an
inhomogeneous optical gap. While T is the final quantity of interest for optical
FPI performance in a miniaturized spectrometer, information about, e.g., the actual
mirror quality and the source of the inhomogeneity are lost due to the integration.

While the contribution of divergence finesse F is typically known from the exper-
imental conditions, it is not straightforward to determine the contribution of optical
gap inhomogeneities to peak broadening. Previously, it has been attempted to es-
sentially deconvolve T spectra by varying the defect contributions in a simulation
until good agreement with the measurement was achieved [44,77]. Alternatively, the
defect finesse has been calculated from the difference between the ideal peak FWHM
and the measured FWHM in order to determine an order of magnitude for gap vari-
ations due to geometric defects [91]. However, since all defects essentially lead to
peak broadening, none of these methods can reliably identify the actual source of
gap inhomogeneity.

A loss of information about the gap distribution can be circumvented in the first
place if the measurement spot is limited to a small area A instead and transmit-
tance is then repeatedly measured while sampling over the aperture area. If the spot
size is small enough that d can be regarded as constant, the resulting peak FWHM
is limited by the reflective finesse and the spectral peak position is determined by
d .

In subsection 7.3.1, a custom transmittance setup which makes use of such spatially-
resolved transmittance measurements is introduced. Furthermore, possible errors
occurring when extracting spatial optical gap maps from such measurements are ad-
dressed. Subsequently, comparison with full aperture transmittance measurements
is drawn in subsection 7.3.2 in order to illustrate the benefits of this measurement
strategy.

7.3.1 Derivation of the optical gap width from spatially-
resolved transmittance spectra

In order to retain maximum information about mirror quality and gap inhomo-
geneities, an automated transmittance setup has been developed which is capable
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Figure 7.6: Schematic representation of the automated transmittance setup for spatially-
resolved transmittance measurements. Further details are given in Appendix B. Modified
version from [18].

of taking spatially-resolved transmittance measurements with a spot size of roughly
in diameter2. Figure 7.6 illustrates the working principle of the setup

schematically (see Appendix B for a more detailed description including a parts
list.).

Light from a fiber-coupled tungsten-halogen light source is focused onto the sample
via two lenses. The focal length of the focusing lens is chosen such that the half
cone angle of the incident light does not exceed ◦ in order to maintain an angular
finesse of F = 280 in first order which exceeds the reflective finesse by more than
a factor of two over the whole SWR and therefore does not limit peak FWHM . The
illuminated sample is reimaged with 5x magnification onto an adjustable iris.

The visible part of the transmitted spectrum is directed onto a camera using a dicroic
mirror so that the measurement position can be monitored and orientation on the
sample is provided. The NIR part is analyzed by a fiber-coupled spectrometer with
a fixed grating and an InGaAs array detector. Thus, snap-shot spectra over a range
from to can be taken.

The measurement spot on the sample can be selected by moving the sample in
the x-y-plane using motorized linear stages. Actuation voltages can be applied
by a sourcemeter. All components are controllable from a computer with a single
LabVIEW program.

It should be noted that the measurement spot size is significantly larger than both
the release hole diameter and hexagonal lattice constant so that their contribution
is not resolved separately.

As mentioned above, in the limit of d being constant over A and the divergence
angle of the incident light being negligible, the measured transmittance corresponds
to the transmittance of an ideal FPI. In that case, the peak FWHM is determined

2Automation has been implemented by Pengfei Liu during his master thesis [234].
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7.3 Local probing of FPIs by spatially-resolved transmittance measurements

solely by the mirror reflectances and the peak position follows from Eq. 3.9. For a
known mirror geometry and interference order, d is the only unknown in Eq. 3.9.
From a locally measured transmittance peak position, d can therefore be derived
(assuming an air cavity with n = 1):

d =
2πm+ φ (λm) + φ (λm)

4π θ
λm (7.2)

Application of Eq. 7.2 requires knowledge of the wavelength-dependent phase shift
upon reflection φ , (λ). Given the individual layer thicknesses and refractive
indices, φ , (λ) can be calculated using the transfer-matrix method. In this
thesis, refractive indices of a-Si and SiCN were determined a priori by variable-angle
SE and were used as fixed inputs for later fitting.

While it is possible to check individual layer thicknesses in full DBR stacks ellipso-
metrically for consistency and good fits were usually achieved within ± of the
nominal thicknesses, correlations between the fit parameters increases with increas-
ing number of layers. Therefore, it cannot be expected that fitted thicknesses in
the calculation of φ , give better accuracy so that the nominal thicknesses were
generally used instead.

Given also the fact that actual refractive indices depend on chamber conditioning
as shown in subsection 5.2.3, φ , (λ) is an error source for the determination
of d . The magnitude of errors has been estimated by Monte-Carlo simulation of
d for first order transmittance at λ1 = assuming normally distributed
mirror thicknesses and refractive indices with standard deviations of sd = and
sn = 0.01, respectively. The resulting distribution of d had a standard deviation
of sd, = indicating the error in optical gap estimation.

In the following, the main focus will lie on the homogeneity of the optical gap,
i.e., the absolute value of d is of minor importance compared to the variation of
d over the aperture area. For a spatially-dependent gap profile determined from
mapping of the measurement spot, the mirror layer refractive indices from a single
deposition can surely be regarded as constant. From typical thickness homogeneity
measurements, it can be estimated that over the largest apertures used in this thesis
( in diameter), mirror thicknesses are constant up to variation. In that
case, the aforementioned Monte-Carlo simulations predict an accuracy for the optical
gap within the aperture area of sd, , = . which is sufficient to resolve the
inhomogeneities for single membrane FPIs in subsection 7.4.1.
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Figure 7.7: Comparison of a single point transmittance measurement (blue) in the center
of a single membrane FPI and full aperture transmittance (green). The single point
measurement shows a sharply resolved peak in good agreement with the simulation (red)
indicating good mirror quality, whereas no such information can be extracted for the broad
full aperture transmittance peak. Modified version from [18].

7.3.2 Single point vs. full aperture FPI transmittance
measurements

In order to illustrate the aforementioned advantages of transmittance measurements
with spatial resolution compared to full aperture measurements, Fig. 7.7 shows both
kinds of measurements for a single membrane FPI with diameter. For the local
measurement in the membrane center, a clearly resolved peak appears at
having an FWHM of . corresponding to d = .

Given this optical gap, FPI transmittance has been simulated using the nominal
mirror layer thicknesses (red line). The FWHM of . is in good agreement with
the measured value indicating that mirror reflectance closely matches the design in
this spectral range. It should be noted that a slight broadening (< ) due to the
cone angle of the incident light is expected. Additionally, in the blocking region,
where the filter should not transmit (i.e., from roughly to nd from

to ), the average transmittance is 0.001 leading to a contrast of at
least C = 480. The signal level in this range is too low to determine a more accurate
value, but in principle, the nominal DBR reflectance would allow for an order of
magnitude higher contrast. However, suppression in the stop band is ultimately
also limited by the finite area fraction of the release holes.

In the ideal case, the peak height should be 0.7 due to the reflection loss at the wafer
backside (see section 6.1). Because of the finite spectrometer resolution (≈ ) the
measured peak height is slightly lower. However, there is a pronounced mismatch
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at the low wavelength side of the spectrum where the increase in interferometer
transmittance outside the mirror reflectance plateau and the onset of wafer absorp-
tion lead to a broad peak. This can be attributed to deviations of the actual layer
thickness from the nominal values which shift the edge of the reflectance plateau.

Furthermore, since the transmittance peak is not significantly broadened, d must
be homogeneous within A . The impact of an inhomogeneous gap can be observed
in the case of a full membrane measurement (green) which results in a broad and
distorted peak with a FWHM of . . Due to the integration over various optical
gaps peak transmittance is further reduced. Additionally, the whole peak is shifted
towards lower wavelengths. As will be seen in the next section, d is largest in the
membrane center so that the locally-resolved peak is red-shifted compared to the
average peak.

Obviously, from the broad full aperture transmittance peak neither can a statement
be made about the actual mirror reflectance nor can the source of the gap inhomo-
geneity be directly inferred. Only the equally high out-of-band blocking compared
to the local measurement indicates a high reflectance.

In the next section, mapping of such spatially-resolved transmittance measurements
will be presented which allows the source of gap inhomogeneity to be determined
precisely.

7.4 Optical gap homogeneity of single and double

membrane FPIs

It has been predicted in section 4.3 that double membrane FPIs allow for a higher
degree of mirror parallelism compared to single membrane FPIs. Since mapping of
spatially-resolved transmittance measurements yields a spatial map of the optical
gap profile, this claim can be verified in this section. First, gap inhomogeneity
in single membrane FPIs is analyzed in subsection 7.4.1 both by spatially-resolved
transmittance and WLI. Then, double membrane FPIs with highly parallel gaps
are presented in subsection 7.4.2. Last, the dependence of gap inhomogeneity on
membrane diameter is shown for both designs in order to illustrate that double
membrane FPIs do not require a trade-off between resolution and throughput.
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Figure 7.8: WLI surface profile of a single membrane FPI with diameter (left).
Cross section through the center of the membrane with a quadratic fit of the wafer bow
outside the membrane region (right). The extrapolated wafer profile allows the optical
gap inhomogeneity to be estimated. Modified version from [18].

7.4.1 Stress-induced inhomogeneity in the optical gap of
single membrane FPIs

For single membrane FPIs, the source of gap inhomogeneity can actually be found
from the surface profile without explicitly needing spatially-resolved transmittance
measurements by following the considerations in subsection 4.2.3. The profile of
the substrate mirror directly equals the shape of the substrate wafer. The latter,
however, is directly accessible from the surface profile outside the membrane area
in a WLI measurement and can be extrapolated to within the membrane area as
described below.

To that end, Fig. 7.8 (a) shows a WLI surface profile of a single membrane FPI with
diameter. As it was the case in Fig. 7.3 (b), the released membrane is flat

within the optical area (red circle). Outside this region, the surface profile warps
due to the tensile stress in the thin-films as expected from the annealing procedures.

Since uniform stress leads to a constant curvature radius, the wafer shape can be
approximated by fitting a quadratic function to the measured surface profile outside
the membrane area according to Eq. 4.2. This is shown in Fig. 7.8 (b) for the
cross section marked by a dashed red line in Fig. 7.8 (a). Consequently, optical gap
inhomogeneity along this cross section is given by the difference between membrane
and substrate profile. From this analysis, a deviation of between membrane
center and edge is expected.

Spatially-resolved transmittance measurements can be used to effectively test the
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Figure 7.9: (a) Optical gap map of a single membrane FPI with diameter from
spatially-resolved transmittance measurements and (b) comparison of the optical gap vari-
ation along the dashed red line with the gap variation deduced from Fig. 7.8 (right): The
rotationally symmetric profile and good agreement with the WLI data indicate that the
wafer bow is the source of the gap inhomogeneity. Modified version from [18].

validity of the approach above. Accordingly, Fig. 7.9 (a) shows a map of the opti-
cal gap for the same single membrane FPI as in Fig. 7.8 which has been deduced
from spatially-resolved transmittance measurements as outlined in subsection 7.3.1.
The profile is rotationally symmetric as it would be expected for a uniform stress.
Furthermore, d is largest in the middle which explains the red-shift of the locally
resolved peak in Fig. 7.7 compared to the full aperture transmittance.

The right side of Fig. 7.9 depicts the variation of d along the dashed red line to-
gether with the variation given by the difference between the mirror profiles from the
WLI measurement in Fig. 7.8. The two cross sections largely coincide. Accordingly,
gap inhomogeneity in single membrane FPIs (directly measured by spatially-resolved
transmittance) is caused primarily by the bow of the substrate wafer (extracted from
the WLI surface profile) confirming the respective hypothesis from subsection 4.2.3.

7.4.2 Double membrane FPIs with highly homogeneous
optical gaps

As discussed in section 4.3, double membrane FPIs circumvent the dependence of
mirror parallelism on wafer bow by decoupling both mirrors from the substrate
within the optical aperture. For better comparison with the single membrane FPI
data shown above, diameter samples are considered for the double membrane
FPIs as well.
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Figure 7.10: WLI surface profile of a double membrane FPI with diameter: The
upper membrane is flat but the wafer bow is opposite compared to the single membrane
case due to the large compressive stress of the backside TO which is removed during the
release process. Modified version from [18].

The surface profile of such a sample is shown in Fig. 7.10. Compared to the double
membrane FPI with an anisotropically stressed substrate in Fig. 7.5, the upper
membrane is flat with a standard deviation of . It has to be noted that the
substrate wafer is oppositely bowed outside the membrane area. The reason is that
the . thick TO, which is removed on the whole backside during the release step,
is highly compressive (σ ≈ − [93]) and therefore outweighs the tensile
contribution from the mirror layers. In contrast to single membrane FPIs where
the optical gap profile could be estimated from such a surface profile measurement
alone, this is not an option for double membrane FPIs, because decoupling the lower
mirror flatness from the substrate is one of the actual ideas motivating the design.

Nevertheless, gap homogeneity can be probed optically by spatially-resolved trans-
mittance measurements. Therefore, Fig. 7.11 (a) shows a map of the optical gap of
the same double membrane FPI as in Fig. 7.10. The maximum variation of up to

occurs only at the membrane edge. Within the optical area, the mirrors are
parallel up to a tilt of . That is to say, no contribution of the strong underlying
wafer bow is visible. The likeliest source of the residual tilt is an inhomogeneity
in the deposition of the TEOS optical gap oxide (see also Fig. 7.12), which can in
principle be improved by process optimization. Knowing the flatness of the upper
mirror from the WLI surface profile, it can therefore be concluded that the lower
membrane mirror is flat as well.

The consequence can be seen from Fig. 7.11 (b) where local transmittance through
the center of the membrane is plotted together with the full aperture transmittance.
As it was the case for single membrane FPIs, a sharply resolved peak appears for the
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Figure 7.11: Optical gap map of a double membrane FPI with diameter from
spatially-resolved transmittance measurements (a) and comparison of local vs. full aper-
ture transmittance (b): Due to the highly homogeneous gap, the full aperture transmit-
tance peak is only slightly broadened. Modified version from [18].

local measurement with an FWHM in close agreement to the simulated value. It
should also be noted that the FWHM of . is smaller than for the single mem-
brane FPI as already predicted from the design in section 6.1 due to the increased
reflectance of the lower mirror. Furthermore, the actual mirror thicknesses seem to
be close to the nominal values since measurement and simulation agree well in the
silicon substrate absorption range below where mirror reflectance drops.

In contrast to the case of single membrane FPIs, where full membrane transmittance
showed a broad distorted peak, high resolution is largely conserved here. The tilt in
the optical gap only leads to broadening of less than so that the final FWHM
for transmittance through the full aperture of this double membrane FPI is . .

Furthermore, this high degree of parallelism is not only achieved for flat membranes
but also in the case of an anisotropic stress in the substrate wafer which leads to
a hyperbolic paraboloid surface profile. This is illustrated in Fig. 7.12 which shows
the optical gap map for the diameter sample with warped surface profile from
Fig. 7.5. Even though the surface profile varies as much as ± from flatness,
the gap map shows only a residual tilt in the order of in good agreement
with tilt found above for the smaller diameter sample from the same
wafer. Consequently, the hyperbolic paraboloid profile must be common to both
membranes. This is to be expected since both of them share the same boundary
condition imposed by their warped fixture.

Equation 7.2 can also be used to determine the thickness of the spacer TEOS ox-
ide from the respective transmittance peak when its refractive index is taken into
account. Transmittance was therefore also measured outside the membrane area in
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Figure 7.12: Optical gap map for a diameter double membrane FPI with
paraboloidally warped upper mirror: Despite the variation of the upper surface height
beyond (see Fig. 7.5) the membranes remain parallel to each other up to a tilt of

. The variation in TEOS spacer oxide thickness between the two red dots was found
to be explaining the tilt in the optical gap.

order to get insight into the source of the tilt in the optical gap. Along the tilt
gradient, a variation in TEOS oxide thickness of was found, showing that
membrane parallelism in double membrane FPIs is indeed ultimately limited by the
intermirror oxide homogeneity.

Accordingly, double membrane FPIs exhibit highly parallel mirrors by design with-
out needing any stress compensation. While this is already an advantage on chip
level, it can be expected that it is also a very convenient property as soon as ex-
ternally coupled stress due to packaging is involved. To conclude this section, the
scaling behavior of gap inhomogeneity with membrane size will be analyzed in the
following.

7.4.3 Decoupling of resolution and throughput in double
membrane FPIs

Many applications benefit from a large FPI aperture because the optical throughput
scales with its area. This can be the case, e.g., for hyperspectral imaging applications
where the filter is ideally placed in front of the imaging optics in order to ensure a
high divergence finesse [122]. Apart from a more demanding manufacturing process
(see, e.g., subsection 6.4.4 on the HF release process), maintaining the optical gap
homogeneity is one of the central challenges when increasing the membrane size. It
is therefore interesting to determine the relationship between these two.

Consequently, static single and double membrane FPIs were fabricated with diam-
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dent of membrane diameter whereas single membrane FPIs show increased inhomogeneity
due to the increase in wafer bow. Transmittance peaks for full area transmittance through
the FPIs (right side). Modified version from [18].

eters between and and their optical gap homogeneity was determined
using the spatially-resolved transmittance measurements as described in the pre-
vious sections. Fig. 7.13 shows the maximum optical gap variation and standard
deviation as well as the peak FWHM for transmittance through the full aperture
for these samples depending on their diameter on the left. The corresponding full
aperture transmittance measurements are shown on the right hand side.

As can be seen, the optical gap of single membrane FPIs becomes increasingly
inhomogeneous with increasing membrane diameter. This is in accordance with the
findings of subsection 7.4.1 that gap homogeneity is dominated by the bow of the
lower mirror which in turn depends on membrane radius r (see Eq. 4.2). Therefore,
a trade-off between the achievable resolution and throughput has to be found when
designing an actual device as a single membrane FPI. Accordingly, the full aperture
transmittance measurements show increasing FWHM and a red shift of the peaks
with increasing diameter.

In contrast, for double membrane FPIs gap homogeneity does not significantly de-
pend on membrane diameter which again matches the observation from subsec-
tion 7.4.2 that wafer bow does not affect membrane parallelism. In other words,
double membrane FPIs offer the advantage of decoupling resolution from achievable
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throughput at least within the fabricated range of membrane diameters. However,
there is no a priori reason to assume that FPIs with larger membrane diameters
should behave differently. When comparing the full aperture transmittance mea-
surements it should be noted, that it was not possible to fully limit detected light
to the membrane area for the smallest sample with diameter which is why
the peak transmittance is appears reduced. The actual position of the peaks de-
pends on the local TEOS oxide thickness which varies slightly at different positions
on the wafer. Nevertheless, it can be seen that the peaks do not broaden
significantly.

It should be noted that there are measures to improve membrane parallelism in single
membrane FPIs. Bow depends inversely quadratically on substrate thickness, so that
a thicker substrate wafer can significantly improve gap homogeneity. Alternatively,
stress compensation layers can be deposited on the wafer backside (at least outside
the optical aperture). However, as stated before other factors apart from thin-film
stress can cause substrate bow such as chip packaging [5] and interconnects so that
the inherent robustness of double membrane FPIs against induced stress is certainly
advantageous.

7.5 Summary: Double membrane FPIs for large-

area, high-resolution filters

In short, the static behavior of both single and double membrane first order FPIs has
been thoroughly characterized in this chapter. It could be confirmed by LDV that
the fundamental resonance frequency of released membrane DBRs lies far above
typical external disturbing frequencies which preferably should not couple to the
device. The spectral position of the vibrational eigenmodes was furthermore used
to extract the tensile stress level of such membranes. It should be noted that this
method has so far not commonly been used in the MEMS FPI community.

Released membranes are exceptionally flat with nanometer standard deviations even
for large membrane diameters as evidenced both from mechanical stylus profilometry
and WLI. However, if the substrate is subject to an anisotropic in-plane stress,
membranes are deformed to a hyperbolic paraboloid according to the sinusoidal
fixture profile.

Both single and double membrane FPIs locally work as narrow-band optical filters in
the NIR with a resolution below in the range of the design wavelength of the
DBRs and suppression in the stop band with a contrast of around 400. However, for
large membrane diameters in the millimeter range the full aperture transmittance
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of single membrane FPIs is dominated by the low defect finesse associated with
an inhomogeneity in the optical gap due to the bow of the substrate wafer. Dou-
ble membrane FPIs on the other hand show highly parallel mirrors even for
diameter membranes, i.e., resolution and throughput are essentially decoupled. Mir-
rors remain parallel even if the membranes are not flat but share the aforementioned
hyperbolic paraboloid profile. It is expected that this insensitivity of mirror paral-
lelism to substrate warp will also prove useful when external stress factors such as
chip packaging are considered.

A key element in the characterization, which allowed an unambiguous assignment
of the source of single membrane FPI gap inhomogeneity to wafer bow, was the use
of spatially-resolved transmittance measurements instead of full aperture transmit-
tance. For double membrane FPIs such measurements provide a non-destructive
means to measure the profile of the lower membrane mirror which would otherwise
only be accessible by removing the upper mirror.

High mirror parallelism has been one of the advantages of the double membrane
FPI structure which has been claimed in section 4.3. The other one, namely the
increased tuning range which enables resonance tuning over the full first FSR will
be examined in the following chapter.
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Chapter 8

Actuated Fabry-Pérot
interferometers

Apart from the high degree of parallelism achievable by the double membrane FPI
approach, the increase of available travel range before electrostatic pull-in occurs
is the other benefit claimed in section 4.3. This is enabled by pulling the lower
membrane down to the substrate, so that the initial actuation gap d , is determined
by the thickness of the sacrificial oxide d separating these two, which can be chosen
independently from the initial optical gap d , .

As described in section 6.3, the mirrors of the static filters from the previous chapters
need at least one conducting layer which can be contacted from outside in order to
enable actuation. To that end, the single and double membrane FPIs used for this
chapter were fabricated with the last of both mirrors being boron-doped μc-
Si. Using the contact openings in the chip corners, actuation voltages U could
then be applied using spring-loaded test pins with the FPIs mounted to a custom
enclosure as described in Appendix B.

The chapter starts with a detailed analysis of single membrane FPIs during actuation
and thereby shows that electrostatic pull-in occurs while tuning the transmittance
wavelength within the first FSR. In the second part, actuated double membrane
FPIs will be presented which exhibit a larger stable travel range sufficient to cover
the full first FSR.

Parts of the results shown in this chapter have been published in [23].
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8.1 Actuated single membrane FPIs limited by

electrostatic pull-in

For an actuated single membrane FPI the initial optical gap d , , i.e., the thickness
of the sacrificial oxide, has to be chosen such that it results in transmittance at
λ , , the upper end of the desired SWR. As described in section 6.1, for Si/SiCN
DBRs this leads to d , = for transmittance at λ , = .

However, the available measurement range of the InGaAs spectrometer used for
transmittance measurements ends at . Furthermore, single membrane FPIs
can be expected to have a larger d , in the membrane center due to the bow in
the substrate wafer as shown in the previous chapter. Therefore, the FPIs in this
chapter were deposited with a smaller nominal TEOS thickness of d ≈
in order to ensure that the first order transmittance peak lies in the measurement
range for all applied actuation voltages U .

Such single membrane FPIs have been successfully fabricated with diameters of
, and , all of them being functional. However, despite the reduced

TEOS thickness, the first order transmittance peak in the rest position was lying
outside of the measurement range for the samples. Therefore, the results
shown in this section stem from filters with diameter.

8.1.1 The surface profile of the moving membrane mirror

In the case of single membrane FPIs, the upper mirror membrane is displaced to-
wards the substrate during actuation. Therefore, WLI can be used to directly mo-
nitor this displacement by measuring the surface profile while an actuation voltage
U is applied. Figure 8.1 (a) shows a series of cross sections at the same position
of a single membrane FPI with diameter recorded for actuation voltages U
up to in steps of . with an additional measurement at U = . .

It should be noted at this point, that the force which is exerted on the chip by
the spring-loaded test pins leads to additional strain in the chip. Therefore, the
mirror surface of an FPI mounted in the contacting enclosure is not flat even if it is
flat in the unmounted case. Instead, it shows a curvature similar to the hyperbolic
paraboloids known from an anisotropic in-plane stress described in subsection 4.2.3.
For reasons of a better readability, the direction of the plotted membrane cross
sections in Fig. 8.1 (a) have been chosen such that the membrane appears flat along
this direction (see Fig. 8.5 (a) for an example).
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Figure 8.1: (a) Surface profile cross sections of a single membrane FPI measured by WLI
while voltages up to above the pull-in point χ are applied. The membrane warps during
actuation due to the use of the full surface area for the actuation electrodes. (b) Average
surface height around the center of a single membrane FPI during periodic cycling between
pulled-in state and released state. For voltages just above the pull-in voltage (3V) the
initial membrane position can fully recover.

The membrane can be seen to be deflected towards the substrate when an actuation
voltage U is applied. Since the attractive capacitive force depends non-linearly
both on d and U , the resulting deflection is a non-linear function of U . In the
configuration presented here, the full membrane area acts as an actuation electrode,
i.e., the electrostatic force is exerted on the whole membrane area. This leads to a
bow of the membrane during actuation with the largest deflections in the center.

Actuation is stable up to the pull-in voltage U ≈ . − after which the mem-
brane snaps down to the substrate. The total deflection after pull-in of roughly

matches well with the TEOS thickness. Residues from non-volatile products
of the vapor HF etch process, likely stemming from impurities due to carbon in the
precursor molecule, can be seen under the pulled-in membrane.

In the last stable measured position at U = . , the center deflection from rest
position is which leads to a relative travel range of χ = 0.37. This exceeds
the relative travel range of one third at which electrostatic pull-in should occur for
a parallel plate capacitor (see section 6.2). Further details on the pull-in point will
be discussed in the next subsection.

Pull-in is one major failure mechanism in MEMS as it can lead to permanent stic-
tion of the surfaces which get in contact [235]. This is not the case for the single
membrane FPIs fabricated here as shown in Fig. 8.5 (b). The graph depicts the
surface height averaged over a length of in the center of the membrane when
the actuation voltage is periodically switched from U = to values above the
pull-in voltage U . It can be seen that the membrane does not permanently stick
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Fig. 6.2 as well as under the assumption of μc-Si layers with reduced refractive index are
included.

to the substrate after pull-in has occurred. This is on the one hand due to the fact
that only the top layer of each mirror is conductive. Therefore, when the mem-
brane snaps down to the substrate, the electrodes are separated by an insulating
mirror which prevents permanent joining. Additionally, the etch residue might act
as natural antistiction bumps, reducing the contact surface between the mirrors.

For U = , i.e., slightly above U , the membrane returns reversibly to its
rest position as soon as U is switched off. At higher voltages, the membrane is
pulled down further against the etch residue which leads to a slight reduction of the
measured average surface height. At this stage, the released surface height changes
possibly due to damaging of the membrane by the etch residue or surface charge
transfer to the insulating bottom surface of the membrane mirror.

8.1.2 Transmittance peak tuning within the first FSR

In order to characterize the optical response to an applied actuation voltage U ,
the spatially-resolved transmittance setup presented in subsection 7.3.1 was used.
As it was the case for static filters with an inhomogeneous gap, the setup allows to
increase the geometric defect finesse during measurement by limiting the spot size.
Thereby, transmittance peak FWHM is mainly limited by mirror reflectance despite
the additional membrane warping during actuation.

Fig. 8.2 (a) shows local transmittance measurements in the center of a single mem-
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brane FPI when actuation voltages in steps of . are applied up to above the
point when pull-in occurs. Below the pull-in voltage U , the transmittance peaks
shift to lower wavelengths starting from the rest position at when U is
increased. The latter is determined by the TEOS thickness and the additional bow
of the substrate wafer.

Transmittance peak FWHM is plotted in Fig. 8.2 (b) with respect to center wave-
length. For reference, simulated values for the FWHM from the design section 6.1
are included as a solid line. The values plotted with a dashed line were simu-
lated under the assumption that the μc-Si layers have a refractive index reduced by
. ompared to a-Si as discussed below.

The FWHM follows the trend predicted by simulations which essentially stems from
the wavelength-dependence of the reflective finesse due to the variation of mirror re-
flectance. The minimum lies in the range of which is the DBR design
wavelength. The quantitative deviation from the simulated ideal FWHM of ap-
proximately is larger than for the static measurements shown in the previous
chapter. This might be due to the use of μc-Si which, owing to the possible for-
mation of voids in the material, can possess a lower refractive index than a-Si. As
an example, for the dashed line a volume fraction of voids was assumed which
leads to a refractive index reduction of . n μc-Si, resulting in better agreement
with the measurement.

The peak heights in Fig. 8.2 (a) lie in a range from 0.45 to 0.53 which is in good
agreement with the result from the static filter in subsection 7.3.2. They qualitatively
follow the same trend as the FWHM with decreasing heights towards the design
wavelength λ . This can be attributed to the variation in reflective finesse under
the presence of a given defect finesse, i.e., the convolution of ideal transmittance
peaks with a finite cone angle of incident light.

When the membrane mirror snaps down to the substrate mirror above U (red
curve in Fig. 8.2 (a)), the filter blocks within the full range of high reflectance
and possesses a broad transmittance peak at . In the theoretical limiting
case of direct contact between the mirrors, one would expect a broad transmittance
peak at the DBR design wavelength, i.e., at λ = . The reason is that
the innermost silicon QWOT layers then form a half wavelength optical thickness
layer which corresponds to an FPI with reduced mirror reflectance and first order
transmission at λ 1.

This peak theoretically shifts to longer wavelengths when a residual gap between

1Equivalently, at zero optical gap the phase variation in the denominator of the Airy formula
is only given by the phase shift upon reflection φ , at the two mirrors which equals π only at
λ and therefore leads to transmittance at that wavelength [87].
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Figure 8.3: Voltage characteristic of the optical gap in the center of a single membrane
FPI with diameter during a dual linear sweep up to voltages above the pull-in point.

the mirrors is considered. In that case transmittance at corresponds to a
gap of approximately if the gap was filled with air. Such a gap could be due
to the etch residue between the mirrors evidenced in Fig. 8.1 (a), which prevents full
contact between the mirrors even in the pulled-in case. However, since the refractive
index of the residue is unknown, the gap width cannot be quantified further.

From the voltage-dependent transmittance peak positions, the voltage characteristic
of the optical gap d can be derived. This is shown in Fig. 8.3 for a voltage sweep
up to U = . and back, i.e., up to above the pull-in point χ . As the exact
optical gap after pull-in is unknown, the optical gaps were manually set to zero.

After pull-in has occurred a hysteretic behavior can be observed with the restoring
spring force only being strong enough to release the membrane when the actuation
voltage has dropped . below the pull-in voltage U . It should be noted at this
point that contacting via spring-loaded test pins directly to a semiconductor does
not provide optimal, reproducible contacts. On the one hand, this leads to small
deviations of the measured pull-in voltage U (e.g. . in Fig. 8.1 (a) vs. . in
Fig. 8.3). On the other hand, depending on the contact resistance, the RC-constant
for charging the actuator capacitance can be high which can lead to deviations of the
transmittance peak positions for repeated voltage sweeps. This could explain the
differences in the optical gap in Fig. 8.3 between voltage ramp-up and ramp-down.

The last stable position before pull-in is reached for an actuation gap of d , =
resulting in a relative travel range of χ = 0.39 which is in good agreement

with the value determined from WLI above. It has been derived in Appendix D
that for full area capacitive actuation the theoretical pull-in point is χ = 0.44.
However, since the deflection starts to diverge quickly towards the pull-in point, it
cannot be expected that such a deflection can be measured stably. This explains
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Figure 8.4: Spatially-resolved optical gaps for a single membrane FPI with diameter
(a) without applied actuation voltage and (b) with an actuation voltage of U = . .
The plots share the same colorscale.

why it has been stressed before that for safe device operation, deflections close to
χ = 0.44 have to be avoided.

Mapping of the measurement spot over the membrane area can again be used to
gain insight into the spatial variation of the optical gap during actuation. Figure 8.4
shows such optical gap maps for a single membrane FPI for two different actuation
voltages. The colorscale is the same in both graphs.

On the left hand side (a), the optical gap at U = is plotted. Despite the
anisotropic stress induced by the contact pins the optical gap shows the rotationally
symmetric distribution known from Fig. 7.9 (a). This can again be attributed to
the fact that a common variation to the fixture of both mirrors does not affect
mirror parallelism. The maximum optical gap variation between edge end center is

which is comparable to the non-actuated filters without doped μc-Si from the
previous chapter.

On the right hand side (b), an actuation voltage of U = . has been ap-
plied during the measurement. The resulting optical gap profile is still rotationally
symmetric since actuation via the full membrane area electrodes does not break
rotational symmetry. At this U the amount of membrane bow has overcome the
wafer bow so that gaps in the membrane center are smaller by compared to
the edge region.

As already stated in section 6.2 and confirmed by Fig. 8.4 (b), using the full mem-
brane area for the actuation electrodes is thus not suitable for maintaining a constant
gap distribution since it leads to larger deflection in the membrane center.

Finally, it can be concluded that the maximum tuning range in the membrane center
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for the single membrane FPI shown above is from to , where the lower
wavelength can only be reached if the device is operated close to the pull-in point.
Consequently, the first order FSR cannot fully be used as this would require a relative
travel range of 0.55 according to Fig. 4.4. The limited tuning range therefore imposes
the final limitation on the SWR. A further drawback is the additional warping of
the mirror membrane during actuation.

While the latter can be circumvented by a ring-shaped actuation electrode, such a
configuration further reduces the achievable deflection before pull-in occurs. The
next section will therefore show that the separation of optical and actuation gap in
double membrane FPIs allows for a significant increase of the travel range which in
turn cancels the limitation on the SWR.

8.2 Actuated double membrane FPIs without pull-

in limitation

During actuation of double membrane FPIs the optical gap between the mirrors
increases so that the initial mirror separation determines λ , , the lowest wave-
length of the SWR. Since the two membrane mirrors can be expected to be highly
parallel, a sacrificial TEOS thickness of d = d , = was targeted in the
deposition leading to λ , = .

Samples with the same membrane diameters as for single membrane FPIs were
successfully released. For better comparison, the following discussion will again
focus on filters with diameter.

Contacting of the chips was again achieved using spring-loaded test pins, with both
membranes connected to the same sourcemeter output in order to keep them on
the same potential. As already described above, test pins in principle allowed for
fast contacting of samples without the need for individual wire bonding, but it
was not always possible to establish a reliable contact especially to the substrate
wafer. Moreover, long time periods between HF etching and measurements were
detrimental for the electrical contacts, probably due to native surface oxide growing
on the silicon layers. Therefore, measurements were done immediately after release
wherever possible.

The majority of the results shown in this section have been published in [23].

140



8.2 Actuated double membrane FPIs without pull-in limitation

Uact

1 2 3
0

1

2

3

S
ur

fa
ce

 h
ei

gh
t (

nm
)

y-
po

si
tio

n 
(m

m
)

x-position (mm)

-34

-12

10

31

53

Sample
Hu192B

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-4

-2

0

2

4

6

8

10 9 V

S
ur

fa
ce

 h
ei

gh
t (

nm
)

Position (mm)

0 V

Sample
Hu192B

(a) (b)

(c) (d)

Sample
Hu192B

500 μm

act = 0 V

Sample
Hu192B

500 μm

act = 9 V

Figure 8.5: (a) Surface profile of a double membrane FPI with diameter placed in the
contact pin mount and measured by WLI. The external force exerted by the contact pins
deforms the substrate. (b) Cross section along the red line in (a) measured at actuation
voltages between and . The position of the upper mirror is not affected by the
actuation voltage. (c,d) WLI camera image at (c) and (d) actuation voltage.
Warping of the lower membrane during movement under the motionless upper membrane
is evidenced by interference fringes.

8.2.1 The influence of actuation voltages on the upper
membrane mirror profile

While WLI could be used for single membrane FPIs to monitor the displacement
of the membrane mirror, the upper membrane is now held on the same potential
as the lower membrane and should therefore not move during actuation. In order
to verify this behavior, Fig. 8.5 (a) shows the surface profile of a double membrane
FPI mounted to the contact pin enclosure.

As mentioned above, the membrane surface is additionally warped due to the force
exerted by the contact pins. The cross sections in Fig. 8.5 (b) have therefore been
chosen along the red line in (a) where only small deviations from planarity occur
within the membrane area. When the actuation voltage is increased from U =
to U = no change in the upper membrane surface height is visible from the
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Figure 8.6: Transmittance through the center of an actuated double membrane FPI for
different actuation voltages. The first order peak shifts over the whole SWR without
pull-in. Modified version from [23].

cross section plot confirming the expected behavior. Over the whole membrane area,
the maximum variation during this voltage sweep is below .

Nevertheless, the lower membrane moves which can be seen directly from WLI cam-
era images averaged around the best focus position in order to remove WLI surface
interference fringes as shown in in Fig. 8.5 (c) and (d). Without applied actuation
voltage (c), the surface exhibits a homogeneous grayscale value due to the parallel
mirrors. When U = is applied, pronounced concentric fringes appear due to
the radially symmetric gap distribution with a warped lower membrane.

8.2.2 Transmittance peak tuning over the full first FSR

Tuning of the transmittance peak can again be observed by local transmittance
measurements in the membrane center. Figure 8.6 depicts a series of transmittance
spectra of a double membrane FPI for increasing actuation voltages in steps of
ΔU = . up to U = . and an additional measurement at U = . .

At U = , the FPI transmits at λ , = close to the intended
wavelength of . In the remaining target SWR up to λ , = the
filter blocks incident light with an average transmittance of 0.002. With increasing
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Figure 8.7: (a) Voltage characteristic for tuning the transmittance peaks of the double
membrane FPI from Fig. 8.6 to their respective center wavelengths. (b) Dependence of
transmittance peak FWHM on center wavelength. FWHM maxima occur at the reso-
nances of the low-finesse mirror-substrate-cavity in accordance with transfer-matrix simu-
lations. Modified version from [23].

voltages, the transmittance peaks shifts non-linearly over the whole target SWR.
It should be noted, that the first order transmittance peak for U = . at
λ , = looks less pronounced due to the decreased InGaAs detector
efficiency of the used spectrometer.

Simultaneously, the second order peak can be seen to shift in from the low wavelength
side for the highest actuation voltages, confirming that transmittance peak tuning is
indeed achieved over the full first FSR of the FPI. Thus, the SWR is limited neither
by the width of the high reflectance zone of the constituting mirrors nor by the
available mechanical tuning range but only fundamentally by the FSR. A further
increase of the SWR is thus only possible with a DBR made from materials with a
larger refractive index contrast Δn (see subsection 4.2.1).

The voltage characteristic for tuning the transmittance peaks to their respective
center wavelength is shown in Fig. 8.7 (a). The corresponding optical gaps are
included as a second abscissa on top. Due to the larger initial actuation gap d ,

compared to the single membrane case, higher voltages are required for actuation.
Nevertheless, the transmittance peak can be tuned over the full first FSR with less
then .2

During actuation, the gap is changed from an initial optical gap d , = to
a final optical gap d , = . This corresponds to a relative travel range of
χ = (d , − d , )/d , = 0.53 with respect to the optical gap, i.e., the analogue

2If only a smaller ring-shaped fraction of the full equally-sized membrane area was used for
actuation as proposed in section 6.1, larger actuation voltages would be required.
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Figure 8.8: Optical gap cross sections of an actuated double membrane FPI for different
actuation voltages. The lower membrane warps during actuation due to the use of the full
surface area for the actuation electrodes.

to the relative travel range of a single membrane FPI. The result is in good agreement
with the prediction for the required relative travel range of χ = 0.55 in Fig. 4.4
given the fact, that the second order peak in Fig. 8.6 is tuned to below
λ , .

With respect to the actual actuation gap with an initial width of d , = .
given by the sacrificial TO thickness, the relative travel range is χ = 0.2, i.e., safely
below the pull-in point.

It has been discussed in section 6.1 that lower membrane mirror and substrate form
a second cavity of low finesse whose 3rd and 4th order resonance should broaden
the transmittance peak. Figure 8.7 (b) shows the spectral dependence of the peak
FWHM from Fig. 8.6. Indeed, the measurement (blue circles) exhibits two re-
gions around and with larger FWHM . By adjusting the initial TO
thickness to and using the optical gaps from Fig. 8.7 (a) for transfer-matrix
simulations, good agreement with experimentally determined peak positions in the
FWHM spectra can be obtained.

Both the warping of the single membrane mirror from Fig. 8.4 and the circular
fringe pattern from the WLI measurements in Fig. 8.5 suggest that the lower mem-
brane mirror of the double membrane FPI also warps during actuation. Figure 8.8
shows cross sections of the optical gap d determined from spatially-resolved trans-
mittance mapping over a double membrane FPI for a series of actuation voltages.
Pull-in occurred above U = . . It should be noted that the measurements
were conducted on a different sample than the one shown before, which reached
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8.2 Actuated double membrane FPIs without pull-in limitation

higher deflections at a given voltage so that the second order peak position had to
be used to derive the optical gap d for several measurement points.

It can be seen that the optical gaps get increasingly inhomogeneous the further the
lower membrane is deflected. Accordingly, for transmittance through the full aper-
ture, resolution would strongly decrease towards the low wavelength range. Con-
sequently, the current design without ring-shaped actuation electrode is suitable to
demonstrate the increased tuning range which can be achieved with a double mem-
brane approach but cannot provide a high resolution filter over the SWR which it
can in principle operate in.

Indeed, Fig. 8.8 shows an overall travel range of Δd = in the membrane
center which corresponds to a pull-in point of χ = 0.41. The pull-in point is in
close agreement with the one found for the single membrane case since the underlying
actuator geometry is the same. As stated above, the necessary travel range of χ = 0.2
is therefore within a regime of safe device operation.

Furthermore, second and fourth order polynomial fits to two of the optical gap cross
sections are depicted in Fig. 8.8. It has been argued in section 6.2 that the membrane
profile during actuation can be approximated by the quadratic profile of a membrane
loaded by a constant pressure. The approximation is valid for the intermediate de-
flection at U = . where the inverse relationship between attractive capacitive
force and local actuation gap leads only to a slightly higher force in the membrane
center. For the highest deflection at U = . , on the other hand, only a fourth
order polynomial can fully reproduce the membrane profile, i.e., electrostatic pres-
sure can no longer be regarded as constant. Nevertheless, within the travel range
needed for full first FSR tuning the quadratic approximation is sufficient.

Finally, it should be noted that the typical range of pull-in voltages (e.g., here
U = . ) found for these double membrane FPIs was lower than the roughly
estimated value of . from section 6.2. There are several possible reasons which
would lead to a reduced U . First, the convex wafer bow due to the removed
backside TO (see Fig. 7.10) effectively reduces the initial actuation gap d , . Second,
the thin μc-Si might reduce the residual stress of the mirror membrane. Last, it can
be expected that larger deflections in the membrane center close to the pull-in point
χ as evidenced above reduce the pull-in voltage U .
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8.3 Summary: Double membrane FPIs for broad

spectral working ranges

Summing up, successfully actuated single and double membrane FPIs were demon-
strated in this chapter. It was shown that pull-in occurs in the single membrane case
while tuning the first order transmittance peak within its FSR, thereby ultimately
limiting the usable SWR. For double membrane FPIs, however, transmittance peak
tuning over the full first FSR without pull-in is possible because the initial actua-
tion gap d , can be chosen independently of the initial optical gap d , . Despite
the larger actuation gap compared to single membrane FPIs, the required actuation
voltages are still in a range of for a membrane diameter of . Such voltages
can easily be provided in many applications.

Referring back to the overview of published SWRs in Fig. 4.2, it can be stated that
the double membrane architecture enables an unprecedented SWR in the NIR for a
surface-micromachined FPI with millimeter-sized aperture. While devices with com-
parable aperture size from VTT/Spectral Engines have a SWR of − of their
center wavelength [11, 43], the FPIs shown here achieve . Previously demon-
strated surface-micromachined FPIs with such an SWR had significantly smaller
aperture diameters below [108].

Drawbacks of the presented devices are the reduced gap homogeneity leading to a loss
of resolution during actuation due to membrane warping under full-area actuation
and a poor reliability of the electrical contacts. Accordingly, necessary next steps
are the implementation of a ring-shaped actuation electrode, metallic contacts and
dedicated, insulated feed lines to the electrodes in order to benefit from the full
potential of double membrane FPIs. All of these improvements are feasible using
the PECVD SiCN/aSi-based technology presented within this thesis but will require
additional lithography steps.
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Chapter 9

Conclusion and outlook

This thesis focused on increasing the spectral working range (SWR) of surface-
micromachined MEMS Fabry-Pérot interferometers (FPIs) working in the near in-
frared without sacrificing neither optical aperture area nor optical resolution. To
that end, strategies for circumventing limitations in state-of-the-art FPIs were de-
rived and their feasibility demonstrated by fabricating proof-of-principle devices
compatible with standard MEMS processes. Thereby, this work has led to new
developments both in the field of MEMS materials research and FPI device archi-
tecture.

In order to increase the SWR, a MEMS concept had to be found where SWR is
only limited by the first free spectral range (FSR) rather than the width of the high
reflectance zone of the FPI mirrors or the achievable travel range. As a part of a
solution to this challenge, it was shown that distributed Bragg reflectors (DBRs)
made from silicon and silicon carbonitride (SiCN) are an attractive choice. This
is because SiCN can be deposited by plasma-enhanced chemical vapor deposition
(PECVD) such that it fulfills several requirements simultaneously. First, its refrac-
tive index contrast to silicon leads to high average reflectance of 0.96 throughout
the full first FSR. Second, tuning of mechanical stress in the DBR to the tensile
regime is possible via post-deposition annealing yielding an attractive means to con-
trol the mechanical stress level independently from the optical properties. Moreover,
the mirror is fully resistant towards sacrificial vapor HF etching. Thereby, Si/SiCN
DBRs can be released as stable, flat mirror membranes by means of SiO2 sacrificial
layer etching.

Furthermore, a double membrane FPI structure was proposed which enables sep-
arating the initial optical gap between the mirrors and the initial actuation gap
between the actuation electrodes in order to circumvent pull-in limitation normally
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found in surface-micromachined FPIs. An additional benefit arises from the fact
that both mirror membranes are decoupled from the substrate in the optical region.
Accordingly, their parallelism remains unaffected by substrate curvature so that high
optical resolution can be maintained.

By fabricating tunable proof-of-principle double membrane FPIs with such Si/SiCN
DBRs, successful integration of SiCN into a working MEMS device could be demon-
strated. Despite the high aspect ratio of 1:10000 between a sacrificial optical gap of
around and large membrane diameters of up to , FPIs could be released
without stiction. Thanks to the double membrane structure, these devices exhibited
deviations from both mirror flatness and mirror parallelism in the nanometer range
only. These deviations were independent of membrane diameter in the case when
no actuation voltage was applied. Given the optical transmittance performance in
terms of peak full width at half maximum (FWHM ) close to the ideal simulated
value below , such devices pave the way towards high-resolution and high-
throughput optical filters. Furthermore, to the author’s best knowledge, the demon-
strated tunable FPIs achieved the highest SWR for surface-micromachined FPIs
with millimeter-sized apertures reported so far. To be precise, an SWR extending
from to ( of the center wavelength) was shown.

Starting from these results, modifications, which were not part of this thesis, such as
a ring-shaped actuation electrode, substrate removal in the optical aperture area and
improved metallic contacts to the electrode layers can be included in the design for
future devices. These should remedy current shortcomings of the proof-of-principle
devices, namely membrane warping during actuation, a detrimental additional cavity
between lower mirror and substrate and unreliable electrical contacts. In sum, they
enable high resolution during actuation over the full first FSR.

From a methodology point of view, spatially-resolved transmittance measurements
on large-area filters were introduced in this thesis. As the spatial optical gap profile
of an FPI can be deduced from such measurements, they gave deeper insight into
the causes for a low geometric defect finesse compared to conventional full aperture
transmittance measurements. Thus, the detrimental influence of the substrate wafer
bow in single membrane FPIs could be identified as a dominant limiting mechanism
for their performance.

It should be noted that the results shown in this thesis can be applied beyond
Si/SiCN FPIs. The general properties of SiCN such as HF resistance, tunable stress,
low conductance and compatibility with existing processing equipment, to name just
a few, form a unique set which cannot be found in a standard MEMS materials
portfolio. It can therefore be expected that other MEMS applications could benefit
from SiCN, e.g., as an HF resistant passivation layer. To that end, a deeper study
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which also exploits the effect of the remaining PECVD deposition parameters on
the relevant properties for MEMS fabrication can be useful.

Furthermore, the double membrane design is likely to have more advantages then
those covered here. As an example, when moving from chip-level to fully packaged
devices, double membrane FPIs should be more robust towards coupling to external
stress by virtue of their design. Thereby, device packaging cost can potentially be
reduced while high resolution is preserved.

Obviously, double membrane FPI concepts are not restricted to Si/SiCN mirrors but
can increase the SWR whenever the achievable tuning range is limited by electro-
static pull-in. Indeed, coworkers of the author have recently successfully fabricated
double membrane FPIs with three layer Si/air DBRs (another beneficial material
combination) which do incorporate a backside trench and a ring-shaped actuation
electrode [236]. Thereby, these devices maintain their high resolution during tuning
of their first order transmittance peak over a range from to .

In the future, when combined with a detector, such a double membrane FPI forms a
low-cost miniaturized spectrometer which can detect spectral fingerprints within a
full overtone order thanks to its uniquely broad SWR. Accordingly, manifold spec-
troscopic applications can be addressed by a single device. Due to its small size and
cost, such a miniaturized spectrometer could be integrated in everyday consumer
electronic products extending their sensing capabilities and thus placing the power
of spectroscopic material analysis into the hands of everyone.
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Appendix A

List of equipment and processes

Fabrication

HF release

HF release processes were performed in a MEMSStar ORBIS ALPHA etch tool at
◦ pedestal temperature. The system uses vaporized deionized water as a catalyst

for the etch process with anhydrous HF vapor. This chemistry allows for a higher
selectivity between silicon oxide and silicon nitride than conventional alcohol catalyst
based systems [237]. Control of the etch speed is mainly achieved by variation
of process pressure and water catalyst supply rate. Higher pressures increase the
residence time of adsorbed HF and water vapor at the etch front and thereby increase
the etch rate [224].

Plasma-enhanced chemical vapor deposition

PECVD of SiCN, silicon (both in amorphous and microcrystalline form) and TEOS
oxide were conducted in a PlasmaLab 100 chamber from Oxford Instruments Plasma
Technology. Plasma is excited capacitively in a parallel plate configuration between
a gas showerhead and the substrate table with either . radio frequency or

. Precursor gases SiH4, CH4 and NH3, doping gases PH3 and B2H6 (both
diluted in H2) as well as dilution gases Ar and H2 are provided via separate gas
inlets and mixed in the showerhead. TEOS is stored in a bubbler with Ar as the
carrier gas which is then combined with O2 from a separate gas line in order to
reduce hazards from mixing with SiH4.

151



Chapter A. List of equipment and processes

For SiCN depositions a flow rate ratio of SiH4:CH4:NH3:Ar=4:25:5:250 was used at
a radio frequency power of and chamber pressure. Apart from the
temperature experiments in chapter 5 all depositions took place at ◦ substrate
heater temperature.

Amorphous silicon was deposited from SiH4 and Ar at 1:19 flow rate ratio,
plasma power at at the same temperature as SiCN in order to be able to
deposit full mirrors consecutively.

Microcrystalline silicon was deposited with H2 instead of Ar as a dilution gas at a
strong hydrogen dilution of 600 and a plasma power of . Doped layers were
deposited by adding diborane diluted in hydrogen to the gas mixture.

TEOS was deposited at a fixed carrier gas flow using a low frequency plasma,
. and ◦ .

The chamber was pumped down to a pressure below − before deposition
and the wafer was allowed to heat up for approximately one minute.

RIE

Anisotropic etching of silicon, SiCN and TEOS oxide was performed with the custom-
made inductively coupled plasma custom etch tool, at which the Bosch process has
been developed over 20 years ago [214, 238]. A mixture of SF6, C4F8 and O2 has
been used to etch through both silicon and SiCN in the DBRs in a single process.
Oxide etching has been conducted on the basis of CF4 gas.

Characterization

IR Absorption

A Bruker Vertex v80 FTIR spectrometer with a measurement range from −

to − and a resolution of − was used in transmission mode to determine
the IR absorption coefficient of SiCN thin-films. To that end, double sided polished
silicon wafers were always used as a substrate and reference measurements were
taken with an uncoated wafer in the light path. In order to suppress unwanted ab-
sorption from water and CO2 vapor, the chamber was evacuated down to a pressure
of . .

Transmittance spectra had to be converted to absorption coefficient spectra to be
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able to quantitatively compare spectra taken from films of different thickness. In the
case of thin-films, this process is more complicated due to thin-film interference than
in the case of IR absorption in a gas as conversion cannot simply be done by means
of Lambert-Beers law [167, 170, 239]. The iterative solution approach proposed by
King and Milosevic [207,240] has been used in this thesis because it takes thin-film
interference into account, gives a Kramers–Kronig consistent result and does not re-
quire a priori assumptions about the absorption coefficient. Thickness and refractive
index (real part) values from ellipsometry have been used as starting values in the
iterative process. It has to be noted that the final result which the method converges
to does depend on the initial choice of starting values. It was therefore checked after
convergence that the resulting fit variables (thickness, complex refractive index) lead
to a good fit of the measured transmittance spectra.

Laser Doppler vibrometry

A Polytec MSA-100-3D micro system analyzer was used to measure vibrational
spectra of released mirror membranes. Exploiting the Doppler frequency shift when
a probe laser is reflected at a moving object, vibrations can be resolved with sub-
picometer resolution by analyzing the beat frequency after the probe beam has been
combined with a reference beam. The device works with a bandwidth of
and can measure vibrations in all three dimensions even though only out-of-plane
movement was measured here. In order to excite vibrations, samples were glued
to a ceramic piezoelectric shaker plate which was driven by periodic chirps with

amplitude. In order to reduce squeeze film damping, the sample was then
placed in a vacuum box which was evacuated down to a range of pressures between
p = and p = .

Spectroscopic ellipsometry

Spectroscopic ellipsometry was used for measuring the refractive index of SiCN as
well as for determining thin-film thicknesses both for individual films and in complete
thin-film stacks. Measurements were performed with a Sentech SE800 spectroscopic
ellipsometer with a measurement range from to equipped with a
goniometer for variable angle measurements. For refractive index measurements,
spectra were generally taken over the full spectral range at ◦, ◦ and ◦ in order
to provide the maximum possible information for later fitting of model functions.
For film thickness measurements with relatively well known refractive index, single
angle measurements at ◦ were used with the spectral range sometimes limited to
a range from to .
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Fitting of the resulting spectra for the ellipsometric angles Ψ and Δ was conducted
using parameterized model functions for the refractive indices. Silicon oxides were
modelled as a simple Cauchy model. The Tauc-Lorentz model for amorphous semi-
conductors [182, 183] was used for amorphous silicon and amorphous SiCN both
of which had their optical band gap E within the measurement range. Further
information on the resulting models are given in Appendix C.

Stylus profilometry

A DektakXT stylus profilometer was used to measure step heights and membrane
surface profiles. Measurements of up to length (i.e. larger than membrane
diameters used in this work) can be performed in a single scan with a vertical
resolution of .

UV-VIS-NIR reflectance/transmittance

Reflectance and transmittance measurements in the UV-VIS-NIR range were con-
ducted on a Cary 5000 spectrophotometer which was equipped with a universal
measurement accessory. This allows for adjusting both the angle of incidence on
the sample and the angle of detection independently without the need to manually
move the sample between measurements. Measurements can be taken in s- and
p-polarization separately using polarization filters.

Such measurements were used to characterize the reflectance of deposited mirrors.
Furthermore, the extinction coefficient of SiCN in subsection 5.2.3 was determined
from reflectance and transmittance measurements in p-polarization at ◦ and ◦

using the TRACK method [188].

Wafer curvature

Measurement of wafer curvature was done with a KLA Tencor FLX-2908 using the
deflection of a laser beam from a curved substrate. From such curvature measure-
ments before and after deposition of a thin-film, the mechanical stress in the film
can be calculated by means of the Stoney equation (see Eq. 4.1) if film and substrate
thickness as well as the substrate’s biaxial modulus are known.

The device is capable of performing in-situ wafer curvature measurements during
annealing at temperatures up to ◦ while purging the sample chamber with
nitrogen in order to prevent oxidation of the thin-films at elevated temperatures.
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White light interferometry

A Zygo NewView5030 white light interferometer was used to measure surface profiles
of released membranes. It is equipped with a series of interferometric objectives
of different magnification, a 640x480 pixel camera and a motorized tip-tilt stage.
Measurements are performed by a vertical scan of the objective which causes the
zero retardation fringe of the resulting interference pattern on the camera to sweep
over the image. The z-position of the fringe corresponds to a map of the surface
profile. Vertical resolution is up to .

XPS

XPS measurement were conducted on a PHI Quantera photoelectron spectrometer
using the aluminum Kα-line

1. It is equipped with an Ar ion source for sputtering
depth profiles. Measurements comprised a scan over the full available energy range
in order to determine all elements at the surface. For the depth profiles the spectral
range was limited to the respective elements which had been found on the surface
before. In order to exclude that other elements are present within the thin-film, the
spectrum at the final sputter depth was again recorded over the full range.

1The author thanks Dr. Anne Fuchs from the Robert Bosch GmbH analytics department for
the measurements.

155



Chapter A. List of equipment and processes

156



Appendix B

Optical setup for spatially-resolved
transmittance measurements

This section provides a more detailed description including a parts list for the optical
setup for spatially-resolved transmittance measurement used throughout this thesis
and first described in section 7.3. Figure B.1 shows a photograph of the setup (see
Fig. 7.6 for a schematic drawing) with the important parts marked by an ID. A
description for each ID, the respective manufacturer and the part number are given
in Table B.1.

The setup itself can be divided into an illumination, a magnification and a split-
ting&detection part where each part performs imaging via two lenses. In order to
minimize realignment efforts, the setup is assembled using a cage system.
The cage system is then mounted onto dovetail rails so that the image plane of the
illumination section and focus of the objective can easily be aligned. Since the setup
operates with white light, all lenses are achromatic doublets with an antireflection
coating for the range from to and 1” diameter if not indicated
differently.

Light is coupled into the setup from a fiber-coupled tungsten-halogen light source
(#01) via an SMA multimode fiber. The illumination part collimates the fiber
output with a f = lens (#02) and reimages onto the sample with a f =

lens (#03). The long focal length of the focusing lens (#03) limits the
incident cone angle to ◦ and leads to a comparably large illuminated spot on the
sample.

The sample is placed into a custom 3D-printed sample holder (#04) described further
below which can be attached to the end facet of cage rods. The sample can be flipped
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#01

#02 #03 #04 #05 #06 #07 #08 #09 #10

#11

#12#13
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#15
#16

Illumination Magnification Splitting & detection

Figure B.1: Photograph of the optical setup for spatially-resolved transmittance measure-
ments. A description of the components marked by an ID can be found in the parts list
in Table B.1.

by ◦ out of the light path for white light reference measurements. XYZ control of
the sample is possible via translation stages with travel range. An infinity
corrected NIR objective (#05) with a long working distance of is used with a
f = tube lens (#06, no coating) to provide 5x magnification of the sample.
An adjustable zero aperture iris (#07) is placed in the image plane.

Since only the NIR part of the incident light is used for spectroscopy, the visible
part can be used to provide position feed back with a camera. Therefore, light from
the image plane containing the iris is collimated with a f = lens (#08) and
then split into the visible and NIR by a longpass dicroic mirror with cut-on
wavelength (#09) placed at an angle of ◦ into the light path. The transmitted
NIR light is reimaged onto the detection fiber with another f = lens (#10),
i.e., no further magnification takes place. The reflected visible part is focused using
a f = lens (#11, ARC for the visible) onto a monochrome CMOS camera
(#12) which is connected to a computer via USB.

The detection fiber is fed into a fiber-coupled spectrometer (#13) with fixed grating
( / , blazed for ) and a thermo-electrically-cooled InGaAs
detector array. This results in a SWR from to and a resolution of
about with a wide slit. The spectrometer signal is read out via USB.

Furthermore, a sourcemeter (#14, USB-connected to the computer) can be used
to apply voltages. The x, y-direction of the translation stage (#15) are motorized
by stepper motors which are controlled by DC motor controllers which are con-
nected to the same computer. All of the connected devices (spectrometer, camera,
sourcemeter, translation stages) are controlled by a single LabVIEW program which
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Table B.1: Part list for the spatially-resolved transmittance setup.

ID Description Manufacturer Part No.

#01 Tungsten-halogen light source Ocean Optics HL-2000-FSHA
#02 f = achromat doublet Thorlabs AC254-030-C-ML
#03 f = achromat doublet Thorlabs AC254-150-C-ML
#04 Custom sample holder - -
#05 5x NIR microscope objective Mitutoyo M Plan APO NIR 5x
#06 f = tube lens Mitutoyo MT-4
#07 Zero aperture iris Thorlabs SM1D12CZ
#08 f = achromat doublet Thorlabs AC254-050-C-ML
#09 Dicroic longpass Edmund optics #69-903
#10 f = achromat doublet Thorlabs AC254-050-C-ML
#11 f = achromat doublet Thorlabs AC254-050-B-ML
#12 USB monochrome camera IDS GmbH UI-3160CP-M-GL
#13 Spectrometer Ocean Optics NIRQuest512
#14 Sourcemeter Tektronix Keithley 2450
#15 XYZ translation stage Thorlabs PT3/M
#16 Brushed DC Servo controller Thorlabs KDC101

allows automated measurements to be taken at arbitrary combinations of actuation
voltages and measurement positions [234].

It should be noted that despite silicon absorption of the visible part when a wafer
is placed in the light path, the transmitted light is sufficient for the camera image.
The latter in conjunction with the adjustable iris provides orientation on the sample
in x, y-direction and helps to bring the sample into focus properly.

The size of the measurement spot is mainly limited by the diameter of the detection
fiber ( ) and only reduced by the iris if it is almost fully closed. In the ideal case
of perfect alignment without aberrations, the fiber core size leads to a spot
size of diameter due to the magnification by a factor of five. In practice, since
alignment and focusing is done using visible white light and the objective numerical
aperture is small (NA= 0.14) due to its long working distance (WD= ) the
actual spot size is larger. Experimentally, the spot size has been determined to be
roughly in diameter.

Full area transmittance measurements were conducted with a simpler setup using
the same light source and spectrometer. The sample was placed between two fiber
collimators for the excitation and the detection fiber. The size of the measurement
spot was limited before and after the sample by two adjustable irises.
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Figure B.2: Custom 3D-printed chip holder for fast electrical contacting of FPIs. (a) Before
assembly: FPI inserted into the holder and side view of top PCB. (b) After assembly: PCB
screwed to the chip holder.

Figure B.2 shows a close-up of the 3D-printed sample holder. FPI chips are placed
in a recess (a) with a clear aperture behind it. A PCB board1 with a clear aper-
ture in the middle and spring-loaded test pins soldered to the position of the chip
contact openings can be screwed to the substrate holder (b). Connections to the
test pins which contact substrate, lower mirror and upper mirrors are then fed out
and connected to the sourcemeter via cables. Consequently, FPI chips can quickly
be contacted without needing to bond any wires. However, the force exerted by
the test pins leads to an additional warping of the substrate wafer. Therefore, if
no actuation voltage was needed chips were loosely clamped to a different sample
holder (not shown here).

1The original layout of the PCB was created by Thomas Buck from the Robert Bosch GmbH.
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Appendix C

Refractive index data for optical
simulations

The following refractive index models or tabulated values for have been used for the
optical simulations

Crystalline silicon

Tabulated data which consist of the well-known values of Jellison [241] in the visible
which were continued up to . in-house by SENTECH Instruments GmbH were
used.

Amorphous silicon

Values were determined from a-Si deposited on an SiO2 spacer layer by variable-
angle SE. Fitting resulted in a Tauc-Lorentz model with the following parameters
(see Eq. 5.1): E = . , β = . , E0 = . , γ = .

Amorphous silicon carbonitride

Values were determined by variable-angle SE from single layers of SiCN deposited
on a silicon wafer. Fitting resulted in the following Tauc-Lorentz parameters:
E = . , β = , E0 = . , γ = .
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Silicon oxide

Since SiO2 is transparent in the spectral range of interest it was modeled as a Cauchy
layer by the following formula: n = 1.452 + ·λ−2
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Appendix D

Pull-in for actuation of membranes
with generalized ring electrodes

In the following, a formalism for predicting the pull-in point χ and pull-in voltage
U for a circular membrane actuated by a ring-shaped electrode will be presented.
The theory is applicable to all FPI designs discussed in this thesis, since the fabri-
cated devices with full area actuation represent a special case, namely for the inner
electrode ring radius r = 0 and the outer ring radius r = r being equal to the
membrane radius r . The idea is built on the generalized theory presented in [242]
which has been adapted to circular membranes1.

The total coenergy in a capacitor with arbitrary geometry where one of the electrodes
is suspended by a spring so that it can be displaced with a single degree of freedom
(see Fig. D.1 (a)) is [242]

E (χ) = E (χ)− E (χ) =
1

2
C (χ)U2 − E (χ). (D.1)

Here, E (χ) and E (χ) are the energy stored in capacitor and spring, respec-
tively, χ is a generalized coordinate which describes the displacement and C (χ) is
the capacitance for a given displacement. For this discussion χ can be chosen as
the center displacement Δd of the movable membrane normalized to the initial
actuation gap d , , i.e., χ = Δd

d ,
. In the case of a Hookean spring with spring

constant k, this results in

E (χ) =
1

2
kd2 , χ

2. (D.2)

1The author acknowledges cooperation with Dr. Christoph Krämmer from the Robert Bosch
GmbH.
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k

U
χ

C(χ)
r r

Δd

d , d(r, χ)

(a) (b)

Figure D.1: (a) Schematic representation of a capacitor coupled to spring. (b) Schematic
cross section of a membrane actuated by a ring-shaped electrode.

The pull-in point is reached when the forces exerted by capacitor and spring are in
equilibrium and the stiffness of the system vanishes, i.e., ∂E

∂χ
= 0 and ∂2E

∂χ2 = 0.

In order words, the pull-in point is a saddle point of E (χ). Combining these two
criteria using Eq. D.1 and Eq. D.2 yields the pull-in equation for the linear spring

χ
∂2C

∂χ2

∣∣∣∣
χ

− ∂C

∂χ

∣∣∣∣
χ

= 0, (D.3)

which can be solved for the pull-in point χ . The pull-in voltage can then be derived
from the force balance at χ and is given by

U =

√√√√2kd2 , χ

∂C
∂χ

∣∣∣
χ

. (D.4)

Thereby, the pull-in behavior is fully defined if the capacitance C(χ) is known. For
the well-known case of a parallel plate capacitor, e.g., the capacitance is

C (χ) =
εA

d , (1− χ)
=

C0

1− χ
, (D.5)

where ε is the dielectric permittivity of the medium inside the capacitor, A is the
capacitor area and C0 is the capacitance of the unactuated capacitor. This results
in χ , = 1

3
for the pull-in point and a pull-in voltage of

U , =

√
2kd2 , χ , (1− χ , )2

C0

=

√
4

27
·

√
2kd2 ,

C0

≈ 0.62 ·

√
2kd2 ,

C0

.

(D.6)
In this thesis, the capacitance C(χ) results from the deformed actuated membrane,
forming one of the electrodes, within the ring-shaped electrode area of the substrate
(neglecting stray fields). Assuming radial symmetry, the distance between the elec-
trodes at a given point r on the membrane at a given displacement χ is a sole
function of the distance to the membrane center r, i.e., d (r, χ) = d (r, χ). The

164



0.0 0.2 0.4 0.6 0.8 1.0
0.38
0.39
0.40
0.41
0.42
0.43
0.44

P
ul
l-i
n
po
in
t

Inner ring radius fraction

Figure D.2: Pull-in points χ depending on the fraction of inner electrode ring radius to
membrane radius r /r . Simulation based on source code from Dr. Christoph Krämmer
from the Robert Bosch GmbH.

configuration is illustrated in Fig. D.1 (b). The capacitance can then be found by
integration:

C(χ) =

∫
dC = 2πε

∫ r

r

r

d(r, χ)
dr (D.7)

A particularly important case in this thesis is full area actuation which corresponds
to r = 0 and r = r in Eq. D.7. The deflection curve d(r, χ) can in principle
be obtained from Finite Element Method (FEM) simulations. However, as an ap-
proximation d(r, χ) can be assumed to depend quadratically on r which would be
the case for a thin membrane loaded by a constant pressure [209]. While this is not
precisely true, since the electrostatic force is not constant for a bowed membrane,
the approximation serves the purpose (see Fig. 8.8 for an experimental justification).

Thus, the deflection curve is given by d(r, χ) = d ,

(
1 + χ ·

(
r2

r2
− 1

))
. The

resulting integral in Eq. D.7 can be solved analytically [243] yielding

C(χ) = C0
1

χ

1

1− χ
. (D.8)

The solution to the pull-in equation Eq. D.3 can be found numerically to be χ =
0.44. Since C0 appears as a multiplicative factor in both C (χ) and C(χ), the
pull-in voltage differs only by a prefactor determined by geometry namely

U = 0.64 ·

√
2kd2 ,

C0

. (D.9)

For finite inner ring radii, the pull-in points can be calculated numerically. Fig-
ure D.2 shows the respective dependence on the fraction of the inner electrode ring
radius to the membrane radius r /r . It can be seen that any ring electrode ex-
ceeds the plate parallel capacitor pull-in limit with the maximum achievable center
deflections occurring for full area actuation. This is because the average electrode
distance is larger for a warped electrode than it is in the membrane center.
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Abbreviations and symbols

Abbreviations

a-Si amorphous silicon

ALD atomic layer deposition

ARC antireflection coating

BOE buffered oxide etch

CMOS complementary metal oxide semiconductor

CTE coefficient of thermal expansion

CVD chemical vapor deposition

DBR distributed Bragg reflector

DFT density functional theory

DLP digital light projector

FEM finite element method

FIB focused ion beam

FPI Fabry-Pérot interferometer

FSR free spectral range

FT Fourier transform

FTIR Fourier transform infrared

FWHM full width at half maximum

H high refractive index material
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Abbreviations and symbols

HF hydrofluoric acid

HSI hyperspectral imaging

IR infrared

L low refractive index material

LDV Laser Doppler vibrometry

LPCVD low-pressure chemical vapor deposition

LVF linear variable filter

MEMS microelectromechanical system

MIR mid infrared

MOEMS microoptoelectromechanical system

μc-Si microcrystalline silicon

NA numerical aperture

NIR near infrared

OPD optical path difference

PECVD plasma-enhanced chemical vapor deposition

PVD physical vapor deposition

QED quantum electrodynamics

QWOT quarter-wave optical thickness

RIE reactive ion etching

SE spectroscopic ellipsometry

SEM scanning electron microscopy

SiCN silicon carbonitride

SiOCN silicon oxycarbonitride

SiRiN silicon-rich nitride

SNR signal-to-noise-ratio

SWG subwavelength grating

SWR spectral working range

170



SWIR short wave infrared

TEOS tetraethyl orthosilicate

TIR thermal infrared

TO thermal oxide

UV ultraviolet

VIS visible

WD working distance

WLI white light interferometry

XPS X-ray photoelectron spectroscopy

Symbols

In many cases throughout this thesis, indices are added to the symbols listed below in
order to specify their meaning. A separate list of these indices is provided thereafter.
Indices are also used to refer a quantity to a chemical element so that n stands for
refractive index and n stands for the refractive index of silicon. Nevertheless, some
of the quantities which are of special importance in this thesis are also explicitly
stated in the following list.

Latin symbols

A area

b defect-specific factor in a defect finesse

B(ν̃) incident spectral intensity distribution

C Fringe contrast

d thickness of a layer

d actuation gap

d optical gap of an FPI

E energy

E band gap of a semiconductor
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Abbreviations and symbols

E0 transition energy of a Lorentz oscillator

f focal length

f ,(m,n) resonance frequency of a mechanical oscillator

F coefficient of reflective finesse

F reflective finesse

F defect finesse

F divergence finesse

F effective finesse

G(φ) phase distribution of an FPI defect

h Planck’s constant

Hn(x) Hermite polynomial of order n

i unit imaginary number

j integer counter variable

Jm m-th order Bessel function of the first kind

Ii(ν̃i) discrete measured intensity at wavenumber ν̃i

k spring constant

K force

L(ν̃, ν̃ ′) bandpass filter characteristic with its passband centered at ν̃ ′

m interference order; order of Bessel functions

M electric dipole moment operator

n real part of the refractive index; order of Hermite polynomials

ñ complex refractive index

Δn refractive index contrast

N number of HL layer pairs in a DBR

p pressure

r radial polar coordinate

r position vector
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r radius of curvature

R (intensity) reflectance at an interface or thin-film stack

s standard deviation

S(ν̃) spectral sensitivity of a photodetector

t time

t integration time

T (intensity) transmittance at an interface or thin-film stack

T transmittance through the full aperture area of a real FPI

T (intensity) transmittance through an FPI

T (ν̃, ξ) sensing matrix of the spectral element in a spectrometer

u out-of-plane deflection of a vibrating membrane

U actuation voltage

V volume

W linear coefficient in Taylor expansion of φ (ν̃)

x general Cartesian coordinate

y general Cartesian coordinate

Y Young modulus of a substrate

z height coordinate of a surface profile

Greek symbols

αm,n n-th root of the m-th order Bessel function of the first kind

β amplitude of a Lorentz oscillator

γ broadening parameter of a Lorentz oscillator

Γ→ transition rate from initial state i to final state f

δ optical path difference between to beams in a two-beam interferometer

Δ ellipsometric angle Δ

ε complex dielectric function
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Abbreviations and symbols

ζ abbreviation in Stoney Equation, ζ = Y d2 /6d

θ angle of incidence w.r.t. surface normal

ϑ deposition temperature

λ wavelength

λ design wavelength of a DBR

Δλ width of DBR’s high reflectance zone in wavelength space

μ Poisson ratio of a substrate

ν optical frequency

ν̃ wavenumber

ξ variable that a spectral element in a spectrometer uses for modulation

π pi

ρ density

σ mechanical stress

σ̄ average mechanical stress

Δσ biaxial mechanical stress mismatch

ϕ polar angle

φ optical phase acquired during one round trip in an FPI

φ phase shift upon reflectance at an interface or thin-film stack

φ optical phase acquired by light propagation

Δφ width of a DBR’s high reflectance zone in phase space

χ relative displacement w.r.t. initial actuation gap Δd /d ,

χ pull-in point

ψ wavefunction

Ψ ellipsometric angle Ψ
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Indices

act actuation

avg average

A referring to mirror A

b bow

B referring to mirror B

cap capacitor

capil capillary

cav cavity

D design

det detector

div divergence

f final

geo geometric

H referring to the high refractive index material

i initial

in inner

int integration

L referring to the low refractive index material

M mirror

max maximum

mech mechanical

min minimum

opt optical

out outer

PI pull-in

PP parallel plate
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Abbreviations and symbols

prop propagation

r roughness

sub substrate

t tilt

tot total

TL Tauc-Lorentz
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eter for thermal infrared,” J. Micromech. Microeng. 22, 115004 (2012).

[92] Spectral Engines Oy, NIRONE Device product brochure (2018). Accessed on
June, 14th 2018.

[93] M. Gad-el Hak, The MEMS handbook (CRC press, 2001).

[94] D. J. Bell, T. J. Lu, N. A. Fleck, and M. S. Spearing, “MEMS actuators
and sensors: observations on their performance and selection for purpose,” J.
Micromech. Microeng. 15, S153 (2005).

[95] H.-K. Lee, K.-S. Kim, and E. Yoon, “A wide-range linearly tunable optical
filter using Lorentz force,” IEEE Photonics Tech. Lett. 16, 2087–2089 (2004).

[96] D. Jung, J. Lee, J. Kim, D. Jung, and S. Kong, “Tunable Fabry-Perot in-
terferometer designed for far-infrared wavelength by utilizing electromagnetic
force,” Sensors 18 (2018).

[97] E. Tetsuya, S. Megumi, I. Takao, W. Hiroyuki, and T. Yukihiro, “Infrared ab-
sorption sensor for multiple gas sensing. Development of a Fabry-Perot spec-
trometer with ultrawide wavelength range,” Electron. Comm. Jpn. 96, 50–57
(2013).

[98] N. Hirokubo, H. Komatsu, N. Hashimoto, M. Sonehara, and T. Sato, “Wide-
band visible wavelength range MEMS Fabry-Perot tunable filter with highly
accurate calibration system,” IEEE Sens. J. 13, 2930–2936 (2013).

184



BIBLIOGRAPHY

[99] M. Ebermann, N. Neumann, K. Hiller, M. Seifert, M. Meinig, and S. Kurth,
“Resolution and speed improvements of mid-infrared Fabry-Perot microspec-
trometers for the analysis of hydrocarbon gases,” Proc. SPIE 8977, 89770T–
89770T–9 (2014).

[100] S. Lehmann, N. Neumann, and M. Ebermann, “Wavelength stabilization of
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inherent compensation of the influence of gravitation and vibration,” Smart
Sys. Integ. pp. 204–211 (2015).

[102] N. Gupta, S. Tan, and D. R. Zander, “MEMS-based tunable Fabry-Perot
filters,” Proc. SPIE 8032, 803205–803205–10 (2011).
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